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Abstract

Hydrogen synthesis from waste materials needs to be cost effective and environment friendly. Thermal and steam reforming
processes need gas conditioning and also release carbon dioxide. Biological pathways for hydrogen synthesis are gaining
importance due to their mild operating conditions (temperature and pressure). Methods namely dark and photo fermenta-
tions photocatalysis, and electrolysis (microbial) are employed for biohydrogen synthesis. Various low cost materials like
kitchen waste, activated waste sludge, municipal waste, and waste from various industries can be used as feedstocks. Inves-
tigations for biohydrogen are aimed at optimizing operating conditions, microorganism selection, mode of operation, and
pre-treatment of raw material. Microalgae contain chlorophyll and have high efficiency for photosynthetic activity. They are
capable of synthesizing and accumulating large quantities of biomass. They are used for hydrogen synthesis through pho-
tofermentation. Also, they are used as a feedstock for synthesis of biofuel and biogas. Microalgal biomass as feedstock for
biohydrogen synthesis has advantages such as high growth rate, excellent carbon dioxide capacity, less water requirement,
high carbohydrate contain, and easy cultivation. Disadvantages include low biomass concentration, high water content, and
high capital cost. Recent investigations indicate that enzyme stability and hydrolytic efficiency can be increased by using
genetic engineering, electric biohydrogenation, and nanomaterials.

Keywords Photofermentation - Dark fermentation - Microorganisms - Substrates - Feedstocks - Yield

1 Introduction are popular but nonbiodegradable. The plastic waste can be

utilized effectively as composite and also can be used as

Growth of any nation is indicated by the energy consumed
per capita. If the energy used is derived from fossil fuel, it
can also indicate depletion of natural resources. Addition-
ally, if the fuel synthesized is liquid or gas with considerable
environmental footprints, the growth may lead to environ-
mental degradation with health effects which can be acute
and chronic. Synthesis of fuel by sustainable methods is
becoming the buzz word across the globe among the sci-
entists. Utilization of waste materials for fuel synthesis can
serve the purpose of waste minimization also. Plastic waste
is the gift of modern-day development towards production
of lighter equipment, spare parts, and vehicles. Plastic bags
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raw material for synthesis of liquid fuel [1, 2]. Bioethanol
generation from waste feedstock is another alternative being
explored by the investigators for green energy [3]. Aerobic
and anaerobic composting methods are generally utilized
for minimization of solid wate. Anaerobic pathways lead
to biogas generation [4-6]. Food waste can be converted
into ethanol like products. Solid waste including hazard-
ous and biomedical waste can be converted into liquid fuel
depending on its composition [7-9]. More than 85% of
the fuel requirement in the world is fulfilled by fossil fuel
derived energy [10]. Hydrogen is considered as the fuel of
next generation that can be used for industrial and vehicle
fuel requirements. Depleting resources of fossil fuel high-
light importance of green energy [11]. Hydrogen has energy
content of 122 kJ/g [12]. The requirement of hydrogen is
increasing by 12% every year across the world [12]. Ther-
mal and steam reforming processes need gas conditioning
and also release carbon dioxide. In electrolysis, 80% cost
goes into electrical energy. Microalgae as a feedstock is
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being explored for biohydrogen. Also, they can be utilized
for synthesize biohydrogen through photofermentation [13,
14]. It is promising fuel for the future considering techni-
cal, economical, and commercial aspects of other hydrogen
synthesis pathways [15].

The cost of biohydrogen production is approximately 2.13
dollars for synthesis via direct biophotolysis, 1.42 dollars via
indirect photosynthesis, and 7.61 dollars via fermentation
[16]. Green hydrogen made by electrodialysis using renew-
able sources like solar or wind energy currently costs Rs.
600 to 700 or 7.17 dollars to 8.48 dollars [17]. The cost of
hydrogen is decided based on the cost of the electrolyser,
the cost of storage, and the cost of electricity. Biohydrogen
from biomass can be produced via decentralized generation
units with low capacities which can reduce transportation
cost. Comparatively, setting up the solar or wind power gen-
eration unit at multiple location with decentralized genera-
tion can be costlier. Considering that in country like India,
where 500 million tons of agricultural residues is produced
every year, waste minimization is one of the environmental
problems [17]. The biohydrogen synthesis from biomass
has edge over hydrogen production via electrodialysis even
with renewable energy sources. Steam reforming technology
for hydrogen production has disadvantages like low energy
efficiency, thermodynamic constraints, and high number of
stages [18]. Solar and wind energy for steam reforming is
one of the alternatives that is being explored to increase its
sustainability. The biohydrogen from biomass, in long run,
can be competitive alternative. According to the European
biogas commission, the biohydrogen cost ranges from EUR
1.15 to EUR 9.65/kg, and hydrogen production by electroly-
sis (green hydrogen) fluctuates between EUR 2.51 and EUR
11.94/kg [19]. Both, green and synthetic algae can be used
for biohydrogen synthesis. Some ecological concern needs
to be addressed while synthesizing or modifying algae for
better properties [20—-22]. Various types of contactor equip-
ments can be used for biohydrogen synthesis via different
mechanisms. Upflow fixed bed anaerobic reactors, hori-
zontal and vertical stirred tank reactors, hybrid anaerobic
activated sludge and rotating biological contactor (AnAS-
RBC) reactor, anaerobic fluidized bed reactors, and fed batch
reactors are utilized for biohydrogen synthesis [23—29]. The
molar yield of hydrogen during fermentation can be increas-
ing by reducing carbon dioxide [30]. In photo fermentation,
the bacteria absorb the light energy and convert the organic
matter into hydrogen and carbon dioxide under anaerobic
conditions. Nitrogenase is a key enzyme in the process [31,
32]. There is need to focus on research to address the con-
cerns regarding energy conversion efficiency and economy
[33].

Modern research on biohydrogen production is aimed
at intensification of the synthesis methods by using mod-
ern tools. Machine learning and Artificial intelligence are
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being explored for modeling of the process [34—38]. Arti-
ficial intelligence models and algorithms greatly contribute
to hydrogen production, storage, and transportation [39-42].
Investigations are also reported on various pre-treatment
technologies for the source materials for enhancing diges-
tion and hydrogen generation in dark fermentation [43—46].
The high butyric acid to acetic acid ratio and low propionic
acid concertation is desired form better hydrogen genera-
tion efficiency in anaerobic digestion [47]. Methods namely
dark fermentation, direct biophotolysis, indirect biopho-
tolysis, and photofermentation can be used for biohydrogen
generation from microalgae [48-51]. Biohydrogen can be
synthesized from algae by using biophotolysis and fermen-
tation [52].

Sustainable solution for hydrogen generation can be “use
of mild processes involving microorganism.” This article
contains the sources of biohydrogen, its synthesis, and
application-oriented research. Advantages of hydrogen as
a fuel are summarized in Fig. 1. Biohydrogen can be syn-
thesized from large number of sources, most of which are
waste feedstocks. Various feedstocks for biohydrogen are
depicted in Fig. 2.

2 Sources

Feedstocks and inoculum sources from literature are sum-
marized in Table 1. Water can be split to obtain hydrogen.
Industrial wastewater has been very attractive option for
hydrogen generation [10]. Industrial wastewater from sugar,
palm oil, and beverage industry can be used for hydrogen
synthesis. Anaerobic digestion produces hydrogen as a
product. Agro-wastewater can also be used for production
of hydrogen [12]. Photofermentation and dark fermentation
can be employed to generated hydrogen. In Nigeria, cassava
is important economic crop with the production of 41 mil-
lion metric tons. Wastewater obtained after cassava press-
ing is high in organic content and hence good candidate for
hydrogen generation. Biomass containing pig manure, cocoa
mucilage, and coffee mucilage has also been explored for
hydrogen [53]. In a country like Columbia, which is largest
coffee manufacturing place, coffee mucilage is very attrac-
tive alternative for hydrogen generation. Household and
restaurant food waste can also be utilized for hydrogen [54].
Acclimatized and non-acclimatized food waste substrates
can also be utilized. Rosman et al. used palm oil mill efflu-
ent for biohydrogen synthesis [55]. The effluent contains
water (90%) and organic matter, and hence, it can be used
as a substrate for fermentation process for biohydrogen pro-
duction. Cocoa residue has enormous potential for obtain-
ing biofuels [56]. Cheese whey, cheese processing waste-
water can also be used for hydrogen generation [57]. Dark
fermentation for compost and other waste was found to be
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Fig.2 Waste feedstocks for biohydrogen

suitable for hydrogen synthesis [58]. Anaerobically digested
sludge can also be used for hydrogen generation with pure
cultures [59-61]. In their investigation involving dark fer-
mentation, Cieciura-Wtoch and Borowski used substrate
containing sugar beet pulp (SBP), sugar beet leaves (SBL),
sugar beet stillage (SBS), stillage (RS), maize silage (MS),
fruit and vegetable waste (FVW), kitchen waste (KW),

and slaughterhouse waste (SHW) [62]. Dairy wastewater
is also explored for hydrogen generation [63]. It contains
lipids, protein, and polysaccharides. Sugar, amino acid, and
fatty acid are produced after hydrolysis of this waste. After
acidogenesis, these are converted into volatile fatty acids
which are further degraded to carbon dioxide and hydrogen
by acetogens. pH management plays an important role in
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biohydrogen production [64]. In their investigation, Chaud-
hari et al. studied impact of pH on anaerobic synthesis of bio
hydrogen from rice, meat, tofu, egg, noodles bones, potato,
and other vegetables [64]. Reyna-Gomez et al. investigated
fruit peel wastes namely waste of melon, papaya, and pineap-
ple for hydrogen production [65]. For inoculums, they exper-
imented with two sludge’s namely aerobic sludge of munic-
ipal waste water and granular anaerobic sludge obtained
from distillery wastewater. Biophotolysis and dark fermen-
tation approaches can be used to produce biohydrogen from
waste. Dark fermentation is preferred due to higher produc-
tion rates, ability to produce hydrogen in absence of light
and availability of source materials [66]. Fruit waste can
be heated from 60 to 80 °C to kill the microbiota from the
substrate [67]. Such heat treatment for fruit waste was used
for hydrogen synthesis by Pascualone et al. [67]. Two stage
hydrothermophilic-mesophilic method was experimented by
Abreu et al. for biohydrogen production for garden and fruit
waste co-fermentation [68]. Seengenyoung et al. used palm
oil effluent as a substrate for biohydrogen synthesis [69]. The
effluent was treated with acid and alkali before its utilization.
They obtained seed microflora for biohydrogen synthesis
from the anaerobic sludge under thermophilic conditions
[69]. The effect of sodium ion and ammonia on the biohy-
drogen synthesis was investigated by Lee et al. [70]. Gasifi-
cation of the mixed plastic waste was explored for hydrogen
synthesis by Lan and Yao [71]. Han et al. carried out batch
and continuous experiments to study the synthesis of biohy-
drogen from food waste with solid liquid ratio of 10%. They
used commercial glucoamylase for glucose release in waste
food hydrolysate [72]. This glucose is used as a substrate for
hydrogen synthesis. Food waste, cassava waste, sewage, and
paper industry wastes are among the most widely explored
materials for hydrogen production [72—77]. Aerobic and
anaerobic sludges and their microbial isolates are utilized
as inoculum sources [78—82]. The equipment capacity used
for investigation range from 100-ml beaker to 5-L reactor or
fermenter [83—88]. Many studies, surveys, and reviews sug-

