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Abstract: More than 80% of the energy from fossil fuels is utilized in homes and industries. Increased
use of fossil fuels not only depletes them but also contributes to global warming. By 2050, the usage
of fossil fuels will be approximately lower than 80% than it is today. There is no yearly variation in
the amount of CO; in the atmosphere due to soil and land plants. Therefore, an alternative source
of energy is required to overcome these problems. Biohydrogen is considered to be a renewable
source of energy, which is useful for electricity generation rather than relying on harmful fossil fuels.
Hydrogen can be produced from a variety of sources and technologies and has numerous applications
including electricity generation, being a clean energy carrier, and as an alternative fuel. In this review,
a detailed elaboration about different kinds of sources involved in biohydrogen production, various
biohydrogen production routes, and their applications in electricity generation is provided.
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1. Introduction

Over the past decade, the growth of industries has been increasing enormously, which
has resulted in the requirement for alternate energy sources. At the beginning of human
history, wood biomass was used for heating, cooking, and shelter, which made it an ideal
energy source for man. However, fossil fuels were exploited to meet the energy demands
due to the growth of the human population [1]. Depletion and the inability to replenish the
energy sources due to increasing industries resulted in the usage of fossil fuels. Increased
usage of fossil fuels not only depletes them but also causes significant global warming by
emitting harmful greenhouse gases [2]. In recent years, emissions of carbon dioxide and
other harmful gases by human activities have been rising more recently than in previous
years. Pollution due to fossil fuels can be controlled by the transition from fossil fuels to
alternative renewable resources [3]. Sustainable development requires energy as a main
component, which must be available constantly at an affordable range for a long period.
The conversion of wastes into useful forms is the best way for sustainable development, for
example, biohydrogen, biogas, and biofuel, which release less greenhouse gas than fossil
fuels [4]. Electricity plays a major role in everyday life, of which 32.9% is produced from
fossil fuels supplying approximately 213 Terawatt per hour (TWh) worldwide [5]. In India,
the most contributing source of fossil fuel is coal, which contributes approximately 69.5%
to power generation [6]. The balance between the preservation of the environment and
economic growth is considered “sustainability” [7].
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The demand for hydrogen is increasing rapidly nowadays as hydrogen is considered a
clean source of energy and a valuable gas. It is used as a feedstock in many industries [8,9].
The ionic form of hydrogen is present abundantly in the universe. It is odorless, colorless,
tasteless, and non-toxic [10]. Hydrogen draws prominent attention as a future fuel because
of its versatility and efficiency. It can be used as the best and most efficient fuel for
transportation as the combustion of this fuel produces only water vapor and eliminates
the release of hydrocarbons, carbon monoxide, carbon dioxide, and other micro particles
that cause environmental pollution [11]. Hydrogen is used in the hydrogenation of coal,
oil, petroleum, and shale oil and is also used in the production of ammonia. Hydrogen can
be produced by oil and natural gas using the steam reforming process and other methods
such as coal gasification and water electrolysis. However, these processes are considered
non-renewable and do not draw much attention. Therefore, the eco-friendly production
of bio hydrogen gas using renewable sources such as agricultural waste, inorganic waste,
and microorganisms is highly encouraged [12]. The production of hydrogen becomes more
interesting when produced from renewable sources because it can be operated at ambient
pressure and temperature with a lower amount of energy consumption. Energy production
from hydrogen is 122 kJ /g, which is 2.75 times greater than hydrocarbon fuels so it acts as
a potential energy carrier [10]. Obtaining hydrogen from biomass is rather challenging as
the amount of hydrogen present in biomass is nearly 6% versus 25% for methane, and the
lower energy content is due to the 40% of oxygen present in biomass [13].

2. Definition

The term biohydrogen in Greek refers to Bio- or life, hydro- or water, and gen- or
genes, which indicates non-degradable organic fuel obtained from biological sources
such as plants, microorganisms, animals, etc. [13]. Hydrogen produced biologically is
termed “Biohydrogen”. It draws much attention because it is a clean, non-degradable, non-
condensable fuel with higher efficiency, high energy density, and a lack of pollution [14].
Biohydrogen is a natural or transient byproduct of several microbial-mediated biochemical
reactions. It can be produced either by a biological process or the thermochemical treatment
of biomass [2]. Biohydrogen has the ability to be converted into usable power at a higher
efficiency. However, the lower yields, storage, and rate of production remain barriers to
biohydrogen production [15].

3. Feedstocks of Biohydrogen Production

The sources selected for the production of hydrogen gas should be low cost and
biodegradable and must have a high level of carbohydrate content with the presence
of simple sugars such as glucose, lactose, and sucrose, which can be used as reliable
biodegradable substrates for biohydrogen production [8]. The production of biohydrogen
via bio photolysis of water using cyanobacteria, microalgae, and photosynthetic anoxygenic
bacteria is most suitable as it utilizes major natural resources such as sunlight, water,
etc. [16]. These microorganisms either supply electrons as an alternate source for the
sake of survival in minimal optimum conditions or the need to prevent the reduction of
the electron transport chain and act as a security valve. In addition to these biochemical
reactions, hydrogen gas can also be produced during nitrogen fixation by the nitrogenases
enzyme, which is a major mechanism in the heterocyst forming blue-green algae [17].

