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Abstract

Biohydrogen is a feasible and environmentally sustainable fuel for the world’s
growing energy demand. As an alternative renewable energy source, hydro-
gen contains 2.75 times more energy per gram than any other known source.
Biohydrogen is produced from various microorganisms and renewable ma-
terials through anaerobic dark fermentation and phototrophic bacteria, op-
erating in batch, semi-continuous, and continuous modes. Anaerobic dark
fermentation has a higher production rate and yield compared to photo-
fermentation. In this review, the dark fermentation of hydrogen is discussed
concerning key influential parameters and environmental factors such as tem-
perature, pH, hydraulic retention time, mass transfer coefficient, and recycle
ratio. A low initial pH affects metabolic pathways, prolongs the lag phase,
and enhances Fe-hydrogenase activity. Mesophilic, thermophilic and ultra-
thermophilic strains could tolerate maximum operating temperature of 40,
65 or 108 ◦C, respectively. A varity of fermenters are continuously used for
biohydrogen production, with a few discussed here. Tower-type fermenters
are more feasible than CSTRs as they provide a higher hydraulic retention
time for continuous biohydrogen production. Fluidized beds are used for
both short- and long-term hydraulic retention time operations. Hydraulic
retention time (HRT) typically depends on the bioreactor type, geometry,
and feed composition, particularly the carbon source. When wastewater is
used, HRT generally ranges from 8 to 14 hours. However, the process re-
quires more detailed data to fully understand and overcome thermodynamic
limitations. These limitations could be addressed through genetic modifica-
tion or metabolic pathway alterations to enhance biohydrogen yield, making
large-scale and commercial production more feasible.
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1 Introduction

Greenhouse gas emissions from the use and combustion
of carbon-based resources such as wood, fossil fuels,
and natural gases, along with the increasing release of
greenhouse gases, have significantly contributed to cli-
mate change, raising Earth’s temperature by approx-
imately 1.64 ◦C since the Industrial Revolution. As a
result, the world is becoming an increasingly insecure
place to live, with severe climate conditions and fresh-
water scarcity. A key solution to addressing climate
challenges is the production of biohydrogen from re-
newable and sustainable resources. Technological lim-
itations in certain renewable energy production meth-
ods are key challenges hindering global progress and
the improvement of social welfare. Ultimately, the
world’s most polluting nations should contribute in var-
ious ways, including financial investments, to develop
affordable infrastructure and technologies for green hy-
drogen production. This effort is essential to restoring
Earth’s health, creating a less strained environment,
and ensuring a safer planet for future generations. Fur-
ther, non-renewable fossile fuels like crude oil, are be-
coming heavier and more sulfur-rich in reservoirs due
to continuous extraction. The uncertainty of a stable
supply is exacerbated by factors such as war, terrorist
attacks, and political instability. Therefore, now more
than ever, it is crucial to prioritize the goal of achiev-
ing net-zero emissions by 2050 and ultimately replace
carbon-based energy sources with safer alternativeslike
green hydrogen [1].

Renewable and sustainable energy sources, includ-
ing solar, wind, ocean waves, geothermal, hydropower,
biomass, and bioprocesses such as dark fermentation,
need to be produced on a large scale with economic
advantages. Bio-based renewable energy sources are
particularly attractive due to their low greenhouse
gas emissions, ease of handling, and environmentally
friendly nature. Furthermore, some biofuels are pro-
duced through fermentation processes that are not de-
pendent on seasonal or geographical conditions, and
a few utilize low-cost ingredients to reduce produc-
tion costs. Biomass is also processed to produce
bioethanol and biogases, including biohydrogen [2].
Energy sources that do not emit greenhouse gases
(GHGs) during combustion, do not compete with water
and food resources for humans and animals, and help
reduce greenhouse gas emissions are preferred. How-
ever, for a long time, green hydrogen has been rec-
ognized as a key energy source for addressing decar-
bonization concerns [3]. Hydrogen is a promising en-
ergy carrier due to its high energy content per unit
weight (122 kJ/g), which is approximately 2.75 times

higher than any known hydrocarbon-based resource.
Moreover, its combustion does not emit CO2, produc-
ing only energy, water vapor, and a minimal amount of
NOx [4, 5].

At commercial scale, hydrogen is purified by pres-
sure swing adsorption (PSA), achieving purity levels of
up to 99.999%, making it suitable as feedstock for hy-
drogen fuel cells to generate electricity. Furthermore,
fermentative hydrogen production is independent of ge-
ographical location and climate variations.In addition
to glucose, sucorose, various carbohydrates feed stocks
including organic wastes, molasses consuming agro-bio
industrial wastewater, saccharified cellulosic materials,
and animal wastes, have potential to be used as feed.
Moreover, dark fermentation (DF) offers a higher pro-
duction rate than photo-production and provides satis-
factory yeilds. Furthermore, contineuous dark fermen-
tation offers advantages of ease of operation and sim-
ple process control. It requires cheaper experimental
facilities and can utilize a wide range of temperature-
tolerant species, such as mesophilic, thermophilic, ex-
tremophilic, and hyperthermophilic organisms. Biohy-
drogen production is renewable, sustainable, and easily
accessible due to its independence from geo-fossil fuel
sources, making it more beneficial than methane pro-
duction.Moreover, biological processes are often carried
out at ambient temperature and pressure, using renew-
able sustainable substrates. When compared to ther-
mal cracking, steam reforming of methane, and elec-
trochemical processes, biological methods require less
energy for production and offer significant economic ad-
vantages [6]. Over the past 15 years, hydrogen produc-
tion through dark fermentation by anaerobic bacteria
has seen significant advancements, enhancing its eco-
nomic and commercial viability. In 2009, aerobic bio-
hydrogen production by bacteria was also reported [7].

The feasibility of biohydrogen production through
different bioreactor operation modes, including batch,
semi-continuous, and continuous processes, is exam-
ined in this review. Continuous bioreactor operation
at a steady state is generally preferred, as it requires
less manpower for feed and product handling, steriliza-
tion, and operation. Additionally, it offers a simpler
control system, ease of cleaning, and long-term opera-
tional stability [8]. Further, various aspects of biohy-
drogen production by continuous bioreactor operation
are comprehensively reviewed. The yield of biohydro-
gen in relation to energy consumption and source, as
well as the effects of several parameters, is discussed.
Key influencing factors, such as bioreactor type, geom-
etry, and operational conditions – including tempera-
ture, pH, recycle ratio, and mass transfer – are exam-
ined. The advantages of specific bioreactor types used
for biohydrogen production are highlighted. Addition-
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ally, recommendations on factors influencing continu-
ous biohydrogen production are provided to pave the
way for economic feasibility and eventual commercial-
ization.

2 Modes of Biohydrogen Pro-
duction by Dark Fermentation

2.1 Batch mode of operation

Batch mode of anaerobic operation is typically con-
ducted by sterilizing the fermenter and defined sub-
strates, cooling the bioreactor to the specified room
temperature, inoculating it as per protocol, and sparg-
ing with nitrogen to remove as much oxygen from the
medium as possible. Moreover, after a lag phase of
more than three hours, the log phase follows, as bio-
hydrogen production is biomass-based. The limiting
reactants are typically carbon-rich substrates, such as
glucose, which are usually supplied in excess. Biogas
is collected from the top of reactors, including bub-
ble, fluidized, packed, slurry, air-lift, and mechanically
agitated types, while acids and alcohols are removed
from the bottom. Batch- mode anaerobic operation
for biohydrogen production via dark fermentation is a
more traditional and widely practiced approach. Ex-
tensive research in this field has focused on studying
the effects of different substrates at appropriate con-
centrations, various types of microorganisms, includ-
ing bacteria, and the optimization of operating param-
eters in batch mode, all aimed at enhancing produc-
tion rate and yield. To understand the kinetics of sub-
strate metabolism and product formation during dark
fermentation in batch mode, the Monod-type equation
is generally used. This equation effectively determines
the specific growth rate and maximum growth rate, as
presented by the following Equation (1):

µ = µm
S

Ks
+ S (1)

where S corresponds to carbon species concentration,
and supplied in excess (S ≫ Ks), a zero-order reaction
like Equation (2) is obtained:

µ = µm (2)

where µ is the specific growth rate (h), µm is the max-
imum growth rate (h), S is the substrate concentratio-
nan (kg/m3) and Ks (kg/m

3) is the concentration coef-
ficient or the affinity of the microorganism for the sub-
strate. Among various kienetic models available, the
modified Gompertz and logistic models are commonly
usedwith the former being preferred for estimating the

lag phase duration, as described by Equation (3) [9].