Hydrogen productivity 5.7 dm>

Optimum HRT/reaction time/
H2/dm’/d

capacity

Hydrogen yield/rate/glucose
hydrogen productivity
12.5 mmol H2/dm*h

concentration
3,8 mol H2/mol glucose,

1.44 mol H2/mol

55% hydrogen in gas
55 cm’ H2/g VS

Highlight

Contact equipment/methods

CSTR Semi-continuous

Batch
Batch

Anaerobic sludge from UASB  Batch two-stage

z

Q
§ 2 gest the wide scope for research on biohydrogen production
3 B g § fr9m different sources [89-93]. The storage .of hydrogen is
‘g g § § %’ still an issue tha.t needs to be addressed. Var.lous aspects.of
£ El w 2 F renewable energies need to be assessed and lifecycle studies
3 3 % % 3 to explore the most efficient use of feedstocks needs to be
ki é s ;_«’s § reviewed [94-97]. Three important technologies for hydro-
o - gen are biological fermentation, thermochemical gasifica-
§ 5 8 tion, and microbial electrolysis cell [97]. Integration of vari-
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S E g % 4:: = better and efficient processing for hydrogen synthesis [98].
é ;‘; E é § Té_ The aspects of biohydrogen synthesis like the feed stocks,
g 8 g 24 z £ E microorganisms, equipment, and yield are widely reported
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the research community updated. Facultative and anaerobic
microorganisms have also yielded good results for waste
feedstocks [103-108]. Feedstock sources are depicted in
Fig. 2. Microalgae contain chlorophyll and have high effi-
ciency for photosynthetic activity. They are capable of syn-
thesizing and accumulating large quantities of biomass [69].
They are used as a feedstock for synthesis of biofuel and
biogas. Microalgal biomass as feedstock for biohydrogen
synthesis has advantages such as high growth rate, excel-
lent carbon dioxide capacity, less water requirement, high
carbohydrate contain, and easy cultivation. Disadvantages
include low biomass concentration, high water content, and
high capital cost [13—15]. Microalgae are used for hydrogen
synthesis through photofermentation and photobiolysis.

3 Methodology

The approaches for biohydrogen synthesis from waste
include (a) water splitting by synthetic algae, (b) dark fer-
mentation, and (c) photo fermentation. Green algae for syn-
thesis of biohydrogen are being widely explored by inves-
tigators [20]. The algae can be modified or synthesized by
applying the genetic modifications for faster growth and
attractive properties for synthesis of various compounds
[21]. The synthetic algae are effective for synthesis of vari-
ous products, although there are some ecological risks, that

Fig. 3 Photobiological hydro-
gen synthesis

needs to be addressed as it involves genetic modifications
[22].

The photobiological hydrogen generation can be oxygenic
and non-oxygenic (Fig. 3) [32]. Microalgae and cyanobac-
teria are involved in oxygenic hydrogen synthesis. In this
process termed as direct photo biophotolysis, hydrogen is
produced during photoautotrophic growth (Fig. 4). Water
is an electron donor; carbon dioxide is the carbon source
in the presence of sunlight. Nitrogenase is a key enzyme in
the process involving filamentous cyanobacteria. There are
two modes involving vegetative and heterocyst cells. This
process is also termed as indirect biophotolysis (Fig. 5). In
vegetative growth mode, carbon dioxide is fixed into car-
bohydrate with water as an electron donor in the presence
of light. In second mode involving heterocyst, the carbo-
hydrates are converted (oxidized) into adenosine triphos-
phate (ATP). The electrons generated during oxidation are
excited by light and traveled through electron accepter pro-
teins to the final accepter. Finally, the final electron accepter,
ferredoxin, transfers the electron to nitrogenase to catalyze
hydrogen production from protons and electrons [32]. The
hydrogen, in the case of microalgae, is produced during pho-
toautotrophic growth, where carbon dioxide is the carbon
source, water is an electron donor, and light is the source of
energy. In this direct biophotolysis in microalgae, hydroge-
nase enzyme catalyzes the hydrogen generation.

Purple non-sulphur bacteria (PNSB) is used in non-
oxygenic hydrogen synthesis by photobiophotolysis

Photobiological hydrogen synthesis
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Nonoxygenic

Direct
photobiolysis(microalgae)

Fig.4 Direct photobiolysis
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(photofermentation). They utilize sunlight for heterotrophic
growth, during which hydrogen is generated. Nitrogenase
facilitates the hydrogen generation from electrons generated
during substrate oxidation [32]. Figure 6 depicts photofer-
mentation mechanism.

Dark fermentation for biowaste is widely studied by
investigators since it is efficient and effective method of
hydrogen generation (Fig. 7) [58, 61]. For dark fermenta-
tion, stirred bioreactor can be used that can be placed in
water bath to maintain thermophilic conditions. Mineral
containing trace elements and essential nutrients is fed
to the bioreactor inoculated with slurry. The operation
was fed batch and carbon source used was glucose. This
method can be used prominently for easily biodegrad-
able waste [58]. Composite waste containing food waste,

Cell material Hydrogenase

Electrons(2e-)

Fermentation

Stage 2

potato pulp, and cattle manure is good source of feedstock
for hydrogen synthesis [60]. These wastes have interac-
tive effect on hydrogen production. In their methodology
for hydrogen synthesis from composite feed, Liu et al.
separated coarse gravels, egg shells, plastic etc. from the
wastes [60]. Food and potato waste were homogenized
and stored at sub-zero temperature by them. The digester
sludge from methane plant for cattle manure treatment
was used. Similar method was used by Cieciura-Wtoch
and Borowski and Moreno-Davila et al. [62, 63]. Moreno-
Davila et al. employed a method involving biofilm forma-
tion [63]. For this, they used dried stems of O. imbricate as
a substrate. Anaerobic biofilm was formed on the substrate
in a plastic up flow reactor and then mixed culture was
introduced. Chaudhari et al., in their work, synthesized
biohydrogen from a mix of food, noodle, and rice waste
[64]. They mixed the waste with equal amount of sludge in
an anaerobic digester. They conducted two set of experi-
ments, one with pH management to pH 7 every 12 h and
other with pH management, every 24 h. For measurement
of hydrogen produced, the reactors were connected with
3% sodium hydroxide solution. The result indicated that
the frequency of pH management has significant effect
on hydrogen synthesis. In their methodology for synthe-
sis of biogas from fruit peel waste, Reyna-Gomez et al.
employed a Plackett—Burman (PB) experimental design
to obtain influence of temperature, inoculums sources,
and the C/N ratio on hydrogen production [65]. They car-
ried out experiments with three values of each parameter
resulting in 18 combinations of operating parameters.

Biomass Pretreatment || Hydrolysis >

Acidogenesis  |—»{ Dark fermentation

Fig. 7 Dark fermentation

Organic
acids
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Granular activated sludge at 37 °C and C/N ratio of 30
were optimum conditions for hydrogen synthesis [65].

According to Anzola-Rojas et al., for synthesis of hydro-
gen by anaerobic mechanism using sucrose-based waste-
water, C/N ratio affects the biogas production. This can
be attributed to continuous decrease of specific organic
loading rate as biomass accumulates in the bed, resulting
in rapid increase in hydrogen consuming microorganisms
[23]. According to the investigation, optimum C/N ratio was
140. At lower C/N ratio (nitrogen in excess), the energy is
utilized for cell growth and assimilation and hydrogen con-
suming microorganisms proliferate. With increase in C/N
ratio (lesser nitrogen content), cell growth reduces due to
lesser nutrient availability, resulting in increased hydrogen
release rate [23].

Spherical nature of the granules distributes the microor-
ganisms in layers resulting in more efficiency. Synergetic
effect of nutritive balance and buffer capacity results in opti-
mum C/N ratio. Studies indicate that prevention of hydrogen
loss through acetogenesis on fermentation is the thrust area
in the hydrogen synthesis [66]. Manipulating the tempera-
ture, agitation, and pH conditions is one way of reducing
oxygen loss through acetogenesis [66]. Carbon dioxide
capture at the headspace can be considered as one of the
methods to prevent hydrogen loss to acetogenesis. Due to
generation of acetic acid from carbon dioxide and hydrogen,
considerable amount of hydrogen is lost. Chemical scav-
engers like potassium hydroxide can be used for reducing
carbon dioxide concentration in the headspace. An inves-
tigation by Park et al. indicated that by using this method,
there was 77% reduction in hydrogen loss [30]. The ratio of
7 to 10 was found to be optimum in the literature [66]. In
their attempt to synthesize biohydrogen from fruit waste,
Pascualone et al. pre-treated the inoculum to avoid metha-
nogenic microorganisms. For the pre-treatment, the incol-
umn was heated to 100 °C on a water bath and then incu-
bated at 35 °C for 1 day [67]. Plunger displacement system
for biogas measurement and chromatographic method for
biogas analysis can be used. Food waste and garden waste
in different proportions were tested for biohydrogen pro-
duction by Abreu et al. [68]. For studying effect of sodium
and ammonia ions on hydrogen synthesis from fruit waste,
Lee et al. prepared synthetic medium using different mineral
salts [70]. Two stage bioprocess study was proposed by Han
et al. [72]. They used commercial glucoamylase to glucose
release in waste food hydrolysate. This glucose is used as a
substrate for hydrogen synthesis. Microalgae are used for
hydrogen synthesis through photo fermentation. Algae can
also be used as a feedstock for biohydrogen production by
dark fermentation. Dark fermentation is light independent
and involves heterotrophic fermentation [14].