3.1. Agricultural Waste

Over the last decade, many research works have been carried out focusing on the find-
ings of alternate sources of green, clean, and renewable energy. However, the production
of biofuels from food sources such as corn and sugar has served as an alternate source
but has indirectly increased food prices, which has resulted in a global food crisis. Hence,
nowadays, the production of biofuels from agricultural wastes has gained much attention
from researchers [18]. The production of hydrogen gas from agricultural waste, which
consists of lignocellulose material, contributes to the global energy conversion process.
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Agricultural waste is rich in hemicellulose and cellulose after conversion into mono or
disaccharides and can be used in dark fermentation, photo fermentation, and bio photolysis
(direct and indirect) [19].

3.1.1. Lignocellulose Waste

Lignocellulose waste is considered a macromolecule consisting of lignin, cellulose,
and hemicellulose. Lignin is a highly insoluble, irregular polymer that bonds with hemi-
cellulose with a covalent bond, and in the cell wall, cellulose is enwrapped in a complex
containing lignin and cellulose. This complex nature causes the barriers to transform into
lignocellulosic waste. Waste such as residues of plants, agricultural waste, and the logging
of wood is considered to be lignocellulosic waste and they are degraded slowly as they
are difficult to degrade [20]. Around 180 million tons per year of lignocellulose materials
are produced as byproducts or in the form of agricultural residues, which can be used
as an inexpensive source for the production of biofuels [21,22]. These materials, due to
their low fiber porosity, heterogeneity, and crystallinity are not readily fermentable, and
pre-treatment is required for the process of forming fermentable sugars [23]. Nowadays, re-
searchers are focused on the next-generation organic matter, which includes lignocellulose,
rather than using first-generation products, as lignocellulose is a rich source of fermentable
sugars and can be used for the production of biohydrogen. Some of the steps to be followed
when lignocellulose materials are used for biohydrogen production are as follows:

e  Lignocellulose materials consist of a hetero polymeric substance, and in order to break
the complex, the raw materials must be pre-treated.

e A large number of monomeric sugars was obtained by hydrolysis of cellulose and
hemicellulose.

e  The obtained monomers liberated from the fractions were converted into the respec-
tive biofuel by the utilization of a microorganism using techniques involved in the
bioprocess [24].

High yields of biohydrogen are obtained by following the aforementioned steps [25].
The production of biohydrogen from lignocellulose waste has attracted the attention of
many researchers due to its efficiency. Several researchers proved the efficiency and positive
response of biohydrogen production by utilizing various lignocellulosic substrates and also
identified the sources responsible for the inhibition [26]. The production of biohydrogen
from lignocellulosic biomass after the pre-treatment, hydrolysis, and utilization of different
microbial cultures via the process of dark fermentation has improved the yield and rates
of biohydrogen production [27]. The production of biohydrogen from various substrates
of lignocellulose via the process of dark fermentation is considered to be effective. The
next most effective process used for the production of biohydrogen after dark fermentation
is photo fermentation [28]. Taguchi et al. [29] isolated Clostridium sp. strain no. 2 from
termites and produced biohydrogen with 18.6 mmol/g of the substrate using xylan from
oat spelts. Taguchi et al. [30] used the same Clostridium sp. for the hydrolysis of cellulose
and observed that the bacterium consumed 0.92 mmol of glucose per h and produced
4.1 mmol of hydrogen per h. The increase in the concentration of cellulose (12.5 g/L
to 50 g/L) decreased the yield (2.18 mmol/g of cellulose to 0.42 mmol/g of cellulose).
At high temperatures, high conversion of cellulose into hydrogen took place (43 mL of
hydrogen/g of cellulose at 37 °C to 69 mL of hydrogen/g of cellulose at 55 °C; 567 mL of
hydrogen was produced from 1 g of cellulose) [31]. The production of biohydrogen from
lignocellulosic biomass is described in Figure 1. Some of the lignocellulose biomass used
and its composition, types of monomers present, and the amount of hydrogen produced is
tabulated below (Table 1).
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Figure 1. Biohydrogen production from lignocellulosic wastes.
Table 1. Lignocellulose biomass, its composition, and hydrogen production.

LCB Monom‘?r. Composition of LCB Hydrogen Production Reference

Composition
Beer less Not mentioned Not mentioned 68.6 mL of blohydr.ogen per [32]

gram of total volatile solids

1.5 g/L-Xylose 37.6%-~cellulose
Corn stover 10 g/L-glucose 21.5%-hemicellulose 12.9 mmol/L in an hour [33]

0.2 g/L-Arabinose 19.1%-Lignin
Grass Not mentioned Not mentioned 4.9 mol hy(?lrogen £as per gram [34]

of total solid
39.6%-cellulose
Soy bean straw 3.6% of TRS 14.6%-hemicellulose 60.2 mL of hydrogen per gram [35]
. of dry straw
23.4%-lignin
o

Wheat bran Not mentioned 8.27%-cellulose 128.2 mL of hydrogen per [36]

33.7%-hemicellulose gram of total volatile solid

LCB—Lignocellulose Biomass.

