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ARTICLE INFO ABSTRACT

Keywords: Fossil fuels are limited in nature and are not environmentally friendly, thus using them to meet the rising energy
Bioenergy needs is insufficient. Another major cause of global warming, which is recognized as one of the greatest hazards
Algae cultivation to the world, is fossil fuels. Finding alternative energy sources that can counteract the drawbacks of fossil fuels is
g;g:ﬁiﬁ?&n urgently needed. Due to its low environmental impact and a variety of possible sustainable production methods,
Nanomaterial biohydrogen is one such alternative energy source that has attracted enormous interest and demand. Due to their

wide range of environments, rapid growth, and polyphyletic nature, algae-based biological hydrogen production
techniques are gaining significant interest. Nevertheless, the main obstacles to the sustainable and commercial
application of the algal biohydrogen generation process are low yield, constrained light penetration, low biomass
concentration, and expensive downstream processes. Increased attention to algal diversity may help to overcome
the limitation of low algal biomass production and yield while enhancing penetration ability. Additionally, the
usage of nanomaterials may speed up the process by altering the entire process’ response mechanism. Therefore,
this review explores algal diversity as one of the strategies of algal biohydrogen production along with elabo-
ration of the impacts of nanomaterials in different pathways of biohydrogen production, namely dark fermen-
tation, photo-fermentation, direct and indirect biophotolysis. Advances in biohydrogen production employing
diversified groups of algae with the application of nanomaterials have been extensively summarized with current
update mechanisms and existing roadblocks. As a result, the utilization of nanomaterials as a novel and sus-
tainable catalyst has also been thoroughly described for prospective scaling up of algal biohydrogen production.
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Abbreviation full form

BPE bio-photoelectrolysis

NZVI nano zero valent iron

PFR1 pyruvate: ferredoxin oxidoreductase
TCA tricarboxylic acid cycle

ADP adenosine diphosphate

ATP adenosine triphosphate

COD chemical oxygen demand

CoO cobalt(ii) oxide

Cyt bef  cytochrome bef complex

DF dark fermentation

EPBR electrochemical photo-bioreactor
ESRB electrochemical sequential batch reactor
Fd ferredoxin

FeNP  zero-valent iron nanoparticles
Feo03 ferric oxide

Fe304 magnetite

FNR ferrodoxin nadp™ oxidoreductase
MgO magnesium oxide

mRNA  messenger ribonucleic acid

MW microwave

NAD nicotinamide adenine dinucleotide
NAD(P") nicotinamide adenine dinucleotide phosphate

NADH nicotinamide adenine dinucleotide (nad) + hydrogen (h)
NADP  nicotinamide adenine dinucleotide phosphate
NADPH nicotinamide adenine dinucleotide phosphate

NiFe,O4 nickel ferrite

NiO nickel oxide

NPQR  enzyme plastoquinone reductase
NPs nanoparticles

ORP oxidation-reduction potential
PC plastocyanin

PDADMAC diallyl dimethyl ammonium chloride

PFOR pyruvate ferredoxin oxidoreductase

PQ plastoquinone

PSI plastocyanin-ferredoxin oxidoreductase
PSII plastoquinone oxidoreductase

ROS reactive oxygen species

rto respiratory terminal oxidase

SiC silicon carbide

TiO, titanium dioxide

ZnO zinc oxide

1. Introduction

Due to rapid urbanization and industrialization, there is a constant
need for more energy, which has increased the demand for renewable
energy sources to address any potential harmful issues of conventional
fossil fuels [1]. Fossil fuels currently account for 82% of all energy
consumed worldwide, but due to their short lifespan, they cannot meet
global demand [2]. Life-threatening diseases in humans may also result
from the extraction of fossil fuels. For instance, black lung disease is a
common ailment among coal miners. Furthermore, the continual
exposure to hazardous chemicals that natural gas drillers endure is
harmful to their health. In particular, burning fossil fuels increases the
acidity of the environment. Due to these challenges, the environment
has been subjected to unpredictable and severe harm [3,4]. Fossil fuels
are also one of the primary causes of global warming, making them one
of the greatest hazards to the entire planet. Furthermore, the high cost
and unsustainable nature of these fossil fuels pose significant obstacles
for modern society and future energy demand. Thus, there is a pressing
need to develop an alternative energy source that can make up for the
drawbacks of fossil fuels, not the least of which is that they are
dangerous and unsustainable [2,5].

Renewable energy sources can be considered the efficient, econom-
ical, and environmentally beneficial alternative to traditional energy
sources that are based on fossil fuels. There are numerous potential
sources of renewable energy, including solar energy, wind turbines,
hydropower, and biomass-based derived biofuels [6]. The ability of
biofuels to replace fossil fuels is what has drawn the greatest interest
among them. The term “biofuel” refers to combustible fuels made from
organic materials like plant and animal waste [7]. Unlike other renew-
able energy sources like solar, wind, hydro, and nuclear energy, biomass
may specifically be converted directly into liquid or gaseous fuels to help
in meeting transportation fuel needs. While numerous long-term
renewable energy sources, including hydrogen, fuel cells, and batte-
ries, are under development, biofuels are one of the few carbon-neutral
fuels that are currently highly demanded [8]. Biofuels are highly eco-
friendly, burn cleanly, and release substantially less greenhouse gas than
fossil fuels. As a result of their ability to produce carbon-neutral carbon
dioxide when burned, they are effective replacements for fossil fuels [9].
Carbon-neutral COy has zero carbon footprints as it has no residual
consequence on the biosphere’s carbon concentration [10].

Because biomass is a carbon-rich, renewable, and affordable bio-
resource, producing biofuels using it is seen to be a promising strategy to
address numerous problems in this context [11]. Biofuels are potential
renewable energy sources that can be produced from a variety of organic
waste biomass and are considered to be environmentally beneficial.
They may be conveniently accessible and inexpensive for a number of
applications [12]. There are many possible biofuel choices, including
ethanol, biodiesel, methane, and biohydrogen, that are in great demand
for commercial use in the energy sector. Additionally, because biofuels
degrade naturally, there is less chance that they will contaminate the
ground or subterranean water while being transported, stored, or used
[6]. In comparison to other energy sources, biofuels may also be
employed with existing infrastructure and demand less technological
advancement [3]. Because of this, various countries have focused on
developing their bioenergy industries and creating cutting-edge regu-
lations for the use of biofuels [13]. First-generation biofuels are those
produced from food crops, and include bioalcohols, biodiesel, vegetable
oil, bioethers, and biogas. In contrast, second- and third-generation
biofuels (such as biohydrogen and biomethanol) are derived from the
wastes of non-food crops and microorganisms (like algae), respectively
[14].