Different modes of contacting patterns for hydrogen syn-
thesis include batch reactors, continuous stirred tank reactors

@ Springer

(CSTR), and fed batch reactors [23-29]. The CSTRs are
most preferred reactors for hydrogen synthesis due to lower
resistance to mass transfer due to even suspension of micro-
bial culture [29]. Waste and inoculum sources, equipments,
and hydrogen yield reported in literature is tabulated in
Table 1.

4 Results and Inferences

The experiment with composite waste by Liu et al. indicated
that food waste and cattle manure have synergic effect for
hydrogen generation. It was also inferred that acetic-butyric
metabolic pathway play major role in the synthesis of hydro-
gen [60]. The hydrogen yielding fermentations are butyric
acid fermentation and mixed acid fermentation. Lactic acid
bacteria (LAB) are found in almost all the bacterial com-
munities in dark fermentation. LAB may reduce hydrogen
yield due to substrate competitions for lactic acid and eth-
anol fermentation instead of hydrogen fermentation [43].
Interaction between LAB and clostridia has positive effect
on hydrogen yield due to hydrogen production from lac-
tate by many clostridial species and symbiotic interactions.
According to Sikora et al., pH can be important factor in
bacterial growth [43]. Taheri et al. investigated the effect
of sodium hydroxide on hydrogen generation from sludge
with acetate-butyrate [44]. They used potassium hydroxide
for pre-treatment in acetate-ethanol pathway. Their study
indicated a lower hydrogen yield with acetate—ethanol path-
way. Kim et al. investigated effect of various pre-treatment
technologies on biohydrogen synthesis by anaerobic diges-
tion [45]. They found that alkalization and ultrasonication
combination was most effective for pre-treatment of the
sludge. Thermal treatment of anaerobic sludge is dominated
by spore forming microorganisms (Clostridia species) which
are responsible for hydrogen generation during butyric acid
production [46, 47]. Hence, in biohydrogen production by
anaerobic digestion, the high butyric acid to acetic acid ratio
indicates a higher high efficiency of biohydrogen synthesis
[46, 47].

In case of cattle manures as feedstock, for increase in
hydrogen production, hydrolysis of lignocelluloses needs
to be enhanced. Experiments conducted by Cieciura-Wtoch
and Borowski indicated that the substrate with plant origin
is suitable for the biohydrogen generation [62]. Heat pre-
treatment and acidic pH deactivates the hydrogen consuming
methanogens. The research on pH management frequency
indicated that the initialization time was affected by the tem-
perature changes. Increase in temperature from 37 to 55 °C
resulted in early starts of bio hydrogen production in food
waste reactor. This effect is not significant for noodle waste
reactor and rice waste reactor. The biohydrogen production
for all three waste reactors, namely food waste, noodle waste,
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and rice waste ceased after 72 h [64]. Carbon dioxide capture
with 80% sodium hydroxide was found to be an effective
method for increasing hydrogen production with biomass to
microorganism ratio of 7 by Abug and Oh [66]. The experi-
ments by Pascualone et al. on fruit waste and vermicompost
yielded a biogas with 21 to 46% hydrogen and rest carbon
dioxide [67]. The absence of methane indicated the effec-
tiveness of heat shock to kill the methane forming bacteria.
Hydrogen yield increased by 1.5 to 2.5 times due to heat
treatment. Maximum yield for garden waste and food waste
combination was obtained for 90:10 ratio and corresponding
yields were 46 to 47% [67]. In a similar investigation, for
hydrogen synthesis with chemical pre-treatment of substrate,
a gas containing 55-60% hydrogen was obtained. The pH
value of 5.5 and 60 °C temperature were optimum condi-
tions in this case with increase in yield by 51% compared to
non-treated substrate [69]. The sodium and ammonia ions
have significant effect on hydrogen production. Low carbon-
to-nitrogen ratio and high salt content in the medium favor
hydrogen production [70]. The hydrogen production rate of
8.02 mmol/(hL) was obtained using food waste hydrolysate
as substrate in CSTR compared to 5.31 for glucose as sub-
strate [72]. Also, hydrogen yield in a continuous mode was
20% more than in batch mode.

5 Discussion on Recent Investigations

Microalgae are generally viewed as photosynthetic. Certain
algae can grow fast in enclosed container when provided
with hydrocarbon sources [51]. The ability of some photo-
synthetic algae to shift to a dark aerobic fermentation results
in bioactive compounds in short span of time and little water
requirement [51].

For hydrogen generation from microalgae, direct bio-
photolysis, indirect biophotolysis, and photofermentation
technics can be used [48-51, 109]. Enzyme stability and
hydrolytic efficiency can be increased by using genetic
engineering, electric biohydrogenation, and nanomateri-
als. Recent investigations include pre-treatment of biomass
for better yield, fermentation conditions, equipment, and
substrate resource [110-115]. The biohydrogen synthesis
from algae is viable alternative. There is need to address
the bottlenecks in this method to make it economically fea-
sible [74]. The synthesis of oxygen during photobiolysis
of algae causes inhibitory effect. In indirect biophotolysis,
algae produce hydrogen in sulphur free environment. The
absence of sulphur can cause inactivation of photosystem
and reduction in oxygen consumption leading to anaerobic
conditions. Sulphur deprivation thus leads to hydrogenase
activity. However, after some time, the algae need to go to
normal photobiolysis to rejuvenate. This affects continuity
of hydrogen production [52]. Dark fermentation is promising

process but limited due to low yield and difficulties in purifi-
cation of product gas [116—120]. Photo fermentative method
for biohydrogen can be improved for light transfer efficiency
and enzyme activity. Genetic engineering can be handy in
this development [121]. Addition of iron can increase the
rate of photofermentation [122]. Biological and nano-based
methods can be used for increasing the hydrogen production
[123-126]. In case of microbial electrolysis cell, modifica-
tion in cathode material can improve hydrogen generation
[127]. Biohydrogen production in thermophilic bioreac-
tors can be increased by using low graphene oxide [128].
Lactate-driven fermentation has been explored for finding
optimum production conditions. Neutral pH and low total
solid favor lactate-driven fermentation [129]. Nanoparticles
can be used as an additive to enhance biohydrogen produc-
tion due to their large surface area, high catalytic activity,
and intra-cellular electron transfer ability[130]. Microbial
electrolysis is a new technology for biohydrogen synthesis
(Fig. 8). Named also as biocatalysed electrolysis and elec-
trofermentation, this system utilizes different substrates in
electrolysis. The wastewater in the anode chamber is oxi-
dized, and the generated electrons are transferred to anode.
These electrons travel to the cathode and generate hydrogen
after combining with protons [33].

Modern approach includes application of artificial intel-
ligence for data driven models that allows quick response
approximation for fermentative biohydrogen production.
It also accounts for non-linear interactions between input
variables [131]. Artificial intelligence can play a major role
in predicting parameters, safety requirements, and hydro-
gen storage [34, 35]. Many machine learning algorithms
are used for modeling of complex and non-linear relation-
ships among various parameters [36—38]. It helps in pre-
dicting process parameters and microbial population [36,
37]. Artificial intelligence along with machine learning can
play important role in transportation, safety, and synthesis
through application of algorithms and models such as sup-
port vector regression, fuzzy logic, and artificial neural net-
work [38]. Energy forecasting, fault detection, and diagnosis
by using artificial intelligence can improve the maintenance
aspect of biohydrogen facilities [39]. A supply chain system
can be optimized by using Al (40). In the process involving
microbial electrolysis, Al and ML can be used to optimize
the process by predicting various parameters. Al and ML
can also be utilized to manage demand supply of hydrogen
[41, 42]. Figure 9 depicts the role Al and ML can play in
Biohydrogen Synthesis and its application.

The dark fermentation process can be improved by
fruit peel-based crude enzymes [132]. Dark fermentation
can also be improved by adding olive leaf extract-based
iron oxide nanoparticles and microalgae extract-based
iron oxide nanoparticles. These can cause 41% and 28%
increases in hydrogen production, respectively [133].

@ Springer
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Fig.8 Microbial electrolysis
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Nickel ferrite can also be used for increasing effective-
ness of lignocellulosic hydrolysate-based synthesis [134].
Many investigations are reported on application of organic
and inorganic nanoparticles for enhancing hydrogen syn-
thesis [135-138]. Biohydrogen purification is also impor-
tant aspect in biohydrogen synthesis. Adsorption on differ-
ent adsorbents for efficient purification is being explored.
Waste-derived activated carbon impregnated with metal
oxides was very effective with more than 90% purity of
hydrogen [139]. In catalytic synthesis, it is important to
synthesize effective catalyst in terms of light absorption
[140]. Combination of the operational strategies can yield
excellent results for biohydrogen production in future
[141]. Hydrogen yield from waste sludge can be improved

@ Springer

Fault detection and
diagnosis

Modernization in

transportation

by using various pre-treatment methods like sonication,
centrifugation, and chemical addition [142].

6 Advantages and Challenges

Dark fermentation has advantages like simple reactor con-
figuration, high hydrogen production, and ability to utilize
wide variety of source. The cost-effective separation of
hydrogen from carbon dioxide is a challenge for the investi-
gators. Photofermentation has disadvantage of low hydrogen
generation and it is suitable for volatile fatty acid (VFA)
rich waste [33]. The biophotolysis needs specialized photo-
bioreactor. The hydrogen generation by MEC is limited by
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Fig. 10 Advantages and disadvantages of biohydrogen synthesis Methods

low hydrogen rate. Also, it needs catalyst for electrode and
external electricity [33]. There is need to explore various
microorganisms and feedstocks to overcome the disadvan-
tages of the hydrogen production methods. Combinations or
integration of different technics can overcome the disadvan-
tages of these technics. Figure 10 depicts the advantages and
challenges (disadvantages) faced in biohydrogen synthesis
by various methods.

7 Conclusion

Hydrogen is considered as the fuel of next generation that
can be used for industrial and vehicle fuel requirements.
Storage of hydrogen is tricky issue due to its low volumet-
ric energy density. Aspects of biohydrogen synthesis like
the feed stocks, microorganisms, equipment, and yield are
widely reported in various articles. As various innovative
approaches and methodologies or combinations of the same
are being explored by the investigators, there are needs to
keep the research community updated. The approaches for
bio hydrogen synthesis from waste include (a) water split-
ting by synthetic algae, (b) dark fermentation, and (c) photo
fermentation. Studies indicate that prevention of hydrogen
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up,
Advantages High H: rate
Renewable Dark
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loss through acetogenesis on fermentation is the thrust area
in the hydrogen synthesis. Manipulating the temperature,
agitation, and pH conditions is one way of reducing oxygen
loss through acetogenesis. Recent investigations indicate that
enzyme stability and hydrolytic efficiency can be increased
by using genetic engineering, electric biohydrogenation, and
nanomaterials. Recent investigations include pre-treatment
of biomass for better yield, fermentation conditions, equip-
ment, and substrate resource in biohydrogen synthesis.
Modern approach includes application of artificial intel-
ligence for data driven models that allows quick response
approximation for fermentative biohydrogen production.
Enzyme stability and hydrolytic efficiency can be increased
by using genetic engineering, electric biohydrogenation, and
nanomaterials.