3.1.2. Livestock Waste

After the depletion of fossil fuels, solid wastes have become a promising factor for the
production of renewable sources [37]. The terrestrial surface is occupied by livestock, and
it plays a major role as a significant global asset. Livestock is considered to be an important
provider of nutrition for growing crops in a small area. In recent days, in developing
countries, livestock is considered to be the fastest-growing agricultural subsector [38].
Livestock serves as an important factor in increasing food security and contributing to
rural and agricultural development [39]. Nowadays, the waste generated by livestock from
cattle, swine buildings, and poultry is a major source of contamination of underground
water systems due to its odor, gases, and dust. Due to the contamination caused by these
wastes, many researchers proposed the idea of generating useful products from these
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wastes. These livestock wastes include fodder, manure, and slaughterhouse and poultry
farm wastes. The improper maintenance of these wastes is harmful to both human health
and the environment. From these polluting substances, a renewable non-polluting energy
source is produced, named biohydrogen [37,40]. However, the production of biohydrogen
is inhibited due to the presence of ammoniacal nitrogen (NH3-N) in chicken manure and the
presence of high sulphate content in swine manure. In order to produce biohydrogen, the
high sulphate content can be treated with a rich carbohydrate source such as lignocellulose
materials, which provide the perfect C/N ratio and enhance the buffering capacity and
provide nutritional manure [37]. Livestock waste can be used as a substrate along with the
carbohydrate source for the efficient production of biohydrogen [41].

Lateef et al. [42] produced biohydrogen with cow manure as a source along with
waste milk as a co-substrate. After adding the organic load, which is obtained from the
co-digestion of cow manure, the production of biohydrogen increased. Tenca et al. [43]
produced biohydrogen with a yield of 126 &+ 22 mL H; /g ys.added When swine manure was
used, along with fruit and vegetable waste. Marone et al. [44] produced biohydrogen with a
maximum yield of 117 mL Hy /g vs added through the co-fermentation of buffalo slurry with
cheese whey and crude glycerol using a mixed microbial culture. Bari et al. [45] produced
biohydrogen from organic waste by fermentation process and had various industrial
applications like steel making, ammonia production, Glass making etc. Fan et al. [32]
produced biohydrogen with a yield of 68.6 mL H,/g TVS when beer-less wastes were
converted into biohydrogen via cow dung compost. The hydrogen yield and hydrogen
production rate were higher (30.00 mL/g vs addeq and 1.00 L/L/d, respectively) when the
biohydrogen was produced via the co-digestion of cattle manure and food wastes with an
optimal mixing ratio of 47 to 51%, a hydraulic retention time of 2 days, and a substrate
concentration of 76 to 86 g/L [46]. The production of biohydrogen using the co-digestion
of cattle manure with specified risk materials has been reported by Gilroyed et al. [47]. The
maximum hydrogen production rate and hydrogen yield was 109.55 mL H; /L per day and
0.84 mol Hy /mol of total sugar consumed, respectively, when elephant dung was used as
the inoculum for sugarcane bagasse hydrolysate [48]. The maximum hydrogen production
rate and hydrogen yield were 215.4 (£62.1) mL Hy/L/d 152.2 and (£43.9) mL H,/g
VS-added, respectively, achieved at an organic loading rate of 2.1 g VS/L/d of cheese whey
via the dark fermentation method using buffalo manure as a buffering agent [49]. The co-
digestion of cassava wastewater along with buffalo dung for biohydrogen production gave
a maximum hydrogen production rate and hydrogen yield of 839 mL H,/L/d and 16.90 mL
Hj /g cop-added- respectively [50]. Perera et al. [51] produced a maximum hydrogen yield of
2.9-5.3 M hydrogen/M sucrose when sucrose along with dairy cattle manure was used for
production. Biohydrogen was produced when the liquid swine manure was co-fermented
with molassesm of which the hydrogen production rate and hydrogen yield of 31.9 L/d
and 1.52 L/g sugar, respectively, was obtained [52]. Zhu et al. [53] produced biohydrogen
with swine manure co-fermented with glucose as a substrate. Biohydrogen production
from livestock waste is illustrated and tabulated in Figure 2 and Table 2, respectively.
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Figure 2. Biohydrogen production from livestock wastes.
Table 2. Livestock waste as a source for hydrogen production.
Livestock Wastes Hydrogen Yield Reference
Swine manure with glucose 5LH,/Ld [54]
Dairy manure with mixed cultures 31.5mL/g-TVS [40]
Pig slurry with inoculum (Mesophilic

methanogenic sludge) 365 (mL Ha/g vs-added) 53]
Bovine manure 58.48 mL of H, /g of manure; [53]
Cow dung compost 68.6 Ml of H, /g TVS [45]
Swine manure 126 £+ 22 mL of Hy /g vs-added [43]

3.2. Industrial Waste

The growth of the world relies mostly on industrialization. Pollution is caused by
these industries by utilizing more water and the excessive production of effluents [56].
Industrial wastes are substances that cause severe environmental pollution as they are non-
biodegradable. The application of these industrial wastes in road construction has attracted
many researchers in recent days [57]. The waste materials generated from these industries
are renewable biomass and can be used for the production of biohydrogen. Industrial
wastewater and biodiesel industry wastes are some examples of industrial wastes that
can be used for biohydrogen production. Many reports on biohydrogen production from
electrolysis and other chemical processes have been reported, but the biological conversion
of wastes into hydrogen can be the best alternative method and also the most cost-efficient
method [58]. Many starch- and cellulose-based materials are present in the waste products
from the food and agricultural industries. These waste products are rich in carbohydrate
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content. It is easier to process the starch waste content by hydrolyzing it into maltose
or glucose via enzymatic or acid hydrolysis followed by conversion into carbohydrates
and then into hydrogen gas, but cellulose-containing wastes are difficult to process as
they require the pre-treatment of wastes, and hydrolyses, followed by conversion into
carbohydrates and then into biohydrogen production [8,23,59].