Due to its advantages of COs-free burning, inexpensive substrate
processing, and the release of water vapour as a byproduct, biohydrogen
is thought to be the most promising and clean biofuel option [15].
Additionally, it can be produced using a variety of versatile techniques,
including pyrolysis, electrolysis, gasification, and biological mode. The
metabolic product is biohydrogen, which is produced by microbial
fermentation using readily available, environmentally friendly, and
renewable substrates [16]. Additionally, biological ways of producing
biohydrogen include a variety of processes such biophotolysis, microbial
electrolysis, dark fermentation, and photo fermentation, all of which are
practical, viable, and efficient in the context of ecofriendly environment
[17]. However, there are a number of problems that prevent its actual
viability in the commercial sector, including a lack of an appropriate
substrate, poor Hy generation, a lack of process implementation, prac-
ticality, and storage [18]. These constraints can now be efficiently
overcome by using biological sources for hydrogen production, such as
employing waste biomasses, crop leftovers, and microorganisms like
bacteria and algae. Contrary to most biological sources, micro and
macro-algae have a number of advantages, including a rapid rate of
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growth [19], low energy requirements, high-quality water and land, a
limited impact on the environment [16]; and the absence of lignin,
which eliminates the need for expensive pre-treatment procedures [20].

Algae, both micro and macro, are emerging as a very promising
sustainable biomass feedstock for biofuels. Microalgae have a large
amount of lipid and carbohydrates, which are used as a key bioresource
for the production of biofuel [21]. The main benefit of algae is its higher
productivity and its small land requirement need for cultivation [22].
The fact that algae are highly adaptive and diverse should indeed be
emphasized. Because of their capacity to thrive in a variety of envi-
ronments and follow both photoautotrophic and heterotrophic modes,
they are also the most robust organisms on Earth [21]. The ability to
screen algae for biofuel applications is facilitated by the huge diversity
among different organisms. Following the identification of the
hydrogen-producing green algae Scenedesmus sp., cyanobacterial strain,
cyanobacterial strain, Anabaena cylindrica was also reported to produce
hydrogen from water [23]. These findings enlightened the scientific
community and led to the characterization of various cyanobacterial as
well as algae species for their potential to produce biohydrogen as a
biofuel [24]. About 70 species from more than 30 genera have been
investigated so far for their capacity to produce biohydrogen [25].

Production of biohydrogen in algae employs two methods: photolysis
and fermentation. Additionally, biophotolysis is carried out in two ways,
namely direct photolysis and indirect photolysis, whereas fermentation
involves two separate modes, namely the, photo-fermentation and dark
fermentation [26]. However, the inability to find a potent algal strain,
the ineffectiveness of contributing enzymatic reactions with oxygen
sensitivity, negative net energy balances, and the low hydrogen yield
affected by the integral cell wall of algal biomass are the main obstacles
that must be overcome for the commercial use of algal biofuel [27]. The
development of effective photo-bioreactors, the use of genetic engi-
neering, the improvement of pretreatment procedures, and the use of
nanocatalysts are some of the novel ways aimed to increase the pro-
duction of fermentative hydrogen [28].

Nanotechnology has a lot of potential, therefore it might be an
advanced way to get through the low production issues that occur with
using waste biomass to produce biofuel [29]. Nanomaterials have drawn
a lot of attention for improving biohydrogen production due to their
high surface area to volume ratio and enormous potential to boost
enzymatic activity (hydrogenase) [30]. Nanomaterials have the poten-
tial to enhance the production of biofuels due to their high catalytic
efficiency, high immobilization capacity, and potential to increase
enzyme stability [29]. The literature lists a number of metal and metal
oxide based nanomaterials, including iron, nickel, gold, TiO,, CoO,
FeyOs3, and NiO, as being effective in enhancing the activity of the
enzyme (hydrogenase) and thereby increasing the hydrogen production
in the case of third generation biofuels, or biofuels produced from algae
[31]. Nanomaterials are internalized by microbial cells as a result of
their unique physical and chemical properties, such as size, shape, and
surface charge, which also change the pace at which electrons move
between microorganisms [32]. They are therefore helpful in the gener-
ation of hydrogen due to their increased activity towards the conduc-
tivity of pyruvate synthase [33]. Additionally, the presence of
nanoparticles enhanced the activation of acetyl-CoA, which stimulates
the production of carbohydrates. An improvement to the metabolic
pathway speeds up the conversion of H' into hydrogen via NADH,
increasing the yields of biohydrogen [34]. Through the research studies,
it has been proven that the use of nanomaterials lessens the lag phase of
microbial life, including bacteria and algae, and enhances the primary
route involved in the production of hydrogen [29,32,35]. Additionally,
the production of many enzymes involved in the metabolic activities of
the microbial system, such as glutamine synthetase and glutamate de-
hydrogenase, is enhanced by nanomaterials [36]. Nanoparticles also
speed up the metabolic processes of microbial cells, including the for-
mation of proteins and lipids. Due to their potential to enhance meta-
bolic engineering by increasing product yield, nanoparticles have
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recently gained a great deal of attention [37]. Therefore, technology
based on nanomaterials has been widely used to increase the bio-
hydrogen production yields [36].

In light of algal diversity and nanomaterials application, the current
review intends to focus recent developments in algal biohydrogen pro-
duction. The objective is to focus on the typical process technology’s
advancement from the standpoint of practical application. The review
also highlights a detailed analysis of the diversity of algae to identify the
strain that is most likely to prevail and their adaptability to the pro-
duction of algal biohydrogen, as well as any existing obstacles. As a
result, the detailed application of nanomaterials as a sustainable catalyst
for prospective scaling-up of algal biohydrogen production was also
demonstrated [38]. By enhancing the functional stability and strain
tolerance of the involved enzymes, the review also investigated the
potential of nanomaterial applications in the production of algal bio-
hydrogen [39,40].

2. Diversity of algal biomass to produce biological hydrogen

In nearly all ecosystems on Earth, from hot springs to snow-capped
mountains and from the deep oceans to freshwater lakes, algae and
cyanobacteria are present [38]. Currently, there are 40,000 reported
species of microalgae [41], 2698 species of cyanobacteria [42], and 11,
017 species of macroalgae distributed widely [43]. Based on the envi-
ronmental conditions, their habitat, diversity, morphology, and
biochemical compositions can vary together with their action mecha-
nism of ecological adaptability [38]. Fig. 1 depicts diversity of algal
biomass imperative to produce biological hydrogen [44]. The advan-
tages of screening algae for various opportunities are provided by the
great diversity of organisms. The potential for algae and cyanobacteria
to produce hydrogen in a sustainable manner has received much
attention [45]. Up till now, the potential for the production of bio-
hydrogen has been investigated in over 70 species from more than 30
genera. Some of these genera include Chlorella sp., Chlamydomonas sp.,
Scenedesmus sp., Anabaena sp., Spirulina sp., Nostoc sp., Platymonas sp.,
Coelastrella sp., Tetraspora sp., and Monoraphidium sp., Closterium, Dic-
tyosphaerium, Dimorphococcus, Euastrum, Pandorina, Selenastrum, Staur-
astrum, Stigeoclonium, Ulothrix, etc [46-49].