Acknowledgements The author is grateful to Gharda Institute of Tech-
nology, Lavel, Khed, India.

Authors’ Contributions SJK prepared the final manuscript with fig-
ures, tables and interpretation of data obtained from literature and was
a major contributor in writing the manuscript. VBM and GK were
involved in conceptualization of the manuscript, literature survey and
preparing outline of the manuscript. MAS prepared rough manuscript
with literature review. All authors also read and approved the final
manuscript.

@ Springer



1512

BioNanoScience (2023) 13:1501-1516

Funding None

Data Availability No additional data and materials are associated with
this article to support the findings of the article.

Declarations

Ethics Approval and Consent to Participate Not applicable

Consent for Publication Not applicable

Competing Interests The authors declare no competing interests.

References

10.

11.

12.

13.

Sarker, M., Rashid, M. M., & Molla, M. (2011). Waste plastic
conversion into chemical product like Naphtha. Journal of Fun-
damentals of Renewable Energy and Applications, 1, 1-6. https://
doi.org/10.4303/jfrea/r110101

Kulkarni, S. J. (2015). A review on studies and research on use
of plastic waste. International Journal of Research & Review,
2(11), 692-696.

Kulkarni, S. J. (2016). Bioconversion of waste feedstock into
useful products: An insight into recent studies and investiga-
tions. EPRA International Journal of Research and Development,
1(10), 98-104.

Sose, M. T., & Kulkarni, S. J. (2017). Aerobic composting: Stud-
ies on variation in parameters. International Journal of Chemical
Engineering Research, 9(1), 1-6.

Kulkarni, S.J. (2016). Food waste utilization: An insight into
research and studies. International Journal of Ethics in Engineer-
ing & Management Education, 3(8), 1-4.

Kulkarni, S. J. (2017). Vermicomposting-a boon for waste mini-
mization and soil quality. International Journal of Research &
Review (www.gkpublication.in) 4:76

Singh, H., Rehman, R., & Bumb, S. S. (2014). Manage-

ment of biomedical waste: a review. International Journal of

Dental and Medical Research, 1(1), 14-208.

Kulkarni, S.J. (2016). Review on solid waste management with
empbhasis on hazardous waste. International Journal of Research
& Review, 3(12), 16-19.

Kulkarni, S. J. (2020). Studies, efforts and investigations on
various aspects of solid waste management with emphasis on
developing countries. In Sustainability Concept in Developing
Countries. Intech Open, 85-97. https://doi.org/10.5772/intec
hopen.91942

Preethi, Usman, T. M. M., Banu, J. R, & Gunasekaran, M.
(2019). Biohydrogen production from industrial wastewater: An
overview. Bioresource Technology Reports, 7, 100287. https://
doi.org/10.1016/j.biteb.2019.100287

Hallenbeck, P. C., & Ghosh, D. (2009). Advances in fermentative
biohydrogen production: The way forward? Trends in Biotechnol-
ogy, 27,287-2917.

Folorunsho, A. T., Job, A. L., & Isotuk, U. R. (2016). Optimiza-
tion of biohydrogen production (BHP) from agro waste water
(cassava waste water): A case of Box-Behnken response surface
methodology (RSM). International Journal of Energy and Envi-
ronmental Science, 1, 13—18. https://doi.org/10.11648/j.ijees.
20160101.13

Wang, J., & Yin, Y. (2018). Fermentative hydrogen production
using pretreated microalgal biomass as feedstock. Microbial Cell
Factories, 17(1), 22. https://doi.org/10.1186/s12934-018-0871-5.
PMID:29444681;PMCID:PMC5812208

@ Springer

14.

15.

16

17.

18

19.

20.

21.

22.

23.

24.

25

26

27.

28.

Ahmed, S. F., Rafa, N., Mofijur, M., Badruddin, 1. A., Inayat,
A., Ali, M. S., Farrok, O., & Yunus Khan, T. M. (2021). Biohy-
drogen production from biomass sources: Metabolic pathways
and economic analysis. Frontiers in Energy Research, 9, 753878.
https://doi.org/10.3389/fenrg.2021.753878

Abdalla, A. M., Hossain, S., Nisfindy, O. B., Azad, A. T.,
Dawood, M., & Azad, A. K. (2018). Hydrogen production,
storage, transportation and key challenges with applications:
A review. Energy Conversion and Management, 165, 602—627.
https://doi.org/10.1016/j.enconman.2018.03.088

Hassan, Q., Sameen, A. Z., Salman, H. M., Jaszczur, M., & Al-
Jiboory, A. K. (2023). Hydrogen energy future: Advancements in
storage technologies and implications for sustainability. Journal
of Energy Storage, 72(Part B), 108404. https://doi.org/10.1016/j.
est.2023.108404

Pandit, R. (2023) The Green hydrogen generation challenge. The
Economic Times. InEnergyworld.com.https://energy.economicti
mes.indiatimes.com/news/renewable/the-green-hydrogen-gener
ation-challenge/97798402

Ghasemzadeh, K., SadatiTilebon, S. M., & Basile, A. (2016).
17-Membrane reactors for hydrogen production from biomass-
derived oxygenates. In A. Figoli, A. Cassano, & A. Basile (Eds.),
Membrane technologies for biorefining (pp. 435-464). Wood-
head Publishing. https://doi.org/10.1016/B978-0-08-100451-7.
00017-7

Europian biogas commission (2023) Biohydrogen: Affordable,
green and yet overlooked. https://www.europeanbiogas.eu/biohy
drogen-affordable-green-and-yet-overlooked/#:~:text=In%20add
ition %20t0%20its% 20 environmental,and%20EUR %2011.94%2
Fkg%20H2

Sharma, S., Singh, R. N., & Tripathi, S. (2013). Biohydrogen
from Algae: Fuel of the Future. International Research Journal
of Environment Sciences, 2(4), 44—47.

Melis, A., & Happe, T. (2001). Hydrogen production. Green
algae as a source of energy. Plant Physiology, 127(3), 740-8.
Bagley, M. (2017). Synthetic algae and cyanobacteria: Great
potential but what is the exposure risk? 2017 ISES Annual Meet-
ing, RTP, North Carolina, October 15-19.

del Pilar Anzola-Rojas, M., da Fonseca, S. G., da Silva, C. C., de
Oliveira, V. M., & Zaiat, M. (2015). The use of the carbon/nitro-
gen ratio and specific organic loading rate as tools for improving
biohydrogen production in fixed-bed reactors. Biotechnology
Reports, 5, 46-54. https://doi.org/10.1016/j.btre.2014.10.010
Barros, A. R., de Amorim, E. L. C., Reis, C. M. R., Shida, G. M.
S., & Silva, E. L. (2010). Biohydrogen production in anaerobic
fluidized bed reactors: Effect of support material and hydraulic
retention time. International Journal of Hydrogen Energy, 35(8),
3379-3388. https://doi.org/10.1016/j.ijhydene.2010.01.108
Renaudie, M., Dumas, C., Vuilleumier, S., & Ernst, B. (2021).
Biohydrogen production in a continuous liquid/gas hollow fiber
membrane bioreactor: Efficient retention of hydrogen producing
bacteria via granule and biofilm formation. Bioresource Tech-
nology, 319, 124203. https://doi.org/10.1016/j.biortech.2020.
124203

Modigell, M., Schumacher, M., Teplyakov, V. V., & Zenkevich,
V. B. (2008). A membrane contactor for efficient CO2 removal
in biohydrogen production. Desalination, 224(1-3), 186—190.
https://doi.org/10.1016/j.desal.2007.02.092

Brindhadevi, K., Shanmuganathan, R., Pugazhendhi, A.,
Gunasekar, P., & Manigandan, S. (2021). Biohydrogen produc-
tion using horizontal and vertical continuous stirred tank reactor-
A numerical optimization. International Journal of Hydrogen
Energy, 46(20), 11305-11312. https://doi.org/10.1016/j.ijhydene.
2020.06.155

Tonello, T. U., Andreani, C. L., Mari, A. G., Fernandes, J.
R., Gomes, S. D. (2018). Sanitation and ambient control.


https://doi.org/10.4303/jfrea/r110101
https://doi.org/10.4303/jfrea/r110101
http://www.gkpublication.in
https://doi.org/10.5772/intechopen.91942
https://doi.org/10.5772/intechopen.91942
https://doi.org/10.1016/j.biteb.2019.100287
https://doi.org/10.1016/j.biteb.2019.100287
https://doi.org/10.11648/j.ijees.20160101.13
https://doi.org/10.11648/j.ijees.20160101.13
https://doi.org/10.1186/s12934-018-0871-5.PMID:29444681;PMCID:PMC5812208
https://doi.org/10.1186/s12934-018-0871-5.PMID:29444681;PMCID:PMC5812208
https://doi.org/10.3389/fenrg.2021.753878
https://doi.org/10.1016/j.enconman.2018.03.088
https://doi.org/10.1016/j.est.2023.108404
https://doi.org/10.1016/j.est.2023.108404
https://Energyworld.com.https://energy.economictimes.indiatimes.com/news/renewable/the-green-hydrogen-generation-challenge/97798402
https://Energyworld.com.https://energy.economictimes.indiatimes.com/news/renewable/the-green-hydrogen-generation-challenge/97798402
https://Energyworld.com.https://energy.economictimes.indiatimes.com/news/renewable/the-green-hydrogen-generation-challenge/97798402
https://doi.org/10.1016/B978-0-08-100451-7.00017-7
https://doi.org/10.1016/B978-0-08-100451-7.00017-7
https://www.europeanbiogas.eu/biohydrogen-affordable-green-and-yet-overlooked/#:~:text=In%20addition
https://www.europeanbiogas.eu/biohydrogen-affordable-green-and-yet-overlooked/#:~:text=In%20addition
https://www.europeanbiogas.eu/biohydrogen-affordable-green-and-yet-overlooked/#:~:text=In%20addition
https://doi.org/10.1016/j.btre.2014.10.010
https://doi.org/10.1016/j.ijhydene.2010.01.108
https://doi.org/10.1016/j.biortech.2020.124203
https://doi.org/10.1016/j.biortech.2020.124203
https://doi.org/10.1016/j.desal.2007.02.092
https://doi.org/10.1016/j.ijhydene.2020.06.155
https://doi.org/10.1016/j.ijhydene.2020.06.155

BioNanoScience (2023) 13:1501-1516

1513

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Engenharia Agricola. (Online), 38 (5). https://doi.org/10.1590/
1809-4430-Eng.Agric.v38n5p768-775/2018

Kuan-Yeow, S., Yuegen, Y., Duu-Jong, L. (2019). Chap-
ter 16-Bioreactor and bioprocess design for biohydrogen
production, In: A. Pandey, S. Venkata Mohan, J-S. Chang,
P. C. Hallenbeck, C. Larroche (Eds.), In Biomass, Biofuels,
Biochemicals,Biohydrogen (Second Edition), Elsevier, 391—
411. https://doi.org/10.1016/B978-0-444-64203-5.00016-2
Park, W., Hyun, S. H., Logan, B. E., & Kim, I. S. (2005).
Removal of headspace CO, increases biological hydrogen
production. Environmental Science and Technology, 39(12),
4416-4420.