Biohydrogen was produced using the waste from food industries by Alexandropoulou
et al. [60] using the continuous-type reactor under different pH and hydraulic retention
times. The obtained hydrogen yield was 96.27 & 3.36 and 101.75 + 213.7 L H, /kg FIW
for 12 and 6 h, respectively. Moreno-Andrade et al. [61] produced hydrogen using dif-
ferent industrial wastes as feedstocks. The feedstocks used were tequila vinasses, sugar
vinasses, wastewater from the plastic industry, aircraft wastewater, and physio-chemically
treated wastewater from the plastic industry. The tequila vinasses produced the maximum
amount of hydrogen followed by wastewater from the plastic industry, aircraft wastewater,
physio-chemically treated wastewater from the plastic industry, and sugar vinasses, and
it was observed that the hydrogen production in aircraft wastewater increased when an
anaerobic sequencing batch reactor was used. Moreno-Davila et al. [62] produced hydrogen
with 60.75 mmol/hx*g volatile solids when pre-treated wastes of paper industries were
used as the source. The process followed for biohydrogen production was simultaneous
saccharification and fermentation. Oceguera-Contreras et al. [63] produced biohydrogen
with a yield of 1246.36, 1571.81, and 232.72 mL H,/L from the bagasse, molasses, and
vinasses agro-industry wastes when vermihumus-associated microorganisms as inoculum
were used as a source and found that these microbes not only produce biohydrogen but
also help in the degradation of lignocellulosic waste material.

Lopez-Hidalgo et al. [64] produced hydrogen from agro-industrial wastes such as
cheese whey and wheat straw hydrolysate. The authors reported that both the wheat straw
hydrolysate and cheese whey produced hydrogen efficiently as both an individual substrate
and even when mixed together. Lucas et al. [65] produced biohydrogen using cassava
wastewater, dairy wastewater, and citrus processing wastewater as sources and the produc-
tion of hydrogen was found to be 31.41, 28.95, and 37.25 mL/g. Gomez-Romero et al. [66]
utilized fruit and vegetable wastes and crude cheese whey for the production of biohydro-
gen. The yield of produced hydrogen was 813.3 mL Hy g COD~! and was determined at
17.5h (Hydraulic Retention Time) with an organic loading rate of 80.02 g COD L~! d 1.
The usage of agro-industrial wastes such as starch wastes produces biohydrogen efficiently
and is a cheaper process. A variety of raw materials from agro-industries can be used for
the production of biohydrogen [67]. Biohydrogen production from industrial wastes is
illustrated and tabulated in Figure 3 and Table 3, respectively.
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Table 3. Production of biohydrogen from industrial wastes.
Industrial Waste Hydrogen Production Rate Reference
Molasses 700mL H,/L/D [68]
Paper and pulp industry 2.03 mol H; /mol sugar [69]
Palm oil mill effluent 0.41 mmol H, /g COD [70]
Textile designing wastewater 1.52 mol/mol hexose [71]
Palm oil mill effluent 0.66 mol H, /mol total monomeric sugar [72]
Textile wastewater 1.37 mol H, /mol hexose [73]
Rice mill wastewater 1.97 mol H, /mol of sugar [74]

3.3. Municipal Wastes—Waste Sludge

The management and generation of waste products are becoming a global challenge
and causing environmental problems. The management and recycling of waste are the
best way to avoid pollution. Waste sludge causes much environmental pollution and
also affects human health in many ways. Waste sludges are used for the generation of
many renewable resources in order to maintain the quality of the environment, reduce
many risk factors, produce sustainable energy, and serve as a reliable source of energy
production [75,76]. Biohydrogen was produced via the co-digestion of food waste and
sewage sludge, and the maximum hydrogen production rate was observed to be 111:2 mL
H,/g VSS/h [77]. Cai et al. [78] produced biohydrogen from sewage sludge and reported
that the hydrogen yield of alkali pre-treated sludge was higher than dry sludge. The
yield increased from 9.1 mL of H, /g of dry solids (DS) to 16.6 mL of H, /g of DS when
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alkali-pre-treated sludge was used. Yin and Wang [79] produced hydrogen using waste
sludge and reported that the irradiation and gamma irradiation combined with the alkali
pretreatment was able to produce biohydrogen by dissolving the waste-activated sludge.
The co-fermentation of sewage sludge and fallen leaves produced biohydrogen. The mixing
ratio of 20:80 of fallen leaves and sewage sludge produced biohydrogen with a yield of
37.8 mL/g vs.added [80]. Natural sludge was used as an inoculum to produce biohydrogen
using corn stalks via anaerobic fermentation, and the maximum hydrogen yield was
observed to be 126.22 mL g’l—CS [81]. A Continuous Mixed Immobilized Sludge Reactor
(CMISR) using activated carbon as a support carrier was used for hydrogen production via
dark fermentation from enzymatically hydrolyzed food waste. The maximum hydrogen
production rate of 353.9 mL/h/L was obtained under the conditions of a packing ratio
of 15% and an organic loading rate of 40 kg/m3/d [82]. Yang and Wang [83] reported
that the combined sodium citrate and ultrasonic pretreatment disrupted the sludge floc
structure and promoted biohydrogen fermentation performance. Yang and Wang [84]
produced biohydrogen from waste-activated sludge in which the sludge consisted of a
complex structure due to the presence of an extracellular polymeric substance, which had
to be pre-treated. The maximum hydrogen yield of 38.8 mL/g vs.added Was obtained after
the combined pre-treatment of sodium citrate pre-treatment and ultrasonic pre-treatment.