Amongst varied microalgae, Chlorella species is considered to be the
most promising for a higher hydrogen production yield, which ranges
from 6.1 to 31.2 mL Hog ™! microalgae [50]. The Chlorella genus falls
under the family Chlorophyceae. The cells are small, non-motile,
sphere-shaped ranging from 2 to 10 pm in diameter. This genus is al-
ways in the limelight due to its simple morphology, fast growth rate, and
low sensitivity to contamination [50]. Also, Chlorella’s cell walls are
thick, and glucosamine is a main part of the walls. When they are grown
in a bioreactor, the thick wall does not allow any damage to the cells
during mixing and pumping. However, this rigid cell wall prevents the
biomass from being hydrolyzed effectively, which lowers the availabil-
ity of nutrients that can be assimilated and, as a result, lowers the
amounts of hydrogen production [51]. Some of the species known for
their biohydrogen production potential include Chlorella vulgaris [46],
Chlorella pyrenoidosa [52], Chlorella fusca [53], Chlorella lewinii [54],
Chlorella homosphaera [55], Chlorella kessleri [56], and Chlorella sor-
okiniana [46]. Chlorella vulgaris and Chlorella pyrenoidosa have been the
focus of most research done to examine the potential of the Chlorella
genus for the production of biohydrogen. In a recent work, Ruiz-Marin
et al. studied the ability of Chlorella vulgaris cultivated in urban waste-
water to produce biohydrogen through sulphur deprivation under the
experimental conditions of 140 uE/m?2/s of light intensity, pH 7.5, and
30 °C. The obtained result showed that under purple light, C. vulgaris
produces 60.4 mLH,L ! of hydrogen (39.18 mL Hy/L/day productivity)
[46]. Liu et al. reported Chlorella vulgaris HAU-M1, isolated from Henan
Agricultural University China, for hydrogen production under various
hydrolase and inoculation doses. The results showed that using
photo-fermentation, hydrogen generation could reach up to 52.16 mL/g
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Fig. 1. Diversity of algal biomass and carbohydrates present therein to produce biological hydrogen [Adapted with permission from (Ref. 44)].

under the optimal conditions of 10% inoculum and a 3:1 cellulase:pro-
tease ratio [57]. Fan et al. investigated the photobiologic production of
biohydrogen in Chlorella pyrenoidosa FACHB-1222. The results showed
that C. pyrenoidosa had Op-tolerance, which led to a maximal hydrogen
production rate of 0.16 0.04 mLL™*h™! [58]. Chlorella pyrenoidosa, on
the other hand, was shown to produce 43.2 mLL! of hydrogen in
low-light and anaerobic conditions without the PS II activity being
inhibited by sulphur shortage or the addition of carbonyl cyanide
m-chlorophenylhydrazone [59]. Li et al. investigated C. pyrenoidosa
strain IOAC707S for increased photohydrogen generation under nitro-
gen deficiency in sea water medium [60]. The same research group later
studied the underlying mechanism using transcriptomics and prote-
omics. They found that the PSII photochemical activity and oxygen
evolution reduced in the algae under nitrogen starvation because of its
complex amendment to formulate for hydrogen production. The activity
of the pentose phosphate pathway and glycolysis both increased, indi-
cating more electron transfers from the endogenous substrate for
hydrogen photosynthesis. Additionally, reduced activity of the tricar-
boxylic acid cycle (TCA) lead to declined CO-, levels, which is considered
to restrict Calvin cycle activity, and then cause the aggregation of
NADPH followed by reduction of the photosynthetic electron transport
chain [61]. These circumstances together trigger the hydrogenase ac-
tivity, which favors hydrogen production.

The evolution of oxygen during the photosynthetic electron transport
chain has always acted as a setback while using green algae for hydrogen
production [62]. This is because the evolved oxygen inhibits the hy-
drogenase enzyme and prevents the formation of hydrogen gas [63]. If
this issue can be resolved, chlorella might be one of the most beneficial
raw materials for producing biohydrogen [64]. Nevertheless, a few
studies also report that tolerance to the oxygen concentration in any
microalgae is strain-dependent; therefore, if a high oxygen tolerant
strain can be identified, it can serve as a potential feedstock for bio-
hydrogen production. Hwang et al. investigated the effect of oxygen
concentration (0-25%) on the hydrogenase activity in two strains of
Chlorella vulgaris; i.e., Chlorella vulgaris YSLO1 and Chlorella vulgaris
YSL16. They observed that the hydrogenase activity and its mRNA
expression continued to stay high till the oxygen concentration reached
21%. Beyond 21% of oxygen, a reduced hydrogenase activity was
observed and also the hydrogen production got ceased [65]. Fan et al.
investigated the tolerance to high oxygen levels in Chlorella pyrenoidosa.
This study also reported production of hydrogen under high oxygen
concentration (>21%). This tolerance was quite high compared to other

reported strains like Scenedesmus obliquus, Chlorellafusca, Chlamydomo-
nas reinhardtii and Chlorellamoewusi which had an Oslsg (concentration
of added oxygen) values of 1.23%, 0.88%, 0.56% and 0.30%, respec-
tively [58]. Several studies also investigated to explore different
methods to prevent the inhibition of hydrogenase enzyme by oxygen
that is generated during photosynthesis [39,58,63]. One such study by
Xiong et al. reported that salinized Chlorella pyrenoidosa strain, treated
with poly (diallyl dimethyl ammonium chloride) (PDADMAC), formed
aggregates of 100 pm displaying silica nanoparticles on the cell surface.
These aggregates of Chlorella pyrenoidosa created a balance between the
production of electrons during photosynthesis and hydrogenase activity
in the core-shell structure of algae clusters, thus creating an interior free
of oxygen. The amount of hydrogen produced by Chlorella pyrenoidosa
using this approach was greatly increased, reaching 1.7 mmol L1
Manipulation at the genetic level has also been attempted to deal with
the issue of oxygen-mediated hydrogenase inhibition [66]. Yang et al.
studied genetically engineered a Chlorella strain to modify a few amino
acid residues at the gas tunnel to restrict the entry of oxygen at the
hydrogenase enzyme’s active site. As a result, it was found that a mutant
that carried double mutation produced nearly 30 fold more hydrogen
than the wild type during biophoton-catalysis [67].