Zhang, Q., He, C., Li, Y. (2023). Chapter 11-Outlook of bio-
hydrogen from waste: Quo vadis?, (Eds.): Quanguo Zhang,
Chao He, Jingzheng Ren, Michael Evan Goodsite, Waste to
Renewable Biohydrogen, Academic Press, 229-247. https://
doi.org/10.1016/B978-0-12-821675-0.00008-6

Deo, D., Ozgur, E., Eroglu, 1., Gunduz, U., & Yucel, M. (2012).
Photofermentative hydrogen production in outdoor conditions.
InTech. https://doi.org/10.5772/50390

Osman, A. I., Deka, T. J., Baruah, D. C., et al. (2023). Criti-
cal challenges in biohydrogen production processes from the
organic feedstocks. Biomass Conversion and Biorefinery, 13,
8383-8401. https://doi.org/10.1007/s13399-020-00965-x
Zhang, G., Liu, J., Pan, X., Abed, A. M., Le, B. N., Ali, H.
E., & Yisu Ge, Y. (2023). Latest avenues and approaches for
biohydrogen generation from algal towards sustainable energy
optimization: Recent innovations, artificial intelligence, chal-
lenges, and future perspectives. International Journal of
Hydrogen Energy, 48(55), 20988-21003. https://doi.org/10.
1016/j.ijhydene.2022.10.224

Sharma, A. K., Ghodke, P. K., Goyal, N., Nethaji, S., & Wei-
Hsin Chen, W. (2022). Machine learning technology in biohy-
drogen production from agriculture waste: Recent advances
and future perspectives. Bioresource Technology, 364, 128076.
https://doi.org/10.1016/j.biortech.2022.128076

Alagumalai, A., Devarajan, B., Song, H., Wongwises, S.,
Ledesma-Amaro, R., Mahian, O., Sheremet, M., & Lichtfouse,
E. (2023). Machine learning in biohydrogen production: A
review. Biofuel Research Journal, 10(2), 1844—1858. https://
doi.org/10.18331/BRJ2023.10.2.4

Ahmad Sobri, M. Z., Redhwan, A., Ameen, F., Lim, J. W,
Liew, C. S., Mong, G. R., Daud, H., Sokkalingam, R., Ho,
C.-D., Usman, A., et al. (2023). A review unveiling various
machine learning algorithms adopted for biohydrogen produc-
tions from microalgae. Fermentation, 9, 243. https://doi.org/
10.3390/fermentation9030243

Pandey, A. K., Park, J., Ko, J., Joo, H. H., Raj, T., Singh, L. K.,
Singh, N., & Kim, S. H. (2023). Machine learning in fermen-
tative biohydrogen production: Advantages, challenges, and
applications. Bioresource Technology, 370, 128502. https://doi.
org/10.1016/j.biortech.2022.128502

Sai Ramesh, A., Vigneshwar, S., Vickram, S., Manikandan,
S., Subbaiya, R., Karmegam, N., & Kim, W. (2023). Artifi-
cial intelligence driven hydrogen and battery technologies—A
review. Fuel, 337, 126862. https://doi.org/10.1016/j.fuel.2022.
126862

Hemachandran, K. (2023). Applications and impact of Al in
green hydrogen. https://www.linkedin.com/pulse/applications-
impact-ai-green-hydrogen-dr-hemachandran-k

Su, S., Yan, X., Agbossou, K., Chahine, R., & Zong, Y. (2022).
Artificial intelligence for hydrogen-based hybrid renewable
energy systems: A review with case study. Journal of Physics:
Conference Series, 1-8, 2208 012013. https://iopscience.iop.
org/article/10.1088/1742-6596/2208/1/012013

42.

43.

44

45.

46.

47

48

49.

50.

51.

52.

53.

54.

55.

56.

Frackiewicz, M. (2023). The future of artificial intelligence
in sustainable hydrogen production. In: Artificial intelli-
gence, News, on 20 June 2023.

Sikora, A., Baszczyk, M., Jurkowski, M., & Zielenkiewicz, U.
(2013). Lactic acid bacteria in hydrogen-producing consortia: On
purpose or by coincidence? INTECH. https://doi.org/10.5772/
50364

Taheri, E., Amin, M. M., Pourzamani, H., Fatehizadeh, A., Gha-
semian, M., & Bina, B. (2018). Comparison of acetate-butyrate
and acetate-ethanol metabolic pathway in biohydrogen produc-
tion. Journal of Medical Signals & Sensors, 8(2), 101-107.
Kim, S., Choi, K., Kim, J., & Chung, J. (2013). Biological
hydrogen production by anaerobic digestion of food waste and
sewage sludge treated using various pretreatment technolo-
gies. Biodegradation, 24, 753—764. https://doi.org/10.1007/
$10532-013-9623-8

Han, S., & Hang-Sik Shin, H. (2004). Biohydrogen production
by anaerobic fermentation of food waste. International Journal
of Hydrogen Energy, 29(6), 569-577. https://doi.org/10.1016/j.
ijhydene.2003.09.001

Chen, C. C,, Lin, C. Y., & Lin, M. C. (2002). Acid-base enrich-
ment enhances anaerobic hydrogen production process. Applied
Microbiology and Biotechnology, 58(224), 228. https://doi.org/
10.1007/s002530100814

Nagarajan, D., Lee, D. J., Kondo, A., & Jo-Shu Chang, J. S.
(2017). Recent insights into biohydrogen production by micro-
algae—From biophotolysis to dark fermentation. Bioresource
Technology, 227, 373-387. https://doi.org/10.1016/j.biortech.
2016.12.104

Li, S., Li, F., Zhu, X., Liao, Q., Chang, J. S., & Ho, S. H. (2022).
Biohydrogen production from microalgae for environmental sus-
tainability. Chemosphere, 291, 132717. https://doi.org/10.1016/j.
chemosphere.2021.132717. 1.

Azwar, M. Y., Hussain, M. A., & Abdul-Wahab, A. K. (2014).
Development of biohydrogen production by photobiological, fer-
mentation and electrochemical processes: A review. Renewable
and Sustainable Energy Reviews, 31, 158—173. https://doi.org/
10.1016/j.rser.2013.11.022

Kuehnle, A., & Robert Schurr, R. (2019). Brewing change: Dark
fermentation of photosynthetic microalgae. Industrial Biotech-
nology, 15(1), 3-8.

Jain, M., Mital, M., Gupta, P. (2023). Algal biohydrogen produc-
tion: Opportunities and challenges. In: Srivastava, N., Mishra, P.
(Eds.), Basic research advancement for algal biofuels production.
Clean Energy Production Technologies. Springer. https://doi.org/
10.1007/978-981-19-6810-5_4

Rangel, C., Sastoque, J., Calderon, J., et al. (2022). Pilot-scale
assessment of biohydrogen and volatile fatty acids production via
dark fermentation of residual biomass. Chemical Engineering
Transactions, 92, 61-66. https://doi.org/10.3303/CET2292011
Bio, P., Daripada, H., Makanan, S., & Anaerobik, F. (2014). Bio-
hydrogen production from food waste through anaerobic fermen-
tation. Sains Malaysiana, 43(12), 1927-1936.

Rosman, F. S., Yusoff, M. Z. M., Zakaria, M. R., et al. (2020).
Dark fermentative biohydrogen production from palm oil mill
effluent: Operation factors and future progress of biohydrogen
energy. Pertanika Journal of Science and Technology, 28, 243—
258. https://doi.org/10.47836/pjst.28.52.19

Rojas, J. C., Ramirez, K. G., Velasquez, P. E., et al. (2020). Eval-
uation of bio-hydrogen production by dark fermentation from
cocoa waste mucilage. Chemical Engineering Transactions, 79,
283-288. https://doi.org/10.3303/CET2079048

. Rai, P. (2016). Recent advances in substrate utilization for fer-

mentative hydrogen production. Journal of Applied Biology and
Biotechnology, 4(6), 059-067. https://doi.org/10.7324/jabb.2016.
40608