Yang and Wang [84] produced biohydrogen from waste-activated sludge with the ad-
dition of a cationic binding agent (sodium citrate) to disintegrate the extracellular polymeric
substance present in the sludge. The addition of the binding agent improved biohydrogen
production from 3.7 to 18.8 mL/g ys.added When 0.3 g of sodium citrate/of SS was added.
Biohydrogen was produced via the dark fermentation method by using waste-activated
sludge from fructose processing manufacturing and the maximum hydrogen yield ob-
tained was 7.8 mmol [85]. Biohydrogen production from municipal wastes is illustrated
and tabulated in Figure 3 and Table 4, respectively.

Table 4. Production of biohydrogen from municipal wastes.

Hydrogen Production Hydrogen Yield (mol
Municipal Wastes Substrate yaros H,/mol Glucose, Reference
Rate (L/L/d) .
Hexose Equivalent)
Anaerobic digested sludge Sucrose Nd 3.06 [86]
Suspended~ & granular Ground wheat Nd 25.7 [87]
anaerobic sludge
Anaerobic digested sludge Glucose 120.4 mL Hy /h 1.9 [88]
Cassava stillage Nd Nd 53.8 (mL Hy/g VS) [89]
Cattle wastewater Nd Nd 319 mL Hy/g COD [90]
consumed.

Wastewater sludge Nd Nd 2.1 mmol-H,/g-COD [91]
Distillery wastewater Nd Nd 3.35 (mol/mol glucose) [92]

3.4. Microbial Routes

The production of biohydrogen on a large scale came into thought after the rapid
depletion of fossil fuels. It has been known for more than 70 years that algae can make
bio-hydrogen under illumination. The evolution of hydrogen was induced in the cells when
pre-incubation in the dark was performed on the cells. Hydrogen production is due to the
hydrogenase enzyme expressed during the period of incubation [93]. The fermentative
hydrogen production depends on the type of inoculum used, the reactor type, and its
temperature settings. Many types of inoculums are used for hydrogen production and
must be pure cultures of hydrogen-producing bacteria, mixed cultures of anaerobic bacteria
obtained from compost piles, and anaerobic sludges [94-96]. The metabolic shifts in pure
cultures are easily visible, and the utilization of pure cultures enables us to understand
the conditions that promote a high hydrogen production rate and yield [97]. Biohydrogen
production from municipal wastes is tabulated in Table 5.
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Table 5. Production of biohydrogen from microbial routes wastes.

Hydrogen Hydrogen Yield (mol
Culture Substrate Type Production Rate Hj/mol Glucose, Reference
(L/L/d) Hexose Equivalent)
3-Clostridium DMHC-10 Glucose 2.14 3.35 [92]
5-Clostridium beijerinckii L9 Glucose 1.9 2.81 [98]
Clostridium butyricum and .
Enterobacter aerogenes HO-39 Sweet potato starch residue 0.977 2.7 [99]
14-Escherichia coli S3 Glucose 0.33 1.45 [100]
Clostridium butyricum Glucose 0.41 2.09 [100]
Escherichia coli Glucose 0.33 1.45 [100]
Clostridium 'but.yrzcu'm and Clucose 052 165 [99]
Escherichia coli
Glucose (0.36 g/L, 1.4 g/L
Clostridium tyrobutyricum peptone and ammonium 16 147 [98]
FYal02 chloride respectively, were ' '
added with the substrate)
Caldicellulosiruptor
saccharolyticus Carrot pulp hydrolysate 7 2.8 [59]
Clostridium thermocellum and
Clostridium Corn stalk waste 0.34 ND [101]
thermosaccharolyticum
Klebsiella pneumoniae DSM2026 Glycerol 12.2 0.53 [102]
Clostridium butyricum -
TISTR 1032 Sugarcane juice 3 1.33 [103]
Clostridium acetobutylicum X9 Microcrystalline cellulose 21.33 0.59 [104]
Clostridium acetobutylicum
ATCC 824 Cassava wastewater 1.32 2.41 [105]
Enterobacter cloacae IIT-BT08 Glucose Not mentioned 2.2 [106]
Caldicellulosiruptor .
saccharolyticus DSM 8903 Hydrolyzed potato steam peels Not mentioned 3.4 [107]
Thermotoga neapolitana Hydrolyzed potato steam peels Not mentioned 3.3 [107]

DSM 4349

4. Biohydrogen Production
4.1. Bio Photolysis

Light-dependent production of hydrogen from water is a biological process that
converts sunlight into chemical energy [108]. The enzymes are responsible for catalyzing
chemical reactions such as nitrogenase, Ni-Fe- hydrogenase, and Fe- hydrogenase. The bio

photolysis process makes use of the Fe- hydrogenase enzyme [109].