H = Hm exp

{
− exp

[
Rme

Hm
(λ− t) + 1

]}
(3)

where H (mL), Hm (mL), and Rm (mL/h) represent
the cumulative hydrogen production, hydrogen pro-
duction potential, and maximum hydrogen production
rate, respectively. λ (h) and t (h) refer to the lag time
and incubation time and e is 2.71828. The kinetic pa-
rameters (Hm, Rm and λ) are assessed using various
softwere including the Origin 9.1 [1, 2, 9]. Since bio-
hydrogen production is growth-dependent, the maxi-
mum hydrogen production occurs during the log phase,
approaching the stationary phase when using batch
mode of operation. During this process, the pH of the
medium often decreases due to the accumulation of or-
ganic acids, which in turn reduces the reaction rate
until it finally reaches the stationary phase. The yield
of hydrogen production in batch mode is reported to
range between 1.5 and 2.5 moles of hydrogen per mole
of glucose [1, 10]. Provided that an inhibiting concen-
tration prevails, a kinetic model proposed by Haldane
is given by the following Equation (4):

µ =
µm S

Ks + S + S2

Ki

(4)

where µ is the specific growth rate (h), µm is the max-
imum growth rate (h), S is the substrate concentra-
tionan (kg/m3) and Ks (kg/m3) is the concentration
coefficient or the affinity of the microorganism for the
substrate, Ki is the inhibition constant (kg/m3). The
model is a useful technique for understanding the ef-
fects of both low and high substrate concentrations,
with the latter often being the focus of studies [11].
Batch mode of operation is investiged with eitherfree
or immobilized cells to examine the effect of parameters
on the rate and yeid of biohydrogen production. Con-
tinuous bioreactor mode of operation is often preferd
by employing immobilized cells on microbially friendly
materials, which is durable and economical.

2.2 Cells immobilizations

Immobilization methods are diverse and include en-
trapment, electrochemical bonding (such as covalent,
ionic), physical adsorption, biofilm formation, granu-
lation, and floc formation [12]. Immobilizing cells in-
creases their resistance to fluctuations in concentration,
temperature, and pH, thereby enhancing their ability
to function continuously in biological processes, par-
ticularly in the dark fermentation of biohydrogen pro-
duction. Furthermore, immobilized processes, such as
those involving cells and enzymes, offer several advan-
tages across various scales. Some of these include ease
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of operation, higher stability, efficient product sepa-
ration, space savings, relatively simpler control and
automation, reduced manpower requirements, and ul-
timately lower overall costs. However, during oper-
ation, it is essential to maintain an appropriate cell
density during the log phase to ensure optimal perfor-
mance [13]. Fluidized and fixed bed bioreactors are ir-
regularly filled with various immobilized fillers. These
fillers are typically chosen to allow microorganisms to
grow within their cavities, forming biofilms, or to be
immobilized through electrochemical charges. Addi-
tionally, the fillers should be non-toxic, exhibit good
mechanical, thermal, and chemical stability, be inex-
pensive, reusable, scalable, and resistant to fermenta-
tion products. The main role of fillers is to provide
a high surface area, maintaining a suitable population
density of microorganisms in the bioreactor. This, in
turn, increases the production rate per unit area and
contributes to a more stable mode of continuous oper-
ation, offering economical benefits [14,15].

A carrier must meet the following prerequisites to
be used for the immobilization of biological hydrogen-
producing microorganisms. It should have a large sur-
face area, functional groups and electochemical charges
to immobilze large amount of cells. It is preferred
that the carrier possesses good mechanical, chemical,
and thermal stability, in addition to being inexpen-
sive, reusable, and scalable. The carrier should also re-
sist fermentation by-products and maintain uniformity
within the bioreactor, ensuring uniform permeability to
allow free diffusion of nutrients, gases, cofactors, and
products . The advantages of continuous operation can
be summarized as follows: product formation is flow
rate-dependent. Several modes of continuous opera-
tions are used to produce biohydrogen through dark
fermentation, including suspended cells, immobilized
fluidized bed, and fixed bed systems. The most widely
empolyed modes are anaerobic sequential batch biore-
actors (ASBR) and continuously stirred tank bioreac-
tors (CSTBR). The latter type is more commonly used
to achieve proper mixing, improve mass transfer, and
maintain a homogeneous environment. However, cell
concentration in ASBR and CSTR is limited because
suspended microorganisms have a retention time equal
to the hydraulic retention time and may be carried out
with the outflow. Consequently, the washout of mi-
croorganisms from the bioreactor reduces the efficiency
of these fermenters at high feeding rates for biohydro-
gen production, requiring optimization [16].

Unlike suspended cell bioreactors, immobilized cell
bioreactors do not face the same complications. Cell
immobilization is typically achieved through cell seed-
ing, physical microbial biofilm formation, and elec-
trochemical interactions. Furthermore, bioreactors

used for continuous biohydrogen production can be
classified into various types, including up-flow flu-
idized beds, packed beds, up-flow anaerobic sludge
beds (UASB), expanded granular sludge beds (EGSB),
carrier-induced granular sludge beds (CIGSB), immo-
bilized cell-seeded anaerobic reactors (ICSAB), trick-
ling biofilter reactors (TBR), and membrane biore-
actors (MBR). Furthermore, microorganism’s immo-
bilization techniques play a crucial role in governing
the bioreactor process [17]. When continuous process-
ing remains uncontaminated, it offers the advantage
of lower production costs. If the limiting substrate is
available in excess (S ≫ Ks), the bioreactor volume re-
mains constant, and the inlet and outlet flow rates are
approximately uniform, the specific growth rate, max-
imum growth rate, and dilution rate in the bioreactor
reach a steady state concerning the microorganisms, as
described by the following Equation (5):

µ = µm = D (5)

where D is dilution rate (h−1) is given by Equation (6):

D =
F

V
=

1

τ
(6)

where F is volmetric flow rate (m3/h), V stands for
volume of reactor (m3) and τ is retention time (h). By
rearranging Equation (5) and applying mass balance
for continuous operation at steady state Equation (7)
is obtained for limiting substrate:

S = D
Ks

µm
−D (7)

where Ks is concentration coefficient (kg/m3) and S is
limiting substrate concentration (kg/m3). In a contin-
uous processing of biomass, yield can be obtained by
Equations (8) and (9):

X = Yx/s
Si −DKs

µm −D
(8)

Rearranging Equation (8) for yield

Yx/s = X
µm −D

Si −DKs
(9)

where Si and X are initial substrate and biomass con-
centration (kg/m3), respectively. Continuous bioreac-
tors are chassified in two major catagories as mechani-
cally mixed and plug flow reactors.

2.2.1 Mechanically stirred bioreactor
HERE18-12

Stirred tank bioreactors are commonly used for contin-
uous biohydrogen production. Continuous mixing, pro-
vides homogenuous medium for biohydrogen-producing
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bacteria suspended in liquid. These reactors facili-
tate proper mixing by maintaining uniform contact
between substrates, bacteria, and products, while in-
creased shear enhances mass transfer rates. However,
excessive shear stress generated by stirrers may lead to
potential cell damage.Moreover, the extent of damage
depends on the type of microorganism, its stability, and
the surrounding environment. Consequently, the bio-
hydrogen production rate in CSTBR is lower compared
to micro-sludge bed bioreactors and cell bed bioreac-
tors due to the stresses imposed. The washout of free
cells from the bioreactor further reduces efficiency, as
the suspended microbial mixture may not function op-
timally at high feeding rates. In general, stirred biore-
actors exhibit lower performance in biohydrogen pro-
duction over short retention times [18–20]. However,
Paillet [21] examined the effect of ionic strength on
the stability of microorganisms and found that am-
monia nitrogen in its non-ionic form (NH3) can in-

hibit hydrogen production. This occurs because NH3

easily penetrates bacterial cell membranes, leading to
a decrease in overall metabolite production. Charac-
terization of hydrogen-producing microorganisms sug-
gests that a low ionic strength environment is gener-
ally more favorable for their growth and activity. Fur-
ther increase in ionic strength may adversly influence
hydrogen-producing bacteria that are not well-adopted
to high-ionic environments. Therefore, maintaining an
optimized ionic strength in the medium is essential for
achieving efficient conversion [21]. Table 1 illustrates
a wide range of inoculum sources, reactor volumes,
hydraulic retention times (HRT), and feedstocks used
for biohydrogen production in stirred tank bioreactors.
These feedstocks include various types of sugars and
sugar-containing effluents, starch, molasses, whey, an-
imal feed, and complex compounds such as cellulosic
materials.