@ Springer


https://doi.org/10.1590/1809-4430-Eng.Agric.v38n5p768-775/2018
https://doi.org/10.1590/1809-4430-Eng.Agric.v38n5p768-775/2018
https://doi.org/10.1016/B978-0-444-64203-5.00016-2
https://doi.org/10.1016/B978-0-12-821675-0.00008-6
https://doi.org/10.1016/B978-0-12-821675-0.00008-6
https://doi.org/10.5772/50390
https://doi.org/10.1007/s13399-020-00965-x
https://doi.org/10.1016/j.ijhydene.2022.10.224
https://doi.org/10.1016/j.ijhydene.2022.10.224
https://doi.org/10.1016/j.biortech.2022.128076
https://doi.org/10.18331/BRJ2023.10.2.4
https://doi.org/10.18331/BRJ2023.10.2.4
https://doi.org/10.3390/fermentation9030243
https://doi.org/10.3390/fermentation9030243
https://doi.org/10.1016/j.biortech.2022.128502
https://doi.org/10.1016/j.biortech.2022.128502
https://doi.org/10.1016/j.fuel.2022.126862
https://doi.org/10.1016/j.fuel.2022.126862
https://www.linkedin.com/pulse/applications-impact-ai-green-hydrogen-dr-hemachandran-k
https://www.linkedin.com/pulse/applications-impact-ai-green-hydrogen-dr-hemachandran-k
https://iopscience.iop.org/article/10.1088/1742-6596/2208/1/012013
https://iopscience.iop.org/article/10.1088/1742-6596/2208/1/012013
https://doi.org/10.5772/50364
https://doi.org/10.5772/50364
https://doi.org/10.1007/s10532-013-9623-8
https://doi.org/10.1007/s10532-013-9623-8
https://doi.org/10.1016/j.ijhydene.2003.09.001
https://doi.org/10.1016/j.ijhydene.2003.09.001
https://doi.org/10.1007/s002530100814
https://doi.org/10.1007/s002530100814
https://doi.org/10.1016/j.biortech.2016.12.104
https://doi.org/10.1016/j.biortech.2016.12.104
https://doi.org/10.1016/j.chemosphere.2021.132717
https://doi.org/10.1016/j.chemosphere.2021.132717
https://doi.org/10.1016/j.rser.2013.11.022
https://doi.org/10.1016/j.rser.2013.11.022
https://doi.org/10.1007/978-981-19-6810-5_4
https://doi.org/10.1007/978-981-19-6810-5_4
https://doi.org/10.3303/CET2292011
https://doi.org/10.47836/pjst.28.S2.19
https://doi.org/10.3303/CET2079048
https://doi.org/10.7324/jabb.2016.40608
https://doi.org/10.7324/jabb.2016.40608

1514

BioNanoScience (2023) 13:1501-1516

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Calli, B., Boénne, W., Vanbroekhoven, K. (2006). Bio-hydrogen
potential of easily biodegradable substrate through dark fermen-
tation. WHEC 16/ 13—16 June 2006 — Lyon France.
Asvapathanagul, P., Deocampo, L., Banuelos, N. (2022). Biologi-
cal hydrogen gas production from food waste as a sustainable
fuel for future transportation. Csu Transportation Consortium,
transweb.sjsu.edu/research/2141

Liu, S., Wang, C. Y., Yin, L. L., et al. (2017). Optimization of
hydrogen production from agricultural wastes using mixture
design. International Journal of Agricultural and Biological
Engineering, 10, 246-254. https://doi.org/10.3965/j.ijabe.20171
003.2688

Sekoai, P. T., & Olawale Daramola, M. (2017). The potential
of dark fermentative bio-hydrogen production from biowaste
effluents in South Africa. International Journal of Renewable
Energy Research, 7(1), 359-378. https://doi.org/10.20508/ijrer.
v7i1.4985.26997

Cieciura-Wtoch, W., & Borowski, S. (2019). Biohydrogen pro-
duction from wastes of plant and animal origin via dark fermen-
tation. Journal of Environmental Engineering and Landscape
Management, 27, 101-113. https://doi.org/10.3846/jeelm.2019.
9806

Moreno-Davila, M., Rios-Gonzilez, L. J., et al. (2011). Bio-
hydrogen production from diary processing wastewater by
anaerobic biofilm reactors. Carranza e Ing J Cdrdenas Valdés,
Col Republica Oriente, 10, 5320-5326. https://doi.org/10.5897/
AJB10.1742

Chaudhari, C., Sattar, A., Changying, J.. Nasir, A., Mari, I. A.,
& Bakht, M.Z. (2015). Impact of pH management interval on
biohydrogen production from organic fraction of municipal
solid wastes by mesophilic thermophilic anaerobic codigestion.
BioMed Research International, 2015, 1-10. https://doi.org/10.
1155/2015/590753

Reyna-Goémez, L. M., Molina-Guerrero, C. E., & Alfaro, J. M.
et al. (2019). Effect of carbon/nitrogen ratio, temperature, and
inoculum source on hydrogen production from dark codigestion
of fruit peels and sewage sludge. Sustainability , 11(7), 2139.
https://doi.org/10.3390/SU11072139

Abug, A. N., & Oh, Y. S. (2016). Carbon dioxide utilization for
an enhanced biohydrogen production of a biomass hydrolysate.
American Journal of Environmental Sciences, 12, 282-290.
https://doi.org/10.3844/ajessp.2016.282.290

Pascualone, M. J., Gémez Costa, M. B., & Dalmasso, P. R.
(2019). Fermentative biohydrogen production from a novel
combination of vermicompost as inoculum and mild heat-pre-
treated fruit and vegetable waste. Biofuel Research Journal, 6,
1046-1053. https://doi.org/10.18331/BRJ2019.6.3.5

Abreu, A. A., Tavares, F., Alves, M. M., et al. (2019). Garden
and food waste co-fermentation for biohydrogen and biomethane
production in a two-step hyperthermophilic-mesophilic process.
Bioresource Technology, 278, 180-186. https://doi.org/10.1016/j.
biortech.2019.01.085

Seengenyoung, J. (2013). Biohydrogen production from palm oil
mill effluent pre-treated by chemical methods using thermoan-
aerobacterium-rich sludge. Iranica Journal of Energy and Envi-
ronment, 4(4), 312-319. https://doi.org/10.5829/idosi.ijee.2013.
04.04.01

Lee, P. E., Hwang, Y., & Lee, T. J. (2019). Fermentative bio-
hydrogen production of food waste in the presence of different
concentrations of salt (Na*) and nitrogen. Journal of Microbi-
ology and Biotechnology, 29, 283-291. https://doi.org/10.4014/
jmb.1808.08023

Lan, K., & Yao, Y. (2022). Feasibility of gasifying mixed plastic
waste for hydrogen production and carbon capture and storage.
Communications Earth & Environment, 3, 300. https://doi.org/
10.1038/543247-022-00632-1

@ Springer

72.

73.

74.

75.

76

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Han, W., Yan, Y., Shi, Y, Gu, J., Tang, J., & Zhao, H. (2016).
Biohydrogen production from enzymatic hydrolysis of food
waste in batch and continuous systems. Scientific Reports, 6,
38395. https://doi.org/10.1038/srep38395

Amorim, N. C. S., Alves, I., Martins, J. S., & Amorim, E. L. C.
(2014). Biohydrogen production from cassava wastewater in an
anaerobic fluidized bed reactor. Brazilian Journal of Chemical
Engineering, 31, 603—612. https://doi.org/10.1590/0104-6632.
20140313s500002458

Mohamad Puad, N. 1., Abd Rahim, N. F., Azmi, A. S. (2018).
Acid pretreatment of sago wastewater for biohydrogen produc-
tion. In: E3S Web of Conferences. EDP Sciences.
Hallenbeck, C., Benemann, J. R., Hallenbeck, P. C. (2002).
The microbiological production of hydrogen fuel. In Biotech-
nology-Vol.VII-Biohydrogen- ©Encyclopedia of Life Support
Systems (EOLSS). https://www.eolss.net/sample-chapters/c17/
E6-58-06-18.pdf

Senturk, I., & Buyukgungor, H. (2017). Biohydrogen production
by anaerobic fermentation of sewage sludge-Effect of initial
pH. Environment and Ecology Research, 5, 107-111. https://
doi.org/10.13189/eer.2017.050204

Prasanna, K., Mahalingam, D. B., Kaarthik, D. M., et al.
(2020). Investigation on hydrogen production from lique-
fied paper industry biomass using sonication homogenizer.
European Journal of Molecular & Clinical Medicine, 7(2),
3346-3355.

Full, J., Trauner, M., Miche, R., & Sauer, A. (2021). Carbon-
negative hydrogen production (Hybeccs) from organic waste
materials in germany: How to estimate bioenergy and greenhouse
gas mitigation potential. Energies (Basel), 14(22), 7741. https://
doi.org/10.3390/en14227741

Noguer, M. C., Magdalena, J. A., Bernet, N., Escudie, R., Tra-
bly, E. (2022). Enhanced fermentative hydrogen production from
food waste in continuous reactor after butyric acid treatment.
Energies (Basel), 15(11), 4048. https://doi.org/10.3390/en151
14048

Fedorov, M., Maslikov, V., Korablev, V. , Politeva, N., Chusov,
A., & Molodtsov, D. (2022). Production of biohydrogen from
organ-containing waste for use in fuel cells. Energies (Basel),
15(21), 8019. https://doi.org/10.3390/en15218019

Gumilar, A., Syafila, M., Handajani, M., & Angga, M. 1. (2019).
Biohydrogen as a renewable energy and its potential produc-
tion from the conversion of palm oil mill effluent by anaerobic
processes. In IOP Conference Series: Earth and Environmental
Science. Institute of Physics Publishing, 314, 012008. https://doi.
org/10.1088/1755-1315/314/1/012008

Kapdan, I. K., & Kargi, F. (2006). Bio-hydrogen production
from waste materials. Enyzme and Microbial Technology, 38,
569-582.

Lukajtis, R., Hotowacz, I., Kucharska, K., et al. (2018). Hydrogen
production from biomass using dark fermentation. Renewable
and Sustainable Energy Reviews, 91, 665-694.

Kamyab, S., Ataei, S. A., Tabatabaee, M., & Mirhisaini, S. A.
(2022). Optimizing parameters for bio-hydrogen production from
mixed culture and food wastewater. [ranian Journal of Chemistry
& Chemical Engineering, 41(9), 3204-3213.