Light energy

ZHzo —

2H,; + O,

M

The various routes of biohydrogen production are illustrated in Figure 4.
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4.1.1. Direct Bio Photolysis

There are many advantages of direct bio photolysis of hydrogen production. This reac-
tion can be observed in laboratory conditions and is self-limited by the oxygen that builds
up in the cellular environment and takes place during the initial transition to conventional
photosynthesis. Photosystem I and Photosystem II are involved in photosynthesis, where
photosystem I reduces carbon dioxide and photosystem II splits H,O and produces oxy-
gen [110]. The photosynthetic apparatus absorbs sunlight directly and uses photoenergy for
the splitting of water, and the resulting low-potential reductant reduces the hydrogenase
enzyme system. Thus, photo energy could convert the readily available substrate and H,O
into O and H molecules [109].

Photoautotrophic organisms do produce hydrogen from water using the hydrogenase
enzyme under anaerobic conditions in the presence of light energy. Cyanobacteria and
green algae produce hydrogen via direct bio-photolysis through chlorophyll and other
pigments that have the ability to absorb photons at a wavelength of less than 680 nm [111].
Green algae can produce hydrogen when exposed to light or uptake hydrogen via the CO;-
fixation process when exposed to darkness in anaerobic conditions. The unicellular green
algae Chlamydomonas reinhardtii has gained a great deal of attention in recent decades for its
direct bio-photolysis production of hydrogen molecules. Cyanobacteria are prokaryotes
that can perform oxygenic photosynthetic reactions [112,113].

When plants are used as a source for biohydrogen production, only CO; reduction
takes place as plants cannot undergo the process of producing hydrogen as it does not have
the hydrogenase enzyme, but green macroalgae and cyanobacteria can produce hydrogen
as they do have the hydrogenase enzyme [114]. Synechocystis sp. PCC 6803 was used for
the production of hydrogen by direct bio photolysis, and 0.037 mmol H,/mg Chl/h of
hydrogen was produced in the dark within 120 h [115-117].

4.1.2. Indirect Bio Photolysis

Cyanobacteria and microalgae are employed to produce hydrogen from water, where
photosynthesis occurs and solar energy is transformed into electrical energy [118]. In
indirect bio photolysis, the hydrogen and oxygen evolution takes place at separate stages
linked to carbon dioxide fixation, where CO; is used for the production of the cellular
substance, and these are used for the production of hydrogen. Primarily cyanobacteria are
used during indirect bio photolysis as it has the property of using carbon dioxide in the air
as a carbon source and the energy source is provided by solar energy [108].

An alternate process for direct photolysis is indirect bio photolysis, where carbon
dioxide acts as an electron carrier between photosynthesis and hydrogen production. The
reason for the wide usage of nitrogen-fixing cyanobacteria in this process for hydrogen
production is that it can produce hydrogen using the nitrogenase enzyme present in it,
even in the absence of nitrogen, which is also possible under laboratory conditions [118].
The most commonly used cyanobacteria in indirect bio photolysis are Oscillatoria sp.,
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Gloeocapsa sp., Anabaena sp., and Calothrix sp. [119]. Generally, four steps are involved in
the production of biohydrogen via indirect bio photolysis [110]:

i.  Photosynthesis for the production of biomass.

ii.  The concentration of biomass.

iii. Dark fermentation in aerobic conditions, which produces 4 mol hydrogen/mol glucose
along with 2 mol of acetates.

iv.  The production of hydrogen.

Indirect bio photolysis is a two-step process that starts with photosynthesis and sugar
reduction, followed by the induction of light. The maximum efficiency for the conversion
of light is 16.3%. Better conversion of light takes place at the lowest illumination, and at
the highest illumination, the efficiency is less [118]. To date, reports regarding indirect
bio photolysis are fewer, and more studies must be conducted in order to obtain a better
understanding of this process.

4.2. Dark Fermentation

The production of biohydrogen via dark fermentation involves the use of anaerobic
or facultative anaerobic bacteria in anaerobic conditions. Even for the estimation of fer-
mentative hydrogen production, various substances can be used such as carbohydrates,
proteins, sugar molecules, and lipids. Glucose biotransformation toward acetate is widely
preferred [1]. The bacteria are responsible for producing biohydrogen from organic waste
during dark fermentation. The substrate primarily used is lignocellulose biomass, but other
raw materials such as municipal waste and wastewater from industries are also able to be
used as a substrate for the production of biohydrogen. Compared with photo fermenta-
tion, dark fermentation is considered to be the most promising method for biohydrogen
production [120].