Table 1. Biohydrogen production using stirred bioreactors.

Substrate Inoculum Reactor
working

volume (L)

HRT (h) Hydrogen
production efficiency

Reference

Concentrated
molasses

Seed sludge 4 12 132.2 grams of
hydrogen/kg COD

[22]

Sucrose Activated Sludge - 8 23.5 grams of
hydrogen/kg COD

[23]

Whey Anaerobic sludge 3 6 14.6 grams of
hydrogen/kg COD

[24]

Glucose Granular sludge 6 0.5 18.8 grams of
hydrogen/kg COD

[19]

Sweet sorghum Anaerobic sludge 0.5 12 8.81 liters of
hydrogen/kg of
substrate

[25]

Sweet sorghum Anaerobic sludge 0.5 12 0.87 mol of
hydrogen/mol of
glucose

[26]

Starch Anaerobic sludge 3 12 0.92 mol of
hydrogen/mol of
glucose

[27]

Sewage slurry of
pig breeding
place

Pig sewage slurry 0.75 24 3.65 cubic
centimeters of
hydrogen/volatile
solid

[28]

Food waste Granule obtained
from UASB
bioreactor

0.7 60 261 mL of
hydrogen/gram of
volatile solid

[29]

Whey Granule obtained
from UASB
bioreactor

3 6 2.8 moles of
hydrogen/mol of
lactose

[24]
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2.2.2 Packed immobilized bioreactor

Packed immobilized reactors are weidly used across var-
ious sectors of the chemical and biochemical industries,
including distillation, liquid-liquid extraction, adsorp-
tion, biosorption, and immobilization. They are also
employed for research, process development, and scale-
up studies. Packed bed reactors are typically filled ei-
ther regularly or randomly with various support mate-
rials to immobilize microorganisms, cells, and enzymes
– either physically or through electrochemical interac-
tions. These reactors facilitate the production of bio-
hydrogen, organic acids, and alcohols under different
operational modes. The packings used in packed bed
reactors come in various materials, shapes, and sur-
face properties. The extent of mixing in this type of
bioreactor is typically less than in CSTBR, which re-
sults in higher resistance to mass transfer, leading to
reduced conversion rates and hydrogen production [14].
Packed bed reactors can be classified into two subtypes:
packed fixed beds and fluidized beds. When design-
ing, constructing, and fabricating packed bioreactors,
several factors must be considered to achieve a high
rate and yield of hydrogen production. These factors
include the choice of packing materials, reactor geom-
etry, flow dynamics, and operational parameters that
affect the efficiency of mass transfer and microbial ac-
tivity [14,15].

In addition, the distribution of pH gradient along
the column walls contributes to reduced microbial ac-
tivities. To address this issue, it is recommended to use
recycled flow to enhance the feed conversion rate and
increase hydrogen production yield [15]. The factors af-
fecting the performance of a packed bed bioreactor also
include the type of packing used and its specific surface
area (including porosity and charges), shape factor,
surface properties, nontoxicity, and wetting character-
istics, concerning immobilization materials. Packings
with specific surface areas of 190 and 365m2 per m3

have a significant influence, contributing 30% or 75%,
respectively, to the production of biological hydrogen.
The use of packings with a larger specific surface area
increases microbial adsorption, thereby enhancing the
production rate of biological hydrogen. However, a
high microbial population may hinder flow distribution
and lead to an increase in pressure drops, potentially
causing blockages in the bioreactor and ultimately re-
ducing the mass transfer rate. Additionally, this can
adversely affect the distribution of nutrients to the mi-
croorganisms in the packed tower, resulting in lower
product excretion [30]. The advantages of fixed-bed
bioreactors containing immobilized microorganisms in-
clude ease of operation, flexibility in feed variation,
simpler scale-up, and effective performance. The pro-

ductivity of immobilized microorganisms is typically
higher than that of free microorganisms across a wide
range of submerged fermentations. This enhanced pro-
ductivity can be attributed to the microenvironments
created by the carrier, which help retain the stabil-
ity of biomolecules. Microorganism’s immobilization
allows fixed-bed bioreactors to operate in a manner
that approximates a plug flow regime, with dilution
rates exceeding the maximum specific growth rate of
the strain. As a result, the productivity of these biore-
actors is enhanced. When designing, constructing, and
fabricating packed bioreactors, several factors must be
considered to achieve high rates and yields of hydrogen
production. These factors include packing material se-
lection, specific surface area, porosity, microbial reten-
tion capacity, and the overall design to optimize mass
transfer and minimize resistance [14, 15]. However de-
tailed process development and significant design con-
cepts are required for operating large-scale fixed-bed
reactors [31]. Table 2 shows several packing materials
and shapes used to fill bioreactors, with different work-
ing volumes, HRT (hydraulic retention times), and feed
compositions for producing biohydrogen. As significant
variations are observed in the table, a more detailed,
classified approach is necessary to facilitate the scale-
up process and ensure optimal performance at larger
scales.

Fluidized bed bioreactors. Fluidized beds are well
known for their role in process development across
laboratory, pilot plant, and industrial scales. They
are conventionally used in industries for various ap-
plications such as hydrometallurgical operations, crys-
tallization, ion-exchange, adsorption, sedimentation,
wastewater treatment, particle classification, and more.
These reactors are characterized by high mass and
heat transfer rates, minimal wash-out, and high pro-
ductivity, making them highly efficient for continu-
ous processes like biohydrogen production. In flu-
idized beds, biological materials are immobilized in
the form of biofilms, pellets, or usingelectrochemical
charges. The support materials must have several de-
sirable characteristics, including medium friendly, high
adhesion properties, density difference (∆ρ, kgm−3)
slightly higher than the medium This density difference
allows the support materials to fluidize based on the
gases generated when the specific growth µ = µm = D,
(h−1). The rate of degradation of suspended sub-
strates is higher in fluidized bed bioreactors compared
to packed bed bioreactors. Fluidized beds are desirable
for operation with both short- and long-term hydrolytic
retention times [32]. Moreover, fluidized bed bioreac-
tors have high efficiency due to low microbial leaching,
making them suitable for bio-hydrogen production.
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Table 2. Biohydrogen production employing packed bioreactors.

Substrate Carrier Reactor
working

volume (L)

HRT (h) Hydrogen
production efficiency

Reference

Glucose Granular activated
carbon

0.6 0.25 17.7 grams of
hydrogen/kg COD

[32]

Sucrose Modified alginate gel 10 2 28 grams of
hydrogen/kg of COD

[33]

Glucose Polyethylene-octene
elastomer

3.861 4 10.4 grams of
hydrogen/kg COD

[34]

Sucrose Synthetic polymer
(silicone gel)

8 8.9 28 grams of
hydrogen/kg of COD

[35]

Sucrose Spherical activated
carbon

1 0.5 15.6 grams of
hydrogen/kg COD

[36]

Glucose Expanded clay
grains

0.85 0.5 26 grams of
hydrogen/kg COD

[37]

Sugars Clay seeds 0.3 4 9.4 grams of
hydrogen/kg COD

[38]

Refinery effluent Polyurethane sheets 15 36 109 ml/g COD [39]

Glucose Polyurethane rings 2.5 24 0.67 mol/mol of
glucose

[40]

Glycerol Porous ceramic
beads

1 24 0.5 mol/mol glycerol [41]

Sucrose Polyurethane 1 10 0.86 mol/mol of
sucrose

[42]

Glucose Low density
polyurethane

2.3 8 2.1 mol/mol of
glucose

[43]

Sugarcane
residue

Low density
polyurethane

2.3 5.7 3.4 mol/mol of
carbohydrates

[44]

Sucrose Pumice stone - 3 4 mol/mol of sucrose [45]

Dehydrated
wheat powder

Metal mesh covered
with sponge layers

2.1 2 1.6 mol/mol of total
sugar

[46]

Glucose Polyurethane rings 2.5 2 0.98 mol/mol of
glucose

[47]

Sucrose Ceramic rings - 5.1 5 mol/mol of sucrose [45]