Chlamydomonas is another genus of green microalgae that has
extensively been studied for its ability to produce hydrogen. Species like
Chlamydomonas moewusii, Chlamydomonas noctigama, Chlamydomonas
reinherditii, etc., have been reported to evolve hydrogen during photo-
synthesis. Compared to Chlorella, Chlamydomonas cells are oval, motile,
and larger in diameter. Among the diverse group of micro-
chlorophyceae, Chlamydomonas reinherditii is the most thoroughly
studied species. It serves as an ideal organism for understanding the
underlying mechanism of biohydrogen production in green microalgae
[66,68]. Some studies suggest that Chlamydomonas reinherditii is a better
feedstock for biohydrogen production than Chlorella [58,69]. Although
many studies have been conducted on hydrogen production using green
algae, its actual prospect was realized when under sulphur-deprived
conditions; a strain of Chlamydomonas reinhardtii was found to pro-
duce prolonged hydrogen at a conversion efficiency of 0.1%. Since then,
many omics approaches, including genomic, transcriptomic, proteomic,
and metabolomics have been employed to comprehend the molecular
mechanism of hydrogen production under the starved condition in green
algae, and find out ways to enhance hydrogen productivity by making
alterations to biochemical as well as the molecular level [46]. Xu et al.
reported Chlamydomonas reinhardtii for biohydrogen production which
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includes genomics, transcriptomics, proteomics and metabolomics
approach. In this work, key genes for Hp metabolism and Hy buildup,
including HydA 1, HydA 2, Sulp, Tlal, Sta 7, and PFL1, were recognized
and examined [68]. Another approach increased the ability of Chlamy-
domonas reinharditii to produce hydrogen by 24%, 46%, and 32% when
it was co-cultured with bacteria like Escherichia coli, Pseudomonas stut-
zeri, and Pseudomonas putida, respectively. Also, when the same algae
was grown with an unknown bacterial consortium, hydrogen production
rose to 56% [70]. Nomanbhay et al. reported increased bio-hydrogen
yield in Chlamydomonas reinhardtii CCAP 11/32A by immobilization
(using chitosan) and co-culturing techniques. The results showed that
the maximum amount of hydrogen that could be produced was 650,000
ppm, and that the optimal ratio of microalgae to ragi tapai was 1:0.25
[71]. On the genetic level, the hydrogen production capacity of Chla-
mydomonas reinherditii was enhanced by inducing mutations on the D1
protein of PSII. The modifications resulted in lowering the photosyn-
thetic activity, followed by reduced oxygen production. Due to lower
oxygen evolution, total hydrogen production by the mutants reached a
maximum 290 mL L™}, which was approximately 3.5 times more than
that of control [72].

Zhang & Vassiliadis reported Chlamydomonas reinhardtii for bio-
hydrogen production and their metabolic pathways under non-steady-
state photofermentation process. The result obtained illustrated that
protein such as NAD(P)H, NAD(P)* and PQ impact the Hy production
rate. Moreover the concentration of protein complexes named as,
[fb-PQH]+and [fb-PQ]+also play important role in the process of Hy
production [73]. However, despite various advantages, hydrogen pro-
duction using microalgae still has many unsolved challenges. Very
recently, Igbal et al. reported microalgae to be promising for the bio-
hydrogen production. It was found that Chlamydomonas reinhardtii, a
microalga, and bacteria can interact to raise the production of bio-
hydrogen. The results showed that a combination of bacteria and algae
produced around 50 to 60% more biohydrogen than each of them could
produce on their own [74]. This might occur as a consequence of the fact
that bacteria use the oxygen that photosynthetic microalgae release and
that bacteria can produce CO,, which microalgal cells absorb. It was
found that co-culturing Rhizobium and Chlamydomonas reinhardtii
increased the number of algal cells, which improved the microalgal
biomass and bioenergy output.

Similar to microalgae, cyanobacteria has seized the spotlight as the
cutting-edge feedstock for the production of biohydrogen. Phylum
cyanobacteria involved photosynthetic bacteria that sheltered in moist
soils and aquatic habitats. They originate in symbiotic relationship with
diverse hosts and also arise in extreme environments like salted soils,
volcanic ash etc [75]. Cyanobacteria are adaptable to a variety of hab-
itats, including terrestrial, aquatic, and harsh environments such ant-
arctic cold lakes or alkaline soda lakes with a pH range of 9.5-11 [76].
Different types of cyanobacteria such as Nostoc, Oscillatoria, Spirulina,
Microcystis and Anabaena, spread themselves in different territories such
as freshwater, marine, soil crusts, cryoconites [77]. Genera including
Spumigena, Anabaena spp., Nodularia and Aphanizomenon, Trichodes-
mium [78] have been also noted to form blooms in different water bodies
around the globe. There has been ongoing evidence of bloom formation
in the Baltic Sea every summer [79]. Many studies report that cyano-
bacteria are the potential producers of hydrogen by employing water
and solar energy [75-77]. Further, Anabaena is a type of cyanobacteria
usually identified as blue-green algae that grow naturally in many water
bodies. Anabaena cells are bright blue-green and cylindrical,
barrel-shaped, or sphere-shaped morphologically; they range in size
from 2 to 10 pm in diameter [80]. Genus Anabaena exhibits straight,
curved, or coiled trichomes that may constrict at the cell walls. They are
considered to be heterocystous, filamentous, nitrogen-fixing plankton
that can be found in both brackish and freshwater environments [81]. To
date, various strains from the Anabaena genus have been identified as
potential feedstock for different biofuel production, including bio-
hydrogen. Nevertheless, the metabolic mechanisms of its biohydrogen
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production have not been investigated. Shahkouhi et al. identified
diazotrophic filamentous cyanobacterium, Anabaena variabilis ATCC
29413 as the potential hydrogen producer, and has been acknowledged
as a prominent candidate for biohydrogen production. This strain is a
thermotolerant and develops well at around 40 °C. In this study, a
regulated two-cell, vegetative and heterocyst integrated metabolic
model approach was used to increase the hydrogen production in het-
erocyst cells [82]. According to the proposed concept, heterocysts with
an anoxygenic atmosphere can be used to stimulate other chemical re-
actions and provide redox cofactors, which are crucial for increasing
hydrogen production by about 60% via bidirectional hydrogenase.
Kossalbayev et al. reported Anabaena variabilis A-1 (wild-type cyano-
bacterium) which was isolated from the rice paddies of Kazakhstan
(Kyzylorda and Almaty regions). The obtained result demonstrated
enhanced nitrogenase activity, productivity, and a stronger capacity of
Anabaena variabilis A-1 to produce hydrogen in the dark (8.67 pmol Hy
mg ! Chlah™!), which meets the highest yield recorded in the literature
[83]. Vargas et al. reported Anabaena sp. (UTEX1448) for hydrogen
production under the nitrogen-deprived condition. The obtained result
exhibited that the maximum hydrogen production under the optimized
condition was 9.73 mmol L™! and 43.3 pmol cell ! at pH 7.5 and tem-
perature range between 30 and 40 °C, respectively. In comparison to
control, the result obtained showed an increased hydrogen production
and productivity via cell by 55.2% and 57.6% (67.07 pmol L™ h™1),
respectively. Additionally, the production rate was 70.5% higher (0.307
h')) than the control [84]. A higher yield in Hy production rate was due
to the optimization of biomass during the initial stage of the cultivation,
resulted enhanced yield around 18.3% along with advanced heterocyst’s
formation i.e., 3.4 times greater in nitrogen deprived environments. The
overall production was improved by 55.2% as well as yield by 57.6% in
comparison to the control culture of Anabaena sp.