Anaerobic bacteria are responsible for using the organic substance as the source of
electrons and the energy required for converting it into hydrogen. The reactions taking
place during dark fermentation occur as a rapid process as there are no requirements for
solar radiation. Large quantities of biomass are treated using a large fermenter [121]. Under
anaerobic conditions, protons can act as electron acceptors to accept the electrons generated
and bacteria reduce the protons in hydrogen by using hydrogenase, which maintains the
electrical neutrality for the uninterrupted and continuous supply of ATP [122]. This hydro-
genase enzyme can be divided into many types depending on the metal-binding capacity,
and microbial hydrogen metabolism greatly depends on the hydrogenase enzyme [123].
Dark fermentation can take place using both mixed and pure cultures, but there is an
advantage of using a pure culture over a mixed culture as the metabolic changes can be
monitored easily [124].

C6H12O6 + 2H20 — 2CH3COOH + 2C02 + 4H2 (2)

C6H1206 + ZHZO — 2H2 + CHgCH2CH2COOH + 2C02 (3)

From Equations (2) and (3), it is evident that 4 mol H, /mol glucose can be produced if
acetic acid is the volatile fatty acid (VFA) product. Moreover, 2 mol H, /mol glucose can
be produced if butyric acid is the Volatile Fatty Acid (VFA) product [125]. The advantages
of this method include that it can produce hydrogen even for a day without light, various
carbon sources can be used as the substrate, there is no oxygen limitation problem as it is
an anaerobic reaction, and the byproducts produced during dark fermentation are valuable
byproducts such as acetic acid, lactic acid, etc. [126]. Dark fermentation for the production
of biohydrogen is illustrated in Figure 3.

4.3. Photofermentation

Photosynthetic and Non-Sulfur (PNS) bacteria have the ability to convert the volatile
fatty acid into carbon dioxide and hydrogen under anoxygenic conditions [127]. PNS
bacteria is a non-taxonomic group that is capable of growing as photoautotrophs, photo-
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heterotrophs, and chemoheterotrophs, depending on the availability of carbon, oxygen,
and light sources [128]. The optimum growth conditions for PNS bacteria are pH 7 and
temperatures ranging between 30 and 35 °C [8]. This method is considered to be an effective
process for producing hydrogen without the generation of oxygen. Organic components
are decomposed under the presence of light by anaerobic or photosynthetic bacteria via
the nitrogenase-catalyzed reaction [129]. Rhodobacter capsulatus, Rhodobacter sphaeroides,
Rhodopseudomonas palustris, and Rhodovulum sulfidophilum are some of the PNS bacteria
responsible for photo fermentation. Photo fermentation can be performed in both batch
and continuous systems by supplying an artificial light source or illumination. Various
physical parameters such as the temperature, pH, medium composition, and intensity of
light affect the productivity of hydrogen by bacteria [130].

PNS bacteria have the ability to reduce H* ions to hydrogen in the gaseous phase
by extracting power from the oxidation of certain compounds such as fatty acids of low
molecular weight and light energy [131]. For the PNS organism to grow and produce
hydrogen, photo heterotrophy is generally preferred. This photo fermentation is carried
out via the catalytic action of two enzymes involving hydrogenase and nitrogenase via
the Tricarboxylic Acid (TCA) cycle [112,132]. The production of hydrogen gas by PNS
bacteria is possible as a result of one of the important enzymes: Nitrogenase. It is highly
sensitive to oxygen as it is an iron sulfur molybdenum enzyme. The main source for photo
fermentation is light, which is most required for developing a photobioreactor with a
greater illumination facility for industrial purposes [133].

The production of hydrogen under dark fermentation is usually lower compared to
photo fermentation, but a 14 h light and 10 h dark cycle can improve the rate of hydrogen
production [8].

4.4. Gasification

After biological conversion, gasification became the most widely studied field. More
studies on gasification have been performed by China and the United States of America,
while the UK, Italy, Malaysia, Canada, and Japan have also contributed many findings
in the field of producing hydrogen using gasification. At high temperatures and high
pressures, organic feedstock undergoes partial oxidation, which is termed gasification.
During this process, several byproducts can also be produced such as tar, biochar, light
hydrocarbon, etc. [134]. Gasification is not a biological process but it is still used for the
conversion of organic wastes into biohydrogen. The optimization of operating parameters
helps in improving hydrogen production [135].

2C + Oy — 2CO,C + Oy — 2CO 4)

C+0; = CO,C+0y; —CO, (5)

C + H,O — CO + H,C + H,O — CO + H, 6)
C+CO; = 2COC + CO, —2CO (7)

C +2H, — CH4C + 2H, — CH,4 8)

CO + H,O — CO; + H,CO + H,O — CO, + Hy )
CHy4 + H,O — CO + 3H; (10)

Biomass is considered to be a very good source for gasification because of its low
sulfur content, and if the moisture content is less than 35% for any kind of biomass,
then it can be converted into fuel gas [136]. Gasification is considered to be a biological
process that converts biomass into carbon monoxide, carbon dioxide, hydrogen, and
methane with controlled amounts of steam and oxygen used at high temperatures [137].
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Biomass gasification usually takes place between 700 and 1200 °C using oxygen, air, and
other gasifying agents. Steam employment during gasification enhances the production
of hydrogen and produces high-heating-value gas with no N,. Some of the major steps
involved in steam gasification are pyrolysis, the homogenous reaction by volatiles produced
during pyrolysis, and heterogenous char gasification [138]. For the production of hydrogen,
a good-quality gas from the gasifier should consist of a low tar content and a high hydrogen
content, but the gas quality can be affected by various parameters such as the pressure,
temperature, equivalence ratio, gasifier design, and characteristics of biomass [139]. The
advantages and disadvantages of the above-mentioned techniques are summarized in
Table 6.