Sugar beet
molasses

Fibers 0.35 25.1 16.82 mmol/g COD [48]

Beverage factory
effluent

Polyurethane parts 2.37 5 3.47 mol/g of sucrose [49]

Sugarcane
residue

Polyurethane parts 2.3 10 2.4 mol/mol of total
carbohydrate

[50]

Beverage factory
effluent

Economical flex
metal filters

2 4 1.4 mol/mol of
hexose

[30]

Additionally, anaerobic fluidized bed reactors
(AFBR) are commonly used for the immobilization of
biomolecules in the production of bio-products such as
hydrogen. Various materials, including activated car-
bon, alginate, ethylene-vinyl acetate copolymer, pow-
dered tire, polyethylene terephthalate, polystyrene, ex-
panded clay, and zeolite, are used as support materi-
als for biofilm formation in submerged H2 fermentation

[51]. In addition to conventional geometry, there are
certain modification of fluidized bed reactors such as
draft-tube fluidized beds and counter-current fluidiza-
tion. An average laboratory scale AFBR includes a ver-
tical column with inert support or granules suspended
by the upward flow, where microorganisms exist in
the form of biofilm. This type of bioreactor is com-
monly applied for bioprocess development and wastew-
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ater treatment, known for its effectiveness and the uti-
lization of short hydraulic retention times. The biogas
build-up and particle settling typically occur in sepa-
rate compartments within the column. While AFBR
may show promising characteristics for generating bio-
gases like H2. Stratification of biological molecules in
a tower bioreactor can occur due to size distribution;
however, in immobilized fluidized beds, where microor-
ganisms are attached to solid supports, such constraints
usually do not happen. Further fluidized bed biore-
actors offer advantages, including overcoming concen-
tration gradients, handling sudden temperature and
pH shocks, and providing low shear stress for sensi-
tive microorganisms due to controlled turbulence in-
tensity. They enable a high density of microorganisms,
leading to a high rate of volumetric mass transfer and
heat transfer. This results in enhanced productivity
and reliable performance during both short and long
hydraulic retention times (HRT). The disadvantages
of fluidized bed reactors include the energy required
for pumping the substrate to fluidize the immobilized
medium, which is particularly influenced by the den-
sity of the support materials and the amount of biogas
produced [32, 52]. In particular, when ρS ≫ ρL, the
minimum fluidization velocity becomes relatively high,
which can negatively impact shear-sensitive microor-
ganisms.

2.2.3 Upflow anerobic sludge blancket reactor

The UASBR is one of the most widely used bioreactor
to enhance microbial populations and treat wastewa-
ter. The feed stream is introduced from the bottom of
the bioreactor, where the kinetic energy of the feed and
produced gases lift and suspend the granules, promot-
ing efficient reaction and wastewater treatment. As a
result, biogases such as CO2, H2S, and biohydrogen are
produced.The gases are collected from the top of the
bioreactor. Further, microbial consertcia emerge, mul-
tiply, grow and float to digest organic material and pro-
duce gases. As the granules reach the expanded zone,
they encounter stationary surfaces, causing their speed
to decrease to zero. They then descend along the biore-
actor wall, with many granules settling due to grav-
ity. Conventionally these bioreactors are used to treat
wastewater and produce biological methane. A par-
ticular limitation of the bioreactor is its long start-up
time, which may take several months for the formation
and growth of microorganisms. This process depends
on factors such as the type of self-immobilized granules,
temperature, pH, and the characteristics of the wastew-
ater [53]. However, this type of bioreactor is more re-
sistant to microbial wash-out than continuouly stirred
bioreactor and can be operated with shorter hydraulic

retention times than the mixed reactor. In addition,
the bioreactor is less susceptible to fluctuations in feed
concentration, temperature, pH, and hydraulic reten-
tion time compared to mixed-type bioreactors [54]. Po-
vided untreated sludge with high solids is processed in
these types of bioreactors, it would increase the growth
of methanogenic bacteria. To address this issue, the ini-
tial sludge is generally heat-treated, which adds to the
economic constraints. The rapid growth of hydrogen-
producing bacteria leads to reduced plant size, lower
construction expenses, and shorter operational times.
However, managing such a complex process technically
requires experience and expertise in the field. More-
over, the application of this type of bioreactor for bio-
hydrogen production is gaining popularity compared to
biological methane processing [55]. The UASB biore-
actor is less susceptible to washout than the stirred
type; in the stirred bioreactor, as the solid retention
time equals the hydraulic retention time, washout oc-
curs [36]. Table 3 shows several research studies con-
ducted on hydrogen production using upflow anaerobic
sludge blanket bioreactors.

2.2.4 Expanded granular sludge bed bioreac-
ter

The UASB bioreactors is often modified to a different
geometrical structure, such as an expanded granular
sludge bed (EGSB). In this type of bioreactor, the in-
flow is increased to the point where the granules be-
come suspended, which increases the contact area. As
a result, the mass transfer rate achieved in EGSB biore-
actors is higher than in UASB bioreactors.However,
this type of construction increases the possibility of
wasing-out of microorganisms. In processing biolog-
ical hydrogen production, using EGSB bioreactors is
less common, due to the high energy requirements for
pumping and suspending the medium [64]. Table 4
shows certain applications of EGSB bioreactors for hy-
drogen production.

3 Effect of Process Parameters

The most effective method to increase biohydrogen pro-
duction while using a mixed medium and untreated
sludge is to halt methane formation. In an anaero-
bic microbial environment, the hydrogen produced is
consumed by methanogenic activity, resulting primar-
ily in methane production. Hydrogen is generated as
the final product of the metabolic process. Sporulat-
ing hydrogen-producing bacteria, such as Clostridium
species, can form protective spores under unfavorable
conditions, whereas methanogens cannot survive. The
key factors limiting the rate of anaerobic hydrogen pro-
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duction include temperature, pH, volatile fatty acids,
residence time, nutrient composition and type (organic
substrate loading), sparingly soluble hydrogen partial
pressure, and the presence of oxygen in the environ-
ment. By modifying some of these factors in the mi-
crobial culture, it is possible to create a suitable envi-
ronment for producing either hydrogen or methane [67].

Parameters such as microorganism type and immobi-
lization technique can influence mass transfer in biolog-
ical hydrogen production under continuous operation.
As scale-up processes advance, various technologies are
being developed, including downstream processes such
as purification, storage, and transportation, to achieve
economic benefits.

Table 3. Biohydrogen production in UASB bioreactor.

Substrate Inoculum Reactor
working

volume (L)

HRT (h) Hydrogen
production efficiency

Reference

Sucrose Anaerobic sludge
granules

3 8 27 grams of
hydrogen/kg COD

[56]

Glucose Methanogenic sludge 4.01 17 1.51 moles of
hydrogen/mol of
glucose

[57]

Glucose Heat-treated sludge 4.01 17 1.19 moles of
hydrogen/mol of
glucose

[57]

Whey Seed sludge 4.6 12 0.2 grams of
hydrogen/kg COD

[54]

Citric acid
wastewater

Acidic wastewater
with anaerobic
bacteria

50,000 12 8.3 grams of
hydrogen/kg of COD

[58]

Caffeine waste Seed sludge 3.5 6 13.5 grams of
hydrogen/kg COD

[59]

Glucose Sludge from the
stirred bioreactor

0.22 24 2.47 moles of
hydrogen/mol of
glucose

[60]

Whey powder UASB bioreactor
granule of
confectionery factory

1.3 6 1.31 moles of
hydrogen/mol of
hexose

[61]

Glycerol Klebsiella 1 4 44.27 mmoles of
hydrogen/gram of
glycerol

[62]

Glucose Anaerobic sludge 2.5 8 1.47 moles of
hydrogen/mol of
glucose

[47]

Sugar industry
waste

Municipal sewage
sludge

20 30 2240 ml of
hydrogen/day

[63]

Table 4. Biohydrogen production using EGSB bioreactors

Substrate Inoculum Reactor
working

volume (L)

HRT (h) The hydrogen
production efficiency

Reference

Sugar beet
molasses
(glucose)

Activated sludge 3/35 2 3.47 moles of
hydrogen/ mole of
sucrose

[65]

Sugar beet
molasses
(glucose)

Municipal sewage
treatment plant
sludge

2 10 0.92 mol of
hydrogen/mol of
substrate

[66]
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3.1 Effect of temperature