Among the cyanobacteria, genus Synechocystis has also received
much consideration as a model photosynthetic cell factory for the pro-
duction of biohydrogen. Synechocystis is a genus of unicellular, fresh-
water cyanobacteria in the family Merismopediaceae. It can switch
between anoxigenic and oxygenic photosynthesis, acquiring electrons
from an anoxic HyS or an oxygenic HyO source (oxygenic) [85]. Tou-
loupakis et al. elucidated cyanobacterium Synechocystis sp. PCC 6803 for
hydrogen production through oxygenic photosynthesis in a
two-chamber bio-photoelectrolysis (BPE) cell [86]. In this study a
wild-type as well as mutant type strain were employed since they lack all
three respiratory terminal oxidase activities (rto) under different salt
environments. Under the low salt concentration, rto mutant exhibited a
less photosynthetic rate compared to wild type. In contrast an increased
rate was reported by wild type under the high salt concentration. Mutant
rto showed 3 times increase in (Fe [CN]g) reduction rates mutually low
and high salt. Highest H; yields and efficiency factors were observed
under the high salt conditions and resulting in a highest Hy production
rate of 2.23 mL Hy/1/h [86]. Very recently, Kossalbayev et al. reported
Synechocystis sp. S-1 (cyanobacterial strains) isolated from rice paddies
in Kazakhstan for biohydrogen production. The obtained result exhibi-
ted highest Hy production rate of 2.35 pmol Hy mg™' Chl a h™! via
Synechocystissp. S-1 by employing light as a source of energy amongst
the 13 isolated cyanobacterial strains [83].

In the series of cyanobacteria, Spirulina is also known for its ability to
produce hydrogen as a byproduct. Spirulina is a rod or disk-shaped,
symbiotic and filamentous blue-green microalgae. It has a strong pres-
ence in marshes, seas, brackish water, and hot springs. High pH, high
salt concentration including high level of solar radiation support
increased production of spirulina [85]. Hasnaoui et al. reported
enhanced bio-hydrogen production with spirulina utilizing an electro-
chemical photo-bioreactor (EPBR). The obtained result exhibited 4-fold
increased Hy production rate in the presence of applied voltage 0.3 V
and ~2.5 mA current as compared to that without the application of
voltage/current. This rise in bio-hydrogen production could be attrib-
uted to decreased concentration of NADPH. It was noticed that the
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electrochemical sequential batch reactor (ESRB) delivered an increased
production rate as 2.65 m® m~3/d, in contrast to the batch mode, which
showed 1.2 m® m—3/d [87]. Juantorena et al. reported Spirulina maxima
2342 for hydrogen production by using sodium dithionite as a reducing
agent. This photosynthetic microorganism was reported for the first time
for hydrogen production under optimum experimental conditions such
as 0.34 + 0.02 g of biomass, 150 pE s! m~2 of light intensity and re-
action times of 19.3 + 1.2 h. In this work Hjy production involved two
distinct metabolic methods which known as light-dependent photosyn-
thetic process followed by anaerobiosis/darkness (fermentative). The
obtained result showed 21 x 107'° mol of Hyeh~!/2.5 mg Chlorophyll a
along with 19.3 h reaction time [88]. Similarly, Ainas et al. examined
Spirulina platensis collected from the Sahara region of Tamanrasset
(South of Algeria) for hydrogen production. In this study three diverse
types of photo-bioreactors namely conical, cylindrical, as well as conical
with an excavated base were analyzed for hydrogen production. The
obtained result explored that Hy evolution via the S. platensis was
enriched by employing a conical photo-bioreactor having an excavated
base. Photo-bioreactor showed unique performance in photobiological
hydrogen production due to its illuminated surface of 255 cm? and also
exhibited photolysis phenomena in dense cells cultures [85]. Pansook
et al. reported halotolerant alkaliphilic cyanobacterium Aphanothece
halophytica under nitrogen deprivation for enhanced dark fermentative
hydrogen production. In this study Hy production was catalyzed from
the catabolism of glycogen under anaerobic dark fermentation by hy-
drogenase enzyme. The objective of this work was to increase Hy pro-
duction by A. halophytica using several types of inhibitors. The results
revealed that simazine effectively supported the maximum Hj produc-
tion under dark among all different types of inhibitors. When A. hal-
ophytica was exposed to 25 M simazine for 2 and 24 h, respectively, it
produced the maximum H, at 58.88 0.22 mol H, g dry weight h'! and
accumulated the most Hy at 356.21 6.04 mol g dry weight. Based on
the results of this investigation, simazine has the ability to increase dark
fermentative Hy production by A. halophytica [89].