Dinesh, G. H., Sundaram, K., Mohanrasu, K., et al. (2018). Opti-
mization (substrate and pH) and anaerobic fermentative hydrogen
production by various industrial wastes isolates utilizing biscuit
industry waste as substrate. Journal of Pure and Applied Micro-
biology, 12, 1587-1595. https://doi.org/10.22207/JPAM.12.3.65
Milne, T. A., Elam, C. C., Evans, R. J. Hydrogen from biomass
state of the art and research challenges. A Report for the Interna-
tional Energy Agency Agreement on the Production and Utiliza-
tion of Hydrogen Task 16, Hydrogen from Carbon-Containing
Materials. https://www.nrel.gov/docs/legosti/old/36262.pdf


https://doi.org/10.3965/j.ijabe.20171003.2688
https://doi.org/10.3965/j.ijabe.20171003.2688
https://doi.org/10.20508/ijrer.v7i1.4985.g6997
https://doi.org/10.20508/ijrer.v7i1.4985.g6997
https://doi.org/10.3846/jeelm.2019.9806
https://doi.org/10.3846/jeelm.2019.9806
https://doi.org/10.5897/AJB10.1742
https://doi.org/10.5897/AJB10.1742
https://doi.org/10.1155/2015/590753
https://doi.org/10.1155/2015/590753
https://doi.org/10.3390/SU11072139
https://doi.org/10.3844/ajessp.2016.282.290
https://doi.org/10.18331/BRJ2019.6.3.5
https://doi.org/10.1016/j.biortech.2019.01.085
https://doi.org/10.1016/j.biortech.2019.01.085
https://doi.org/10.5829/idosi.ijee.2013.04.04.01
https://doi.org/10.5829/idosi.ijee.2013.04.04.01
https://doi.org/10.4014/jmb.1808.08023
https://doi.org/10.4014/jmb.1808.08023
https://doi.org/10.1038/s43247-022-00632-1
https://doi.org/10.1038/s43247-022-00632-1
https://doi.org/10.1038/srep38395
https://doi.org/10.1590/0104-6632.20140313s00002458
https://doi.org/10.1590/0104-6632.20140313s00002458
https://www.eolss.net/sample-chapters/c17/E6-58-06-18.pdf
https://www.eolss.net/sample-chapters/c17/E6-58-06-18.pdf
https://doi.org/10.13189/eer.2017.050204
https://doi.org/10.13189/eer.2017.050204
https://doi.org/10.3390/en14227741
https://doi.org/10.3390/en14227741
https://doi.org/10.3390/en15114048
https://doi.org/10.3390/en15114048
https://doi.org/10.3390/en15218019
https://doi.org/10.1088/1755-1315/314/1/012008
https://doi.org/10.1088/1755-1315/314/1/012008
https://doi.org/10.22207/JPAM.12.3.65
https://www.nrel.gov/docs/legosti/old/36262.pdf

BioNanoScience (2023) 13:1501-1516

1515

87.

88.

89.

90.

91.

92

93.

94.

95.

96.

97.

98

99.

100.

101

102.

Moussa, R. N., Moussa, N., & Dionisi, D. (2022). Hydrogen
production from biomass and organic waste using dark fermen-
tation: An analysis of literature data on the effect of operating
parameters on process performance. Processes, 10, 156. https://
doi.org/10.3390/pr10010156

Ismail, F., Rahman, A. A., Abd-Aziz, S., et al. (2009). Statistical
optimization of biohydrogen production using food waste under
thermophilic conditions. The Open Renewable Energy Journal,
2, 124-131.

Sotowski, G. (2018). Biohydrogen production-sources and meth-
ods: A review. International Journal of Bioprocessing and Bio-
techniques, Sotowski G 101. https://doi.org/10.20911/1JBBT-101
Maman, M., Sundaram, M., Sarathchandra, G., Kanagraj, V., &
Sundaram, S. M. (2022). Biohydrogen production—An overview
on the factors affecting, microbes and enzymes involved. Asian
Journal of Microbiology, Biotechnology and Environmental Sci-
ences, 24(3), 472-479. https://doi.org/10.53550/ajmbes.2022.
v24i03.005

Baeyens, J., Zhang, H., Nie, J., Appels, L., Dewil, R., Ansart,
R., & Deng, Y. (2020). Reviewing the potential of bio-hydrogen
production by fermentation. Renewable and Sustainable Energy
Reviews, 131, 11002316. https://doi.org/10.1016/j.rser.2020.
110023

Thiruchelvi, R. T., Kumari, N. K., & Rajnish, K. N. (2022).
Potential of bio hydrogen production from dark fermentation of
sewage waste water—A review. Biosci Biotechnol Res Asia, 19,
347-355. https://doi.org/10.13005/bbra/2989

Kaur Brar, S., & Sarma, S. J. (2013). Bio-hydrogen production:
A promising strategy for organic waste management. Hydrology
Current Research, S5, €002. https://doi.org/10.4172/2157-7587.
$5-e002

Canpolat, E., Ozturk. A. (2021). The new trends in the production
of bio-hydrogen. Journal of Biotechnology & Bioresearch, 3(1).
JBB. 000552. 2021.

Kumar, S., Reshma, R., Manokaran, S., & Reddy, A. H. M.
(2021). Biohythane: An emerging future fuel. Journal of Phar-
maceutical Sciences and Research., 13(5), 238-246.

Singh Yadav, V., Vinoth, R., & Yadav, D. (2018). Bio-hydrogen
production from waste materials: A review. In MATEC Web of
Conferences (The 4th International Conference on Engineering,
Applied Sciences and Technology (ICEAST 2018) “Exploring
Innovative Solutions for Smart Society), EDP Sciences, 192,
02020. https://doi.org/10.1051/matecconf/201819202020

Tian, H., Li, J., Yan, M., Tong, Y.W., Wang, C., & Wang, X.
(2019). Organic waste to biohydrogen: A critical review from
technological development and environmental impact analysis
perspective. Applied Energy, 256, 113961. https://doi.org/10.
1016/j.apenergy.2019.113961

Kalamaras, C. M., & Efstathiou, A. M. (2013). Hydrogen pro-
duction technologies: Current state and future developments.
Conference Papers in Energy, 2013, 9. https://doi.org/10.1155/
2013/690627. 690627.

Hussy, 1., Hawkes, F. R., Dinsdale, R., & Hawkes, D. L. (2005).
Continuous fermentative hydrogen production from sucrose
and sugar beet. International Journal of Hydrogen Energy, 30,
471-483.

Logan, B. E., Oh, S. E., & Ginkel, S. V. (2002). Biological hydro-
gen production measured in batch anaerobic respirometer. Envi-
ronmental Science and Technology, 36, 2530-2535.

Goria, K., Singh, H. M., Singh, A., Kothari, R., & Tyagi, V. V.
(2023). Insights into biohydrogen production from algal biomass:
Challenges, recent advancements and future directions. Inter-
national Journal of Hydrogen Energy. https://doi.org/10.1016/j.
ijhydene.2023.03.174

Shin, H. S., Youn, J. H., & Kim, S. H. (2004). Hydrogen
production from food waste in anaerobic mesophilic and

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

thermophilic acidogenesis. International Journal of Hydrogen
Energy, 29, 1355-1363.

Tanisho, S., & Ishiwata, Y. (1994). Continuous hydrogen pro-
duction from molasses by bacterium Enterobacter aerogenes.
International Journal of Hydrogen Energy, 19, 807-812.
Jayalakshmi, S., Joseph, K., & Sukumaran, V. (2009). Bio
hydrogen generation from kitchen waste in an inclined plug
flow reactor. International Journal of Hydrogen Energy, 34,
8854-8858. https://doi.org/10.1016/j.ijhydene.2009.08.048
Zahedi, S., Sales, D., Romero, L. I., & Solera, R. (2013).
Hydrogen production from the organic fraction of municipal
solid waste in anaerobic thermophilic acidogenesis: Influence
of organic loading rate and microbial content of the solid
waste. Bioresource Technology, 129, 85-91. https://doi.org/
10.1016/j.biortech.2012.11.003

Nathao, C., Sirisukpoka, U., & Pisutpaisal, N. (2013). Produc-
tion of hydrogen and methane by one and two stage fermenta-
tion of food waste. International Journal of Hydrogen Energy,
38, 15764-15769. https://doi.org/10.1016/j.ijhydene.2013.05.
047

Wang, S., Ma, Z., Zhang, T., Bao, M., & Su, H. (2017). Optimi-
zation and modeling of biohydrogen production by mixed bac-
terial cultures from raw cassava starch. Frontiers of Chemical
Science and Engineering, 11, 100-106. https://doi.org/10.1007/
s11705-017-1617-3

Mars, A. E., Veuskens, T., Budde, M. A. W., Doeveren, P. F.
N. M., Lips, S. J., Bakker, R. R., et al. (2010). Biohydrogen
production from untreated and hydrolyzed potato steam peels by
the extreme thermophiles Caldicellulosiruptor saccharolyticus
and Thermotoga neapolitana. International Journal of Hydrogen
Energy, 36(15), 7730-7738. https://doi.org/10.1016/j.ijhydene.
2010.05.063

Lehmuskero, A., Chauton, M. S., & Bostrom, T. (2018). Light
and photosynthetic microalgae: A review of cellular- and molec-
ular-scale optical processes. Progress in Oceanography, 168,
43-56. https://doi.org/10.1016/j.pocean.2018.09.002

Brar, K. K., Cortez, A. A., Pellegrini, V. O., Amulya, K., Polikar-
pov, L., Magdouli, S., Kumar, M., Yang, Y. H., Bhatia, S. K.,
& Brar, S. K. (2022). An overview on progress, advances, and
future outlook for biohydrogen production technology. Interna-
tional Journal of Hydrogen Energy. https://doi.org/10.1016/].
ijhydene.2022.01.156

Zheng, Y., Zhang, Q., Zhang, Z., Jing, Y., Hu, J., He, C., & Lu,
C. (2022). A review on biological recycling in agricultural waste-
based biohydrogen production: Recent developments. Biore-
source Technology, 347, 126595.

Singh, H., Tomar, S., Qureshi, K. A., Jaremko, M., & Rai, P. K.
(2022). Recent advances in biomass pretreatment technologies
for biohydrogen production. Energies, 15(3), 999.

El-Qelish, M., Hassan, G. K., Leaper, S., Dessi, P., & Abdel-
Karim, A. (2022). Membrane-based technologies for biohydro-
gen production: A review. Journal of Environmental Manage-
ment, 316, 115239.

Pathy, A., Nageshwari, K., Ramaraj, R., Maniam, G. P., Govin-
dan, N., & Balasubramanian, P. (2022). Biohydrogen production
using algae: Potentiality, economics and challenges. Bioresource
Technology, 25, 127514.

Nazarpour, M., Taghizadeh-Alisaraei, A., Asghari, A., Abbasza-
deh-Mayvan, A., & Tatari, A. (2022). Optimization of biohydro-
gen production from microalgae by response surface methodol-
ogy (RSM). Energy, 253, 124059.

Cheng, D., Ngo, H. H., Guo, W., Chang, S. W., Nguyen, D. D.,
Deng, L., Chen, Z., Ye, Y., Bui, X. T., & Hoang, N. B. (2022).
Advanced strategies for enhancing dark fermentative biohydro-
gen production from biowaste towards sustainable environment.
Bioresource Technology, 21, 127045.