The optimal temperature for hydrogen production
largely depends on the type of microorganisms,
medium pH, and substrate used. The rate of bacte-
rial growth and the extent of substrate metabolism into
hydrogen and by-products are influenced by the oper-
ating temperature during dark fermentation. Dark fer-
mentation is typically conducted within a temperature
range spanning from mesophilic to ultra-thermophilic
conditions [68]. However, high temperatures can lead
to inactivity of enzymes catalising hydrogen fermenta-
tion [69]. Although, according to the Arrhenius equa-
tion, higher temperatures generally enhance reaction
rates, this effect is limited for microorganisms. The
enzymatic properties of microorganisms are highly in-
fluenced by pH and temperature, and excessively high
temperatures should not compromise enzyme proteins
or alter the properties of the fermentation broth [70].
A high-temperature thermophilic process offers sev-
eral advantages: (1) Under extreme thermophilic con-
ditions, hydrogen yield can approach the theoretical
maximum of 4 moles of hydrogen per mole of glucose;
(2) Operating at high temperatures effectively elimi-
nates pathogenic organisms. However, anaerobic hy-
drogen fermentation is an endothermic process, typi-
cally producing slightly more than 2 moles of hydrogen
per mole of glucose. Additionally, hydrogen-consuming
microorganisms, such as methane-forming organisms
and solvent producers, are minimized. [71]. However,
as the medium temperature increases, reactions as-
sociated with hydrogen consumption often intensify
[72, 73]. Extreme thermophilic bacteria exhibit higher
tolerance to elevated hydrogen partial pressures, which
can result in metabolic shifts toward non-hydrogen-
producing pathways, such as solvent formation. From a
thermodynamic perspective, high-temperature fermen-
tation is advantageous for hydrogen production, as it
increases thermo-entropy and the energy yield, theoret-
ically reaching 4 moles of hydrogen per mole of glucose.

3.2 Effect of pH

The pH of the fermentation medium is a crucial fac-
tor influencing metabolic pathways, enzyme activity,
Fe-hydrogenase function, lag phase duration, and bio-
hydrogen yield. All microorganisms and microbial en-
zymes function within a specific pH range, with their
maximum activity occurring at an optimal pH value
[74]. Various studies about the impact of pH on bio-
hydrogen production consistently indicate that the op-
timal pH range for maximizing hydrogen production in
both pure and mixed bacterial cultures is generally be-
tween 6.5 and 7. A significantly high initial pH may

induce a metabolic shift from acidogenesis to solvento-
genesis; however, it can also reduce the lag phase dura-
tion, ultimately leading to a lower yield of biohydrogen
production. In contrast, a low pH of 4.0-4.5 prolongs
the lag phase and often has a negative impact on sub-
strate decomposition and metabolism. Maintaining a
stable pH throughout fermentation can stimulate mi-
crobial activity for optimal hydrogen production. Con-
versely, significant pH fluctuations during fermentation
may lead to the inactivation of hydrogenase and related
enzymes [69,75].

The primary challenge in maintaining stable oper-
ation in co-culture processes is the accumulation of or-
ganic acids, which ultimately reduces hydrogen pro-
duction. The optimal initial pH for dark fermentation
(DF) of biohydrogen is approximately 7.0 and should
ideally be maintained throughout the process. A ma-
jor obstacle to achieving higher hydrogen yields arises
when the pH drops to around 4.5-5.5 in the fermenta-
tion medium. This occurs because the production rate
of volatile fatty acids (VFAs) during dark fermentation
exceeds their consumption. Therefore, continuous pH
regulation is essential for sustaining efficient fermenta-
tion.Maintaining the concentration of phosphate buffer
at a specific ionic strength supports hydrogen produc-
tion by preventing rapid pH reduction. A co-culture
medium is more susceptible to pH fluctuations com-
pared to a single culture. However, there is limited
literature on the use of pH-controlled media for co-
culture fermentation [76]. Most facultative anaerobic
bacteria produce hydrogen by breaking down glucose
into pyruvate through the glycolysis pathway. The effi-
ciency of hydrogen production depends on the metabo-
lites formed from pyruvate decomposition. Metabolites
such as ethanol and other alcohols contain more hy-
drogen atoms than their corresponding acids. Major
studies investigating the effect of pH on continuous hy-
drogen fermentation are summarized in Table 5.

3.3 Effect of metal ions

During dark fermentation for biological hydrogen pro-
duction, microorganisms require metal ions such as
iron, magnesium, copper, chromium, sodium, zinc, and
nickel. These ions support bacterial metabolism, cell
growth, and the activation of enzymes and coenzymes.
The bacterial enzyme [Fe-Fe] hydrogenase specifically
requires iron to facilitate electron transfer processes.
The iron-sulfur combination plays a crucial role in the
function of primary proteins and contributes to hydro-
gen production. Iron concentration is a crucial and in-
fluential factor in the metabolic pathways of hydrogen
fermentation. Its required amount varies depending on
the bacterial strain and cell density [83].
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Table 5. Effect of pH on hydrogen production by dark fermentation in continuous systems

pH

Substrate Inoculum
type

Reactor
working

volume (L)

HRT
(h)

Checked
range

The
optimal
value

The hydrogen
production
efficiency

Reference

A mixture of past
dairy products
(93% milk, 5%
yogurt, 2% cheese
w/w)

Anaerobic
sludge

0.75 144 4-5.7 5 0.84 mol/mol
carbohydrate

[77]

Expired baby
food

Food industry
waste

0.4 12 5.9-5 5.4 141.47 liters of
hydrogen /

kilogram of food
waste

[78]

Sucrose Anaerobic
sludge

2 13 3.4-6.3 4.2 1.61 moles/mol
of glucose

[74]

Sucrose Anaerobic
sludge

2.01 13 6.1-9.5 7 1.61 moles/mol
of glucose

[79]

Rice wine factory
wastewater

Bacterial
mixture

3.01 2 4-6 5/5 1.74 moles/mol
of hexose

[80]

Glucose Anaerobic
sludge

1.7 6 4-7 5/5 2.1 moles/mol of
glucose

[81]

Liquid pig manure
with glucose

Anaerobic
sludge

4 16 4.7-5.9 5 1.48 liters of
hydrogen / liter
of substrate

[82]

The aforementioned ions are classified into two cat-
egories: light and heavy metal ions. Heavy metal ions
like iron, nickel, zinc, copper, chromium, lead, cad-
mium, and manganese and light metal ions such as cal-
cium, sodium, and magnesium play essential roles in
microbial metabolism. However, excessive concentra-
tions of these ions can inhibit and suppress biohydrogen
production [84]. Among the heavy metal ions involved
in biohydrogen production through dark fermentation,
nickel and, more notably, iron have received significant
attention. This is due to their crucial role in the pro-
duction of ferredoxin, which regulates electron transfer
during the oxidation of pyruvate to acetyl coenzyme
A [85]. The addition of Fe in the culture medium is
widely used to enhance biohydrogen production by act-
ing as catalizer for hydrogenases and other enzymes.
Trace Fe is an essential element to form the metal con-
tent at the active sites of hydrogenase ([FeFe], [FeNi],
and [Fe]), thus catalyzing the reduction reaction of H+

to H2. In addition, the presence of Fe increases the
activity of ferredoxin oxidoreductase by reducing the
dissolved oxygen (DO) content and increasing electron
transfer due to the surface and quantum size effects.
Further, Fe-based components could enhance the mi-
crobial community and growth of H2-producing bacte-
ria. However, at higher Fe concentrations, oxidative
stress increases, which leads to the formation of nu-
merous oxidative radicals, which can deactivate or de-

grade essential enzymes, ultimately inhibiting hydro-
gen production [86]. Similarly, nickel ions or Ni-based
nanoparticles have been widely studied for their signif-
icant role in enhancing biohydrogen production during
dark fermentation.