Apart from microalgae and cyanobacteria, macroalgae show a wide
possibility for biohydrogen production owing to their property of higher
carbohydrate content [90]. Macroalgae, also called seaweeds and are
classified into three leading groups listed as: Chlorophyta (green algae),
Phaeophyceae (brown algae), and Rhodophyta (red algae). Among 11,
017 species of macroalgae, 1901 are reported green algae, 7083 are
described as red algae, and 2033 are termed as brown algae [91].
Macroalgae as a sustainable biofuel feedstock rank higher compared to
other known extra-terrestrial biomasses. They require less energy and
water for their growth, absorb a significant amount of carbon dioxide
from the surrounding, and contain an insignificant amount of lignin,
making them easily hydrolyzed for fermentation. Despite its abundance
and worthy biochemical profile, only a few macroalgae have been
screened for their potential to produce Biohydrogen [92]. Jung et al.
studied eight marine macroalgae strains, namely red (Porphyra tennera)
green (Codium fragile), and brown (Laminaria japonica) for the prospect
of biohydrogen production. Out of these eight isolates, Laminaria
japonica owned the maximum potential of hydrogen production, i.e.,
69.1 mL Hy/g CODg,dded. Its efficiency was further enhanced to 109.6 mL
Ho/g CODydded, by means of thermal pretreatment at 170 °C for 20 min
[93]. In another study, Laminaria japonica macroalga was pre-processed
with gamma rays (y) to break down the algal biomass cell. The disin-
tegration of cell structure releases dissolved organic compounds, such as
protein, and polysaccharides, making them accessible for dark fermen-
tation, which elevated amount of hydrogen produced [94]. The study
demonstrated that gamma rays (y) between 10 and 30 kGy successfully
disintegrated the macroalga cells. However, the intensity of 20 kGy was
optimized as the suitable intensity for maximum hydrogen production,
which caused an increase by 71.4%. Another macroalga, Gelidium
amansii, was reported as a promising macroalgal species to produce
biohydrogen. Sulfuric acid hydrolyzed Gelidium amansii biomass under
mesophilic conditions, at continuous mode could produce hydrogen at a
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rate of 2.7 LL~*d ! and reached a value 1.3 mol/mol substrate hexose at
24 h hydraulic retention time, using immobilized cells as microbial
catalyst [95]. The same group also used a similar strategy to reduce the
inhibition of 5-hydroxymethylfurfural during the hydrogen production
process. They fed a fixed-bed continuous bioreactor, partly packed with
hybrid immobilized beads, with acid-treated Gelidium amansii hydroly-
sate comprising 1.5 g 5-HMFL™! as well as 15-g hexose . Using this
strategy, they could achieve 2.3 mol/mol of hydrogen yield via hexose as
substrate at 6 h hydraulic retention time with a hydrogen production
rate 20 LL-'d~! [20]. Similarly, Kumar et al. studied, Chaetomorpha
antennina, marine macroalgae cumulated from southern shoreline of
Tirunelveli, Tamilnadu, India for hydrogen production by employing
ADS surfactant (ammonium dodecyl sulfate) of 0.0035 g/g TS dosages
assisted with microwave disintegration. The obtained result exemplified
enhanced Hj generation of 74.5 mL/g COD [96].

The aforementioned studies highlight the dominance of algae
throughout a range of habitats and how they have demonstrated a
functional role in a range of environmental circumstances. Therefore, it
is vital to take into account algae’s significant contribution to the
hydrogen production process.

3. Algae as a biohydrogen feedstock

Algae, as a feedstock to produce biohydrogen production holds a
great promise in context to the future implementation of a sustainable
and renewable energy source and represent the third generation biofuel.
Some of the green algae and cyanobacterial classes which are identified
to be potential candidates for biohydrogen production include Chlamy-
domonas reinhardtii, Chlorella fusca, Scenedesmus obliquus, and Platymo-
nas subcordiformis, Spirulina pirulina, Anabaena cylindrical etc [97-99].
Algae, including cyanobacteria, chlorophyceae, and other eukaryotic
algae, possess photosynthetic pigments that fix the sun’s light energy
into energy-rich carbohydrate molecules. Chemically, algal biomass
comprises 20-30% carbohydrates, 40-60% proteins, and 10-20% lipids
[100]. This composition ratio may however vary among different strains
depending on their genotypic makeup, surrounding environmental
conditions, and also due to the influence of some biotic factors [101].
Algae isolates that accumulate more carbohydrates, compared to lipids
and proteins, are of greater interest for biohydrogen production. The
characteristic morphology of algae and its ability to function in both
photoautotrophic and heterotrophic modes make acclimatization and
energy conversion more efficient for them [102]. They are therefore
considered to be one of the most dynamic groups of organisms thriving
in all the ecosystems on the earth. Their growth and carbon-capturing
capabilities are also much higher than that of terrestrial plants [97].
On average, the growth rate of algae is two-fold higher than that of the
land plants, and also, they can capture ten times more carbon than the
latter one. The above-mentioned properties display algae as a prominent
and potential future source of biohydrogen.

However, there are a few bottlenecks associated with the technology
which need to be addressed before the technology can be taken to the
commercial level. One such bottleneck includes the hydrolysis of algal
biomass for the purpose of fermentation. The presence of the integral
cell wall structure in algae cells limits the approachability of the intra-
cellular biomolecule to different hydrolytic enzymes, which results in
the overall process compromise in terms of biohydrogen yield [103,
104]. Therefore, it is important to have an effective pretreatment tech-
nique for hydrolyzing algal biomass. Pre-treating the algal biomass
would promote depolymerization of carbohydrates in the cell wall,
which in turn would facilitate the release of the organic biomolecules
from the algal cell making them available for degradation [104,105].
Easy and larger availability of these molecules would help the fer-
menting microbes to degrade the compounds faster and with more ef-
ficiency, and thereby offer improved biohydrogen production. Physical,
chemical, and biological, as well as a combination of various treatments
have been applied to resolve this shortcoming. The most widely used
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pretreatment methods to increase carbohydrate hydrolysis involve ul-
trasonic milling, steam explosion, microwave, chemical oxidation, and
enzymatic hydrolysis [106]. In a study, Wieczorek et al. illustrated
hydrogen production using enzymatically treated and non-treated
biomass of Chlorella vulgaris. They observed a seven-fold increase in
hydrogen evolution in the case of the cells treated with Omozuka R-10
and macerozyme R-10 compared to the control condition [107]. Roy
et al. in a study used both physical and chemical treatment to enhance
the yield of hydrogen using microalgae Chlorella sorokiniana. Through
this study, they could recorded cumulative hydrogen 1.93 dm®m™ and a
hydrogen yield of 958 dm>kg™! volatile suspended solid or 2.68 mol/mol
of hexose by treating the cells with 200 dm®m™ HCl-heat [108].