Table 6. Advantages and disadvantages of various biohydrogen production techniques.

S. No. Techniques Advantages Disadvantages References

Ability to produce
hydrogen from water in
mild conditions, such as

those involving moderate

High energy costs;
high oxygen
sensitivity of

Bio photolysis temperatures and hydrogepase; 1(.)v.v light [140-142]
ressures: anaerobic conversion efficiency;
p L Need lighting; Need
conditions can be for ATD
maintained more easily

Utilizes light as a source of poor solar energy

) Biological . energy inst.ead of sugar; conveljsion efﬁcierTcy;
conversion Photo fermentation =~ PNS bact.erla are capablie requires anaerob1§ [142-144]

of producing hydrogenin  photobioreactors with
a variety of light energies  a lot of solar exposure
Thermodynamically

unfavorable due to
Light independent 11m1teﬁ Egﬁ)di;t.lon of

Dark fermentation =~ method; bioremediation; yarogeny [144]
ey accumulation of
No oxygen limitation .
oxygen causing
inhabitation of
biohydrogen
Thermochemical e Higher conversion can Gas conditioning and
2 . Gasification . tar removal are to be [145]
conversion be achieved

performed

4.5. Applications of Biohydrogen in Fuel Cells

Fuel cells convert chemical energy for the production of electricity. It is considered
an electrochemical conversion device. Hydrogen and microbial fuel cells, when coupled
together, produce electricity without the emission of water and other toxic elements as
byproducts. H; is produced effectively in MFC and can also be used in the generation of
electricity and aids in the purification of wastewater [146]. Hydrogen produced by the
biohydrogen separation system is used as fuel in fuel cells. The Proton Exchange Membrane
Fuel Cell (PEMFC) has received much attention due to its portable nature and ability to
work in low-temperature conditions [147]. Wei et al. [148] produced biohydrogen through
anaerobic fermentation by using the starch in wastewater as a source, and it was transferred
immediately to PMEFC for the effective generation of electricity.

Biohydrogen was produced from dairy wastewater and was transferred to PMEFC for
electricity generation. Contaminants such as carbon monoxide, carbon dioxide, ammonia,
and hydrogen sulfide present/produced in the fuel cells affect the performance of the
fuel cells as CO, poisons the surface of the catalyst by damaging the electrochemically
active surface area and blocks the hydrogen from reaching the active platinum sites [149].
Biohydrogen is produced by a C. sorokiniana strain under sulphur-deprived conditions.
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This produced hydrogen is transferred into PEMFC and converted into electricity, and
when 27.09 mL of hydrogen was injected, 8.9 mA of current was generated [150]. Hydrogen
was produced photobiologically by Chlamydomonas reinhardtii and was integrated with
PEMEFC for electricity generation, and 1.81 mA cm ™2 of current density was produced
for approximately 50 h and 0.23 mA cm ™2 for approximately 80 h [151]. Hydrogen was
produced using the marine microalgae Tetraselmis subcordiformis and was coupled with an
alkaline fuel cell for the production of electricity [152].

The heat-treated microbial population (HTMP) and the Acid-Treated Microbial Popu-
lation (ATMP) produced higher H; yields at 35 °C, where HTMP was Clostridium sp. and
ATMP was a mixed microbial population. With a flux of 0.9 L/h hydrogen, a PEMFC was
operated successfully [153]. Using a single-chambered MFC and pre-fermented wastewater,
biohydrogen was produced and simultaneously biohydrogen production was linked to elec-
tricity generation. MFC was used to treat wastewater and for bioenergy production [154].

5. Discussion

From a green perspective, biohydrogen adheres to the green chemistry concept be-
cause the wastes produced by food, vegetables, and manure are not released into the
environment but are instead treated and used to generate hydrogen gas. MFCs offer a
cutting-edge, versatile alternative method of producing hydrogen. Over the past few
decades, a number of technological developments have improved the yield of the product.
However, this technology is still far from being able to serve as a profitable real-world
application [155]. The idea of a hydrogen economy is gaining popularity, and technologists
are working to obtain methods of producing H, with a zero-emission plan. More studies
on the sustainability of this process must be carried out to understand its efficiency.

6. Conclusions

The use of biohydrogen is an alternative source of energy, as it is a renewable source
of energy. It can be produced by various sources such as agricultural waste, industrial
waste, municipal waste, and microbial routes. Dark fermentation is considered the most
effective method for producing biohydrogen with a higher yield and purity, even though it
is not currently feasible for large-scale implementation. It is a very reliable source of energy
for electricity generation around the world, but it has its own limitations. The greatest
challenge is to ensure that the process is sustainable, considering the low level of substrate
conversion, production rate, and yield. Cost-wise and yield-wise, current biohydrogen
technologies are not yet competitive with conventional H, production methods. It is
essential to conduct extensive research in order to reduce costs and maximize Hj yield with
the current production technologies. As a result, future research should focus on increasing
the sustainability and measuring the economic feasibility of biohydrogen production in
order to enable its scalability.
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