The mechanisms between Ni-ion/Ni-based nanopar-
ticles and Fe-ion/Fe-based nanoparticles are largely
identical, though there are minor differences. The
main mechanisms of action of Ni include (a) facili-
tating [FeNi] hydroase synthesis, (b) increasing ferre-
doxin oxidoreductase activity, and (c) Ni nanoparti-
cles controlling the concentration of Ni2+ to an opti-
mal level. In addition, it should be noted that [NiFe]
hydrogenase is found in more bacteria than [FeFe] hy-
drogenase. Therefore, Ni can promote H2-producing
bacteria in the dark fermentation process to some ex-
tent [86]. Li, et al. [87] studied the impact of vari-
ous metal ion concentrations on the hydrogen produc-
tion efficiency of bacterium R3 sp.no v. The results
showed that CoCl2 levels between 1.00 and 2.00 mg/L
led to decreased hydrogen production, relative to cel-
lular concentration that imposed significant concentra-
tion inhibition. They also found iron ions to play a role
in gene expression of key enzymes related to hydrogen
production metabolism, and low concentrations of iron
ions can stimulating hydrogen production [88]. Lee et
al. [89] found that critical concentration of iron ions
was 10.9 mg/L. They reported that concentrations ex-
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ceeding this value had an adverse effect on hydrogenase
activity, ultimately reducing the rate of hydrogen pro-
duction. Lee et al. [90] found that iron levels affected
hydrogen production using digester sludge as inoculum.
The highest hydrogen production rate observed was 24
mL/gVSS/h with 4000 mg/L FeCl2. Dabrock et al. [91]
showed that the growth of Clostridium pasteurianum
hindered at iron concentrations below 10 mmol/L, ad-
versely affecting product yieldsduring glucose fermen-
tation. At 5.7 mmol/L iron, lactate replaced butyrate
as the main product, while hydrogen production was
sustained. Nonlimiting iron levels (up to 25 mmol/L)
resulted in acidogenic metabolism, with hydrogen as
the primary metabolite for C. acetobutyricum [92]. In
a study by Zhang and Shen [93], the combined impact
of temperature and iron levels on hydrogen produc-
tion was examined. They found that the influence of
iron on hydrogen generation decreased as reactor tem-
perature was increased. At 25 and 35 ◦C, highest hy-
drogen production was observed at about 800 and 200
mg/L FeSO4 concentration, respectively. The results
suggested that at lower temperatures, bacteria require
more ferrous ions to activate hydrogenase, which en-
hances hydrogen production by oxidizing reduced ferre-
doxin. Additionally, the addition of a certain number
of ions is essential for the long-term preservation of
bacteria and for improving hydrogen generation.

3.4 Effect of hydraulic retention time

A short residence time alters the fermentation pattern
and inhibits the growth of methanogens that consume
the generated hydrogen, although it generally takes a
longer period for acidogens to develop. In a continu-
ous fermentation process, it is essential to determine
the minimum residence time, which refers to the time
the system remains at the microbial washout point.
Methanogenic activity can be controlled by maintain-
ing the hydraulic retention time between 2 and 10
hours, provided that the hydrogen-producing bacteria
are in the logarithmic growth phase. From an eco-
nomic prespetive, a shorter retention time and smaller
bioreactor volume are preferable due to lower total in-
vestment costs. For optimal hydrogen production, the
hydraulic retention time is mainly reported to be be-
tween 8 to 14 hrs. Reasonable hydrogen production
has been achieved using various wastewaters as feed-
stock, with HRT ranging from zero to 14 hours. While
a short retention time can help eliminate methane and
acetate-producing bacteria, it is important to note that
an excessively short retention time may also eliminate
hydrogen-producing microorganisms.

Furthermore, at low retention time, the overall con-
version efficiency of the process decreases because the

amount of substrate used is hampered due to inap-
propriate feed-to-microorganism ratio [94]. Continu-
ous hydrogen production has been reported using glu-
cose or sucrose with mixed microflora in 6-8 hrs HRT
[81, 95, 96]. Ueno et al. [97] achieved a hydrogen yield
of 2.52 mol mol-1 hexose at 60 ◦C using sugar factory
wastewater. Fang et al. [81] showed that a mixed mi-
croflora at 26 ◦C and 6 hrs HRT could create granules
with a hydrogen yield of 2.25mol/mol hexose. How-
ever, there is limited information on converting low-
cost agricultural and organic waste to hydrogen in con-
tinuous processes. Yokoi et al. [98] showed that hydro-
gen can be produced from sweet potato starch waste
by adding corn steep liquor to a defined culture of
Clostridium butyricum or Enterobacter aerogenes in a
12-day fed-batch culture. In an earlier experimental
verification, Yokoi et al. [99] used corn steep liquor and
polypeptone for hydrogen production.

In Lay’s study [100], a mix of microflora with
clostridial traits produced hydrogen continuously from
soluble starch, achieving a hydrogen yield of 1 mol/mol
hexose in an enriched culture at a pH about 4.5 and
22 hrs HRT. By applying a factorial-design experiment
with this culture, optimal conditions for the unspeci-
fied starch were found to be at about pH 5.2 and 17
hrs HRT, resulting in a hydrogen yield of 2.4 mol/mol
hexose. Furthermore, HRT is influenced by type and
geometry of fermenter used to produce biohydrogen.

3.5 Effect of partial pressure of hydro-
gen

The influence of hydrogen partial pressure on the
metabolism of anaerobic bacteria during dark fermen-
tation process of hydrogen production and its redis-
solution in the medium is presented here. The par-
tial pressure of biohydrogen could be a limiting fac-
tor affecting the rate of its production, as it influences
the activities of the hydrogenase enzyme and, conse-
quently, the yield. Therefore, by removing the bio-
gases from the bioreactor headspace, the efficiency of
the system can be improved [71]. Hydrogen produc-
tion is limited by the thermodynamics of the hydro-
genase reaction, which involves the enzyme-catalyzed
transfer of an electron from an intracellular electron
carrier molecule to a proton. As the concentration of
hydrogen in the liquid phase increases, the oxidation
of ferredoxin decreases, and hydrogenase reversibly ox-
idizes and reduces ferredoxin. When hydrogen in the
liquid phase is oxidized to protons, it results in a reduc-
tion in the rate of hydrogen production. At high hydro-
gen concentrations, the metabolic pathway shifts from
acidification to solubilization, leading to the production
of reduced substrates primarily in the form of lactate,
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ethanol, butanol, or alanine, which in turn reduces hy-
drogen production. From a thermodynamic perspec-
tive, producing hydrogen at a partial pressure above
60 Pascals is not desirable. Bacteria that produce pro-
pionic acid, ethanol, and other hemogenic bacteria can
maximize hydrogen production by maintaining optimal
conditions for their activity.In addition, injecting gases
such as nitrogen and argon reduces the concentration
of dissolved hydrogen, consequently increasing the effi-
ciency of biohydrogen generation. Membrane sorption
technologies can be used to purify and remove hydro-
gen from the top of the bioreactor, further enhancing
the overall process by maintaining optimal hydrogen
production conditions [7].

To understand the phenomena, a simple mass bal-
ance was presented by Beckers (Equation (10)):

Q = kLa×He× (P 0
G − PG) (10)

where the rate of gaseous mass flow Q passing through
a gas-liquid boundary, measured in terms of time and
liquid volume (mol/Lh), primarily relies on the overall
mass transfer coefficient kLa (in h−1, influenced by the
mixing condition and interfacial area) and further by
the transfer potential P 0

G − PG (with respects to gas
partial pressure PG and dissolved gas concentration at
equilibrium C0

L = (He × P 0
G) where ‘He’ is influenced

by the type of gas and liquid present [101].

3.6 Mass transfer

Efficient mass transfer is a key parameter in bioreac-
tors operation, especially during hydrogen production.
Agitation is typically employed to ensure effective con-
tact between microorganisms and substrates, as well
as to facilitate the separation of gases from a homoge-
neous medium. However, stagnation and the formation
of gas pockets can lead to a reduction in hydrogen pro-
duction in certain types of bioreactors, such as packed
bed bioreactors, where gas flow and mixing are less effi-
cient.The mass transfer rate can be increased by select-
ing an appropriate bioreactor geometry and optimizing
its dimensions, such as the height-to-diameter ratio of
the tank, the impeller-to-tank diameter, impeller tip
speed, and other factors. To remove oxygen from the
medium in a mixed fermenter, the type, configuration,
and speed of the agitator are important. Additionally,
the backflow of gas or liquid can be used to improve
the mixing of the medium [102]. The gas-to-liquid or
liquid-to-gas mass transfer rate can be described using
the mass transfer coefficient kL (s−1), the gas-liquid in-
terfacial area a (m−1), and the concentration driving
force for the transfer is:

dCL

dt
= kLa(C

∗ − CL) (11)

where CL, is the concentration of specie (s) in the liq-
uid phase and C∗ is its saturation concentration (i.e.
saturation or equilibrium value) in the liquid.