@ Springer


https://doi.org/10.3390/pr10010156
https://doi.org/10.3390/pr10010156
https://doi.org/10.20911/IJBBT-101
https://doi.org/10.53550/ajmbes.2022.v24i03.005
https://doi.org/10.53550/ajmbes.2022.v24i03.005
https://doi.org/10.1016/j.rser.2020.110023
https://doi.org/10.1016/j.rser.2020.110023
https://doi.org/10.13005/bbra/2989
https://doi.org/10.4172/2157-7587.s5-e002
https://doi.org/10.4172/2157-7587.s5-e002
https://doi.org/10.1051/matecconf/201819202020
https://doi.org/10.1016/j.apenergy.2019.113961
https://doi.org/10.1016/j.apenergy.2019.113961
https://doi.org/10.1155/2013/690627
https://doi.org/10.1155/2013/690627
https://doi.org/10.1016/j.ijhydene.2023.03.174
https://doi.org/10.1016/j.ijhydene.2023.03.174
https://doi.org/10.1016/j.ijhydene.2009.08.048
https://doi.org/10.1016/j.biortech.2012.11.003
https://doi.org/10.1016/j.biortech.2012.11.003
https://doi.org/10.1016/j.ijhydene.2013.05.047
https://doi.org/10.1016/j.ijhydene.2013.05.047
https://doi.org/10.1007/s11705-017-1617-3
https://doi.org/10.1007/s11705-017-1617-3
https://doi.org/10.1016/j.ijhydene.2010.05.063
https://doi.org/10.1016/j.ijhydene.2010.05.063
https://doi.org/10.1016/j.pocean.2018.09.002
https://doi.org/10.1016/j.ijhydene.2022.01.156
https://doi.org/10.1016/j.ijhydene.2022.01.156

1516

BioNanoScience (2023) 13:1501-1516

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Ren, Y., Si, B., Liu, Z., Jiang, W., & Zhang, Y. (2022). Promoting
dark fermentation for biohydrogen production: Potential roles of
iron-based additives. International Journal of Hydrogen Energy,
47(3), 1499-1515.

Yaashikaa, P. R., Devi, M. K., & Kumar, P. S. (2022). Biohydro-
gen production: An outlook on methods, constraints, economic
analysis and future prospect. International Journal of Hydrogen
Energy, 47(98), 41488-41506.

Xu, X., Zhou, Q., & Yu, D. (2022). The future of hydrogen
energy: Bio-hydrogen production technology. International
Journal of Hydrogen Energy, 47(79), 33677-33698. https://doi.
org/10.1016/j.ijhydene.2022.07.261

Bosu, S., & Rajamohan, N. (2022). Nanotechnology approach for
enhancement in biohydrogen production-review on applications
of nanocatalyst and life cycle assessment. Fuel, 323, 124351.
Cheng, D., Ngo, H. H., Guo, W., Chang, S. W., Nguyen, D. D.,
Bui, X. T., Wei, W., Ni, B., Varjani, S., & Hoang, N. B. (2022).
Enhanced photo-fermentative biohydrogen production from bio-
wastes: An overview. Bioresource Technology, 357, 127341.
Lu, C., Jiang, D., Jing, Y., Zhang, Z., Liang, X., Yue, J., Li, Y.,
Zhang, H., Zhang, Y., Wang, K., & Zhang, N. (2022). Enhancing
photo-fermentation biohydrogen production from corn stalk by
iron ion. Bioresource Technology, 345, 126457.

Ramprakash, B., & Incharoensakdi, A. (2022). Alginate encapsu-
lated nanobio-hybrid system enables improvement of photocata-
lytic biohydrogen production in the presence of oxygen. Interna-
tional Journal of Hydrogen Energy, 47(22), 11492—11499.
Aziz, A. H., Engliman, N. S., Mansor, M. F., Abdul, P. M.,
Arisht, S. N., Jamali, N. S., & Tiang, M. F. (2022). Synergistic
enhancement of biohydrogen production by supplementing with
green synthesized magnetic iron nanoparticles using thermo-
philic mixed bacteria culture. International Journal of Hydrogen
Energy, 47(96), 40683-40695.

Karthikeyan, B., & Velvizhi, G. (2023). A state-of-the-art on the
application of nanotechnology for enhanced biohydrogen produc-
tion. International Journal of Hydrogen Energy. https://doi.org/
10.1016/j.ijhydene.2023.04.237

Rogeri, R. C., Fuess, L. T., Eng, F., do Vale Borges, A., de
Araujo, M. N., Damianovic, M. H., & da Silva, A. J. (2023).
Strategies to control pH in the dark fermentation of sugarcane
vinasse: Impacts on sulfate reduction, biohydrogen production
and metabolite distribution. Journal of Environmental Manage-
ment, 325, 116495.

Chaurasia, A. K., & Mondal, P. (2022). Enhancing biohydrogen
production from sugar industry wastewater using Ni, Ni-Co and
Ni—Co-P electrodeposits as cathodes in microbial electrolysis
cells. Chemosphere, 286, 131728.

Vemuri, B., Handa, V., Jawaharraj, K., Sani, R., & Gadhamshetty,
V. (2022). Enhanced biohydrogen production with low graphene
oxide content using thermophilic bioreactors. Bioresource Tech-
nology, 346, 126574.

Martinez-Mendoza, L. J., Lebrero, R., Munoz, R., & Garcia-
Depraect, O. (2022). Influence of key operational parameters
on biohydrogen production from fruit and vegetable waste via
lactate-driven dark fermentation. Bioresource Technology, 364,
128070.

Yoruklu, H. C., Filiz, B. C., Figen, A. K., & Ozkaya, B. (2022).
A multi-criteria decision-making analysis for feasibility of nan-
oparticle addition in biohydrogen production enhancement for
scaling-up studies. International Journal of Hydrogen Energy.
https://doi.org/10.1016/j.ijjhydene.2022.11.281

Sharma, P., Jain, A., Bora, B. J., Balakrishnan, D., Show, P. L.,
Ramaraj, R., Agbulut, U., & Khoo, K. S. (2023). Application of
modern approaches to the synthesis of biohydrogen from organic

@ Springer

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

waste. International Journal of Hydrogen Energy. https://doi.org/
10.1016/j.ijhydene.2023.03.029

Feng, S., Ngo, H. H., Guo, W., Khan, M. A., Zhang, S., Luo, G.,
Liu, Y., An, D., & Zhang, X. (2023). Fruit peel crude enzymes
for enhancement of biohydrogen production from synthetic swine
wastewater by improving biohydrogen-formation processes of
dark fermentation. Bioresource Technology, 372, 128670.
Yildirim, O., & Ozkaya, B. (2023). Effect of nanoparticles syn-
thesized from green extracts on dark fermentative biohydrogen
production. Biomass and Bioenergy, 170, 106707.

Zhang, Q., Cao, J., Zhao, P., Zhang, Y., Li, Y., Xu, S., Ye, J., &
Qian, C. (2023). Green synthesis of nickel ferrite nanoparticles
for efficient enhancement of lignocellulosic hydrolysate-based
biohydrogen production. Biochemical Engineering Journal, 194,
108885.

Adekanbi, M. L., Sani, B. E., Eshiemogie, S. O., Tundealao, T.
D., & Olofinniyi, J. O. (2023). Biohydrogen production from
wastewater: an overview of production techniques, challenges,
and economic considerations. Energy, Ecology and Environment,
8, 304-331. https://doi.org/10.1007/s40974-023-00280-x
Dogmaz, S., & Cavas, L. (2023). Biohydrogen production via
green silver nanoparticles synthesized through biomass of Ulva
lactuca bloom. Bioresource Technology, 379, 129028.

Wu, Y., Xia, C., Cao, J., Garalleh, H. A., Garaleh, M., Khouj,
M., & Pugazhendhi, A. (2023). A review on current scenario of
Nanocatalysts in biofuel production and potential of organic and
inorganic nanoparticles in biohydrogen production. Fuel, 338,
127216.

Verma, D., Sahni, T., Kumar, S., & Sarao, L. K. (2023). Syn-
thesis and application of nanoengineered cellulosic biomass in
biohydrogen production. In M. Srivastava, P. K. Mishra (Eds.),
NanoBioenergy: Application and Sustainability Assessment.
Clean Energy Production Technologies (vol. 10, pp. 135-167).
Springer, Singapore. Springer Nature Singapore.https://doi.org/
10.1007/978-981-19-6234-9_6

Koo-Amornpattana, W., Phadungbut, P., Kunthakudee, N., Jon-
glertjunya, W., Ratchahat, S., & Hunsom, M. (2023). Innova-
tive metal oxides (CaO, SrO, MgO) impregnated waste-derived
activated carbon for biohydrogen purification. Scientific Reports,
13(1), 4705.

Suyitno, S., Rosyadi, I., Caroko, N., Yusuf, M., & Adriyanto, F.
(2023). Examination of the role and challenges of natural cata-
lysts in hydrogen and biohydrogen production. The Journal of
Engineering, 2023(3), e12247.

Hidalgo, D., & Martin-Marroquin, J. M. (2023). Enhanced pro-
duction of biohydrogen through combined operational strategies.
JOM Journal of the Minerals Metals and Materials Society,
75(3), 718-726. https://doi.org/10.1007/s11837-022-05572-x
Kulkarni, R. M., Dhanyashree, J. K., Varma, E., Sirivibha, S. P.,
& Shantha, M. P. (2023). Impact of treatment strategies on bio-
hydrogen production from waste-activated sludge fermentation.
In Inamuddin, T. Altalhi, S. M. Adnan, M. A. Amin (Eds.), Mate-
rials for hydrogen production, conversion, and storage (pp. 465—
509). https://doi.org/10.1002/9781119829584.ch16

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.ijhydene.2022.07.261
https://doi.org/10.1016/j.ijhydene.2022.07.261
https://doi.org/10.1016/j.ijhydene.2023.04.237
https://doi.org/10.1016/j.ijhydene.2023.04.237
https://doi.org/10.1016/j.ijhydene.2022.11.281
https://doi.org/10.1016/j.ijhydene.2023.03.029
https://doi.org/10.1016/j.ijhydene.2023.03.029
https://doi.org/10.1007/s40974-023-00280-x
https://doi.org/10.1007/978-981-19-6234-9_6
https://doi.org/10.1007/978-981-19-6234-9_6
https://doi.org/10.1007/s11837-022-05572-x
https://doi.org/10.1002/9781119829584.ch16

	Biohydrogen From Waste Feedstocks – Materials, Methods and Recent Developments
	Abstract
	1 Introduction
	2 Sources
	3 Methodology
	4 Results and Inferences
	5 Discussion on Recent Investigations
	6 Advantages and Challenges
	7 Conclusion
	Acknowledgements 
	References