The necessity of bioreactors in the production of biohydrogen from
algae is another issue . In order to fulfill the increasing fuel demand with
the growing technological advancements, large bioreactors are required
to culture the microalgae cells. However, because these bioreactors are
costly and their use raises production costs, the resulting biohydrogen
may not compete with other fuels on the market. Therefore, attempts are
being made to design low-cost bioreactors and also optimize the culture
conditions to make the process economically viable [109,110]. One such
approach includes the integration of two biological systems (e.g. con-
sortia of algae-bacteria). The advantage of co-culturing algae and bac-
teria is that the overall yield of hydrogen can be increased, and thereby
the cost of production can be reduced . To further explain this idea, it
should be mentioned that oxygen is released by algae as a result of the
production of hydrogen. This oxygen forms the inhibitory loop and
hinders the functioning of the hydrogenase enzyme, which is responsible
for hydrogen evolution. However, when algae cells are co-cultured with
bacterial cells, the bacterial cells utilize oxygen to carry out their
metabolism. In this way, both organisms release hydrogen steadily
without disturbing each other [111]. Also, the metabolites released by
algae cells during their growth are used as a substrate by the bacteria for
hydrogen production. Thus, together both these organisms yield higher
amount of hydrogen compared to the amount they can produce alone
[112]. To further improve the technology of biohydrogen production
with the use of genetically engineered strain, nanotechnology, and/or
biochemical manipulations, attempts are being made to decipher the
underlying metabolic mechanism in algae [113].

3.1. Process overview of biohydrogen production by algae

Biohydrogen is produced using algae via two separate processes:
biophotolysis and fermentation. In the case of biophotolysis, some of the
photosynthetic algae, like green algae and cyanobacteria, use photonic
energy to release molecular hydrogen with the help of enzyme hy-
drogenase or nitrogenase [114]. However, in the case of fermentation,
hydrogen is produced under anaerobic conditions. Here the algae are
used directly as biohydrogen producers or as a substrate to be utilized by
a specific group of bacteria to release hydrogen [115]. The different
processes of biohydrogen production through algae are represented in
Fig. 2 [116].

3.1.1. Biophotolysis

The word biophotolysis has been derived from three Greek words
bios = life + photo = light + lysis = decomposition. The process is
exclusive within photoautotrophic organisms, of which green and blue-
green algae display maximum proclivity [119]. The process of bio-
photolysis, first functioned in preliminary photosynthetic bacteria and
with time evolved in microalgae as well. In both green algae and cya-
nobacteria, the thylakoid membrane serves as the reaction site, within
which the two protein complexes, i.e., PSI (plastocyanin-ferredoxin
oxidoreductase) and PSII (plastoquinone oxidoreductase) co-operate to
accomplish the process [120]. As the name implies, biophotolysis is a
light-driven mechanism in which light energy splits water molecules
into protons and molecular oxygen. This process generates electrons that
move through a series of protein complexes residing in the thylakoid
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membrane, reducing nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate (NADP) [121]. The center
from which the electron is transported to the hydrogenase/nitrogenase
enzyme is ferredoxin, which acts as the terminal electron acceptor in this
electron transport chain. The enzymes hydrogenase/nitrogenase re-
ceives these electrons and generates molecular hydrogen. The process of
hydrogen production diverges from photosynthesis in the fact that for
hydrogen production, the process needs to be carried out under anaer-
obic conditions [122]. The advantage this process offers is that it does
not necessitates the use of any organic form of carbon, making the
process economically promising. It primarily depends on the photo-
synthetic efficiency of microalgae, which is ten times higher than
terrestrial plants. Additionally, the approach is eco-friendly and avoids
harmful emissions of any sort [41]. Nevertheless, one setback that limits
the scope of this method is the inhibitory nature of the oxygen released
as a by-product during the photolysis of water. This oxygen inhibits the
entire hydrogenase enzyme system and impedes hydrogen production
[123]. Apart from this, algae require very high-intensity light to carry
out the process, which adds to the production cost [124]. Furthermore,
the process of biophotolysis is classified into two types: direct bio-
photolysis and indirect biophotolysis.

3.1.1.1. Direct biophotolysis. The light-capturing pigments in algae and
cyanobacteria offer them advantage of accomplishing the process of
direct biophotolysis. The process of direct biophotolysis has been
described abundantly in chlorophytes. However, only a few studies re-
ported the use of cyanobacteria for biohydrogen production using
direct-biophotolysis [125]. The process starts with the capturing of light
energy which is used for splitting water molecules inside the cells. This
step of photolysis is facilitated by the PSII present in the chloroplast
under anaerobic conditions. Diving deep into the biochemistry, for both
green algae and cyanobacteria, the photosynthetic pigments are asso-
ciated with two protein complexes, i.e., PSI (plastocyanin-ferredoxin
oxidoreductase) and PSII (plastoquinone oxidoreductase). The antenna
pigments capture the excitation energy from the photon source and
transfers it to chlorophyll reaction center [121]. The chlorophyll reac-
tion center is the one where the primary charge separation and forma-
tion of strong oxidants and reductants take place. Due to charge
separation strongly oxidizing cation radical Pggy*, which further cata-
lyzes the water oxidation through a series of redox active components
including Mn tetramer complex Mn4O4Ca of the oxygen evolving com-
plex of PSII. The electrons released are then relocated via a unidirec-
tional electron transport chain from PSII to PSI and finally to
iron-sulphur protein, ferredoxin (Fd), which is the terminal electron
acceptor [125]. This transport involves various electron transporters,
including plastoquinone (PQ), cytochrome bef complex (Cyt bef), and
plastocyanin (PC). Depending on the cell’s requirement, ferredoxin
undergoes two fates. In the case of photosynthesis, the electrons are
transferred from Fd to NADP to form NADPH by the enzyme
ferredoxin-NADP-reductase. This NADPH, along with ATP, powers the
Calvin-Benson Cycle. In the case of hydrogen production, ferredoxin
donates the electrons to the hydrogen-producing enzymes hydro-
genase/nitrogenase [121]. The electron transportation chain via the PQ
pool forms a proton gradient in the thylakoid membrane’s luminal side
and generates a proton motive force to run the ATP-synthase to produce
ATP molecules.

2H,0-"0, 4HF 4 e + 0, (AG® =749 KJ mol ) m
H; dmg_énase
4HY +de™ + Ferq — =" OH, + Fe,, )

3.1.1.2. Indirect biophotolysis. Indirect biophotolysis differs from direct
biophotolysis mainly on the ground of proton and electron sources. In
case of indirect biophotolysis, the protons and electrons are not gener-
ated through the splitting of water; instead, they are obtained from
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hexose sugar that was fixed through Calvin-Benson Cycle. Here the
NADPH is generated via the process of glycolysis [97]. This NADPH
directly reduces the PQ pool with the help of NADP/H-plastoquinone
oxidoreductase (NPQR). It also reduces ferredoxin, which like in the
case of direct biophotolysis, transfers it to hydrogen evolving enzymes
for hydrogen production. Indirect biophotolysis comes with the advan-
tage of protecting the nitrogenase enzyme from being inhibited by ox-
ygen [121]. The biochemical mechanism of indirect biophotolysis is
divided into two phases: (i) aerobic phase, in which the water and light
energy is utilized to form carbohydrates (ii) anaerobic phase in which
shortage of oxygen causes the electron transport chain to disfunction,
and therefore the low potential electrons are released via catabolism of
the stored carbohydrate.