Mass transfer in gas-liquid reactors including airlift
devices has frequently been stated in terms of an over-
all volumetric mass transfer coefficient kLaL or kLaD,
based on unaerated liquid volume and gas-liquid dis-
persion volume, respectively [103]. Najafpour et al.
[104] investigated biological hydrogen production using
Rhodospirillum rubrum in both batch and continuous
mode of operations, with synthesis gas as substrate,
using stirred reactor. They estimated the gas-liquid
mass transfer coefficients and developed correlations
for batch mode of operation. The system was oper-
ated at ambient temperature and pressure. According
to the material balance proposed by Levenspiel for the
stirred tank contactor, it is assumed that the compo-
sition of the gases is uniform throughout the fermen-
tation. Therefore, the material balance for the rate
of CO absorption, transferred from the gas phase, is
considered to be equal to the CO involved in the bio-
transformation process:

COtransferred from gas phase − COuptake rate

= COconsumption in the bioconversion (12)

Fg

π
(PCO,in − PCO,out)−

kLa

H
PCO,outVr

= (−rCO)Vr (13)

where kLa, Fg and H are volumetric mass transfer co-
efficient (min−1), gas molar flow rate (mol/min), and
Henry’s constant (atm L/mol), respectively. PCO, in
is Partial pressure ratio of CO at inlet (atm) and PCO,
out is Partial pressure ratio of CO at outlet (atm), rCO

is rate of reaction (mole/Lh), Vr (L) is the working vol-
ume of the reactor and π (atm) is the total pressure of
the gas phase

π = PH2
+ PCO + PCO2

+ PAr (14)

The rate of loss of CO by the reaction is shown as
follows:

dX

dt

dPCO,out

dX

1

Vr
=

dPCO,out

dt

1

Vr
= −rCO (15)

where X (g/L) the cell density of the microorganism
and t is time (min). By multiplying the above equation
by Vr:

(−rCO)Vr =
dPCO,out

dt
=

dPCO,out

dX

dX

dt
(16)

Microbial growth can be described by the Monod equa-
tion:

µX =
dX

dt
=

µmXPCO,out

Km + PCO,out
(17)
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By replacing this equation with Equation (5), Equa-
tion (7) is obtained:

−rCO(Vr) =
dPCO

dX

µmXPCO,out

Km + PCO,out
(18)

where KM , µ, X and µm are the Monod constants,
specific growth rate, cell density, and maximum spe-
cific growth rate, respectively. Substituting the above
equation in the mass balance results:

Fg

π
(PCO,in − PCO,out)−

kLa

H
VrPCO,out

=
µm X PCO,out

Km + PCO,out

dPCO

dX
(19)

At a steady state, the rate of CO transfer from the gas
phase is equal to its absorption and losses by the reac-
tion. Therefore, both sides of the above equation are
divided by PCO,out. In steady state dPCO/dX = 0 as a
result:

Fg

π

(
PCO,in

PCO,out
− 1

)
= Vr

kLa

H
(20)

Rearranging the above equation leads to a linear
form and its slope indicates the mass transfer coeffi-
cient as follows:(

PCO,in

PCO,out
− 1

)
=

πVr

Fg

kLa

H
(21)

Using the ideal gas law has a correlation in terms
of gas pressure:

Pgvg = FgRT or Fg =
Pgvg
RT

(22)

where Pg is Partial pressure ratio (atm), vg is volu-
metric gas flow rate (ml/min), Fg is Molar flow rate
(mole/min), R is ideal gas law constant (L/moleK) and
T is absolute temperature (K). So that the subscript g
refers to the inert gas:(

PCO,in

PCO,out
− 1

)
kLa

H

πVrRT

Pgvg
= kLa

VrRT

Hv
(23)

kLa is estimated by plotting
PCO,in

PCO,out
−1 versus VrRT

Hv
as

slope [104].
The mass transfer resistance is generally reduced by

agitator’s speed, volumetric flow rate, if packed with se-
lection of proper packing size or static mixer type to
generate maximum ∆P and dispersion, Additionally,
if trays are used, they should provide a sufficient per-
centage of free area and optimal downcomer geometry.
The extent of mixing by the agitator should be within
the range of safe shear to avoid creating turbulence

in the medium, as excessive shear can adversely affect
the growth and productivity of sensitive microorgan-
isms. The safe range of mixing helps reduce bubble
size, which in turn affects the terminal rise velocity
and increases the effective interfacial area (a, m−1).
This improvement leads to an increase in the overall
volumetric mass transfer coefficient (kLa, s

−1). Fur-
ther, by increasing dilution rate the overall volumet-
ric mass transfer coefficients increases, provided that
the cell density, CO concentration, and required nu-
trients are well balanced, and the hydraulic retention
time (HRT) is within the optimal range.

3.7 Recycled flow

One of the parameters affecting the efficiency of bio-
hydrogen production in bioreactors is the recycle ratio.
By introducing a recycled flow within the bioreactor,
the concentration gradient of the incoming raw mate-
rial can be more predictable. If the feed enters the
bioreactor directly, the biofilm may be exposed to a
high feed concentration, which could shock or inhibit
the microorganisms, potentially affecting by-product
formation. Furthermore, the absence of a recycled flow
may contribute to an uneven feed concentration gra-
dient, which can have negative effects on the biofilm’s
performance in the bioreactor. Furthermore, the ad-
vantages of recycled flow include increased mass trans-
fer between the microorganisms and the broth, which
positively impacts the process by facilitating the trans-
fer of gases from the liquid phase to the gaseous phase,
thereby preventing the excessive accumulation of hy-
drogen in the liquid phase during processing. Addi-
tionally, the removal of hydrogen from the liquid phase
helps prevent its conversion into secondary metabolites,
thus improving the overall efficiency of the production
process. However, it is important to note that an exces-
sive increase in the recycled flow rate could lead to the
removal of microorganisms from the bioreactor, as well
as increased energy requirements for pumping, which
would ultimately add to the production cost [105]. The
recycle ratio R is:

R =
volume of fluid returned to the reactor inlet

volume in the outlet
(24)

The recycle ratio may range from (R = 0) to
(R = ∞), with behavior shifting from plug flow to
mixed flow as the ratio increases. Different level of
backmixing is achieved in a recycled plug flow reac-
tor [106]. Considering a recycling reactor with the
nomenclature shown in Figure 1. For a plug flow reac-
tor mass balance is shown by Equation (25):

V

F ′
A0

=

∫ XA2=XAf

XA1

dXA

−rA
(25)
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where F ′
A0 is the initial feed rate of A (molm3/s) enter-

ing the reactor and V is volume (m3). Since F ′
A0 and

XA1 are not known directly, they should be written in
terms of known quantities before using Equation (25).

Fig. 1. Schematic of recycle flow in plug reactor (Adopted from Levenspiel 1999)

The stream entering the reactor includes both fresh
feed and the recycled stream. Measuring the splitted
flow at point L (provided flow at point K is E ≠ 0)
then

F ′
A0 = (A enters in an unconverted recycle stream)

+ (A in the fresh feed)

= RFA0 + FA0

= (R+ 1)FA0 (26)

Evaluation of XA1 from equation XA = CA0−CA

CA0−EACA

XA1 =
1− CA

CA0

1 + EA CA

CA0

(27)

Since pressure is taken to be constant, the streams
at point K may be added directly. In the form of an
equation as Equation (28):

CA1 =
FA1

v1
=

FA0 + FA3

v0 +Rvf

=
FA0 +RFA0(1−XAf )

v0 +Rv0(1 + EAXAf )

= CA0

(
1 +R−RXAf

1 +R+REAXAf

)
(28)

Combining Equation (27) and Equation (28) gives
XA1, is a measured quantity, or

XA1 =
R

R+ 1
XAf (29)

Finally, by replacing Equations (26) and ?? in
Equation (29), the performance equation for the re-
cycle reactors fit any kinetics equation, any E value,
with XA0 = 0 considered.

V

FA0
= (R+ 1)

∫ XAf

( R
R+1 )XAf

dXA

−rA
for any EA (30)

For defined case where density changes are negligible,
the equation can be written in terms of concentra-
tions [106]:

τ =
CA0V

FA0
= −(R+ 1)

∫ CAf

CA0+RCAf
R+1

dCA

−rA
EA = 0

(31)

where τ is space-time (s).
The rate of hydrogen production is higher in a con-

tinuous compared to a batch process. A faster dilution
rate (i.e. shorter HRT) results in wash-out of active
cells. Therefore, recycling cells is necessary to main-
tain consistent active cell concentrations in the reactor,
maximizing hydrogen production. Therefore, the mass
transfer rates from the bulk liquid to the immobilized
microorganisms are also influenced by the recycle ratio.
Variations in the recycle ratio affect the liquid-to-gas
mass transfer for sparingly soluble gases, such as hydro-
gen and carbon dioxide. The byproducts of the hydro-
gen fermentation process, namely volatile fatty acids
(VFAs), are also recycled, which influences the biolog-
ical status of the microbes in the bioreactor. As the
recycle ratio and the liquid superficial velocity within
the immobilized packed bed reactor are increased, both
liquid and solid side mass transfer improve. However,
limited data exist regarding the physiological condition
of the microorganisms in the reactor while hydrogen
is being produced. To assess the physiological state
of the microorganisms, flow cytometry combined with
fluorescent dyes is used at a specific substrate concen-
tration [48].

3.8 Comparision of performance of
biofilm and granule bioreactors

Zhang et al. [107] used two types of AFBRs to load
with biofilm and granules for biohydrogen production
at a constant organic loading rate (OLR) of 40 g/Lh,
varying HRTs (0.125-3 hrs) and glucose concentrations
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of (5-120 g/L). Figure 2 depicted that the hydrogen
production remained consistent at each HRT in both
granule and biofilm bioreactors. Although the hydro-
gen yield was similar for both bioreactors, the biofilm
reactor showed a sightly higher rate of hydrogen pro-
duction. The biofilm thickness gradually decreased due
to weak attachment of microorganisms to immobiliza-
tion media. As a result of particle collisions, the biofilm
in the reactor detached from the support media, leading
to fragmented biofilm. After 50 days of operation, the
disjointed biofilm transformed into a granule bioreac-
tor. Around 80% glucose conversion rates were reached
in biofilm reactor and granule reactor with HRT be-
tween 0.25 and 1.0 h, for glucose concentrations of 10-
40 g/L. The glucose conversion rate decreased as the
HRT and the glucose concentration increased to 3 hrs
and to 120 g/L, respectively. The optimal HRT and
glucose concentration for both biofilm and granule re-
actors were were found to be between 0.25-0.75 hrs and
10-30 g/L, based on hydrogen yield and production
rate. Stable hydrogen production was maintained in
both bioreactors by controlling the HRT between 0.25-
0.75 h and glucose concentrations about 10-30 g/L.
The hydrogen yield ranged from 0.4 to 1.7 mol-H2/mol
glucose in both bioreactors, with the highest yield ob-
served at HRT of 0.25h and glucose concentration of 10
g/L. Under these conditions, the hydrogen production
rate reached maximum values of 6.6 and 7.6 L-H2/Lh
in the granule reactor and biofilm reactor, respectively.

Fig. 2. Presenting yield of biohydrogen production
by two types of bioreactors at various HRTs and
glucose concentrations

4 Conclusion

Microbial hydrogen production empolying renewable
sustainable resources is independent of geographical
locations and seasonals changes, with dark fermen-
tation offering a higher production rate compared to
photo-fermentation. The energy in the form of hydro-

gen, produced by renewable fermentative sources, can
be puriefied, stored and transported to end users via
pipelines, ships or other suitable arrangments. Hydro-
gen contains 122 kJ/g of energy, making it the highest
energy source – 2.75 times more than any known hy-
drocarbons – positioning biohydrogen as a strong can-
didate to replace traditional fuels and decarbonize the
energy sector in pursuit of environmental targets. Fur-
thermore, when hydrogen is used in an internal com-
bustion engine, it only produces energy and water va-
por, with no CO2 emissions.

To generate electricity using hydrogen fuel cells, hy-
drogen with a purity of 99.99% is required, which is
typically purified through Pressure Swing Adsorption
(PSA) technology. This review aims to highlight the
advantages of continuous hydrogen production through
bioreactors, addressing the limitations associated with
batch-mode operations. Additionally, it reports that
the yield and rate of hydrogen production are influ-
enced by various factors, including the type of microor-
ganisms, inoculum ratio, feed composition and concen-
tration, added cofactors and trace elements, environ-
mental parameters such as pH and temperature, im-
mobilization methods, mode of operation, bioreactor
geometry, hydraulic retention time, and more.

The substrates concentration should be maintained
within the optimal range to avoid the following scenar-
ios: (1) Concentrations higher than the optimum value
leads to overproduction of volatile fatty acids and alco-
hols resulting in a decreased hydrogen production rate:
(2) Concentrations lower than the optimal level reduce
biomass concentration, ultimately lowering the hydro-
gen production rate.To start fermentation, a pH range
of 6.5 to 7 is ideal, and it is preferable to regulate pH
during the fermentation process for biohydrogen pro-
duction. The temperature range for efficient fermen-
tation depends on the species used, with 32 to 37 ◦C
being effective for mesophilic species, and 55 to 90 ◦C
for thermophilic species involved in biohydrogen pro-
duction. Additionally, certain cofactors such as Fe, Ni,
Mg, Co, and Cu are essential for the enzymes, like hy-
drogenase, in microorganisms to enhance biohydrogen
production.

The amount of iron ions required varies depending
on the microorganism type and the temperature range
used. At higher temperatures, lower concentrations of
cofactors are generally needed. As biogases accumulate
in the headspace of the bioreactor, the partial pressure
of these gases increases and they moderately re-dissolve
in the medium. Therefore, it should be continuously
removed. The dark hydrogen fermentation in contin-
uous mode of operation is velocity-driven, and vari-
ous types of bioreactors, such as CSTBR, packed bed,
fluidized bed, USABR, and recycled systems, are com-
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monly used. Additionally, controlling continuous biore-
actor operation is generally easier and more economical
compared to batch systems. Furthermore, hydrogen-
producing and biofilm-forming bacteria should exhibit
synergistic effects to prevent leaching out and maintain
a sufficient population density to ensure high biohydro-
gen yields throughout the process. If sludges are used,
they should undergo pretreatment, which increases the
operating costs.

Generally, CSTBR is preferred for basic investiga-
tions and process development, particularly in contin-
uous fermentation, due to their ability to generate a
well-mixed medium. However, the stress caused by im-
pellers can adversely affect the productivity of sensi-
tive microorganisms, and CSTBRs do not perform as
well with short retention times for biohydrogen produc-
tion. FBR and UASB bioreactors are more resistant
to microbial leaching than stirred vessels and can bet-
ter withstand sudden changes in temperature, pH, and
short hydraulic retention times. Fluidized bed biore-
actors are more favorable for biohydrogen production,
especially with short HRTs. Therefore, the HRT value
is influenced not only by the type of microorganism
used but also by fermenter geometry and feed prop-
erties. Proper control of the recycle ratio and the dis-
charge of solids from continuous bioreactor operation is
crucial and depends on several factors. For large-scale
dark biohydrogen production, FBRs and packed-bed
immobilized bioreactors are preferred. This work has
analyzed and emphasized continuous biohydrogen pro-
duction through various fermenter geometries to help
lower production costs.

Currently, the main technological gap lies in
the thermodynamic conversion of sugar to hydrogen
through dark fermentation using Enterobacteria or
Clostridium. A hydrogen yield of more than 2.4 moles
of H2 per mole of glucose can be achieved if the initial
pH is maintained at around 7 and regulated through-
out the process, with the medium temperature kept at
37 ◦C using mesophilic Enterobacteria. Thermophilic
microorganisms, operating at temperatures of 55 ◦C or
higher, can produce 4 moles of hydrogen per mole of
glucose, approaching the theoretical maximum yield of
4 moles. Closteridum species generally produce only 4
moles of hydrogen per mole of glucose. The mass trans-
fer within the system becomes quite complex when no
gas is added to the medium. Therefore, more detailed
studies should be conducted and made available in the
open literature to help differentiate the performance of
various fermenters and provide insights into scale-up
phenomena. As a result, there is a need for time and
research to develop species with higher performance to
achieve 12 moles of H2 per mole of glucose. Further-
more, tireless efforts are underway in many laboratories

worldwide to make breakthroughs in enhancing bio-
hydrogen yield through the use of modified microor-
ganisms and inexpensive substrates, with the aim of
achieving economic goals and commercial production.
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