Sunlight

12H,0 + 6CO, + ———C¢H,,0¢ + 60, + 6H,0 3)

Hydrogenase

Ce¢H;206 + 12H,0 + Fe,eq 12H; + 6CO, + 6H,0 4

Among both the processes mentioned above, indirect biophotolysis
holds the upper hand over direct biophotolysis [125]. This is because,
firstly, indirect biophotolysis results in a much better yield of hydrogen
when compared to direct biophotolysis. Cheonh et al. mentioned that
through indirect biophotolysis, a biohydrogen synthesis rate of 0.355
mmol Hy/h for a 337 m® bioreactor was achieved, whereas through
direct photolysis, synthesis rate of only 0.07 mmol Ha/h could be ob-
tained that too in a 1707 m® bioreactor. Secondly, the oxygen evolved
from photolysis does not interrupt the production process and can be
separated easily from the hydrogen produced [126]. Thirdly, the
by-products of indirect biophotolysis can be converted in to hydrogen,
which makes the process economically more efficient when compared to
direct biophotolysis [127]. The cost of biohydrogen produced via indi-
rect biophotolysis is lower compared to direct biophotolysis which is one
of the most significant factors. Based on studies reported to date,
hydrogen production via direct biophotolysis costs between $2.13 kg !
to $7.54 kg~!, whereas that of indirect biophotolysis reaches around
$1.4 kg’1 [23]. Nevertheless, a high input of ATP and a continuous
requirement of light remains a question for the economic viability of the
indirect biophotolysis approach [23]. Also, the efficiency of indirect
biophotolysis is lower as compared to direct biophotolysis due to the
involvement of multiple steps [103].

3.1.2. Fermentation

The term “fermentation” refers to the process of producing energy
from the oxidation of organic waste materials using a variety of different
microorganisms. Fermentation process is divided into two types
depending on the use of light energy to carry out the process [16]. As the
name implies, light-dependent fermentation process is called photo-
fermentation, whereas, the light-independent process is called dark
fermentation [128]. Photofermentation occurs in case of purple sulphur
and purple non-sulphur bacteria. On contrary, dark fermentation has
been found successfully in algae, bacteria as well as in some fugal strain.

3.1.2.1. Photofermentation. Anoxygenic photosynthetic purple sulphur
and purple non-sulphur bacteria are well known for their ability to
produce hydrogen in large amount from endogenous organic substrate.
Like algae, they too utilize photonic energy to carry photosynthesis
[129]. The photosynthetic machinery of photosynthetic sulphur bacteria
is located in the cell membrane. The electron transfer in these organisms
takes place in cyclic mode. Also, the reductant for carbon fixation is
extracted from organic and inorganic compounds in sulphur and
non-sulphur bacteria, respectively [130]. These bacterial species possess
both hydrogenase and nitrogenase enzymes, however, for
photo-mediated hydrogen production nitrogenase is the preferred
enzyme. As photosynthesis in these bacteria does not evolve oxygen, the
activity of the enzyme remains unhindered. This process however is not
energy efficient as for every one molecule of hydrogen released, four
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ATP molecules are invested [131].

Light,PNS and [Fe—Fe|]—Hydrogenase

CH;COOH + 2H,0 + Fe,q
+ 6H,0

12H; + 6CO,

()

3.1.2.2. Dark fermentation. Dark fermentation is a photon energy in-
dependent process. This method uses bacterial species to break down the
polymeric compounds like carbohydrates, proteins, and lipids of the
algae cells to release hydrogen [125]. Herein, macroalgae is preferred
over microalgae due to their high carbohydrate content. The carbohy-
drate content of macroalgae varies among 25-60% in Rhodophyta (red
macroalgae), 30-60% in Chlorophyta (green macroalgae), and 30-50%
in Phaeophyta (brown macroalgae) [132]. The carbohydrates from
algae are extracted as fermentable sugars and utilized as a substrate to
produce biohydrogen. Theoretically, for every glucose molecule
metabolized to pyruvate, 2 mol of hydrogen can be produced during the
subsequent regeneration of the NADH.

Pyruvate + CoA — Acetyl — CoAH + Formate (6)

Fermenatative bacteria

CsH;206 +6H,0 + Feyeq 12H, + 6CO, + 6H,0 (@]

Margareta et al. suggested dark fermentation as a sustainable and
promising method for biohydrogen production in macroalga, Ulva sp.,
using the bacterium Clostridium butyricum. Under optimized conditions,
in a continuous fermentation mode, they obtained the highest hydrogen
productivity of 782.45 mL™'L 'h~! and a yield 1.52 mol Hy/mol hexose
[133]. Apart from this, brown macroalga Laminaria sp. and red macro-
alga Gelidium have been reported as potential macroalgal candidates for
biohydrogen production [95,134]. Cyanobacteria, Anabaena PCC 7120
was also tested for its capability to produce hydrogen by the process of
thermophilic dark fermentation using high temperature resistant mixed
microflora [135]. The study reported the production of 1600 mLL ™! of
hydrogen upon using amylase pretreated biomass. Another study re-
ported microchlorophyceae, Spirogyra, as a potential feedstock for
hydrogen production. Two-step acid pretreated crude biomass of
Spirogyra gave a daily equivalent of 10.4 LH,L ™! of the biomass by
employing Clostridium butyricum [136]. Dark fermentation is considered
a budding mechanism for producing biohydrogen using algae and cya-
nobacteria. The anaerobic conditions in the dark fermentation process
constitute a promising condition for supporting the activity of catalyst
for [NiFe] hydrogenase as well as for [FeFe] hydrogenase, resulting in a
comparatively higher hydrogen evolution [137]. Additionally, the
method displays future scope to be economical with few optimizations,
as there is no investment in terms of light energy, and the process also
gives valued by-products such as butyric acid, lactic acid, and acetic
acid. Nevertheless, dark fermentation is accompanied by a few short-
comings, including lower yield and the additional cost of separating
hydrogen from carbon dioxide. The results of the investigations on Hy
production using algae are summarized in Table 1.

3.1.3. Mechanism of hydrogen production in green algae and cyanobacteria

3.1.3.1. Mechanism involved in green algae. The mechanism of hydrogen
evolution in green algae is dependent on the fermentative pathway,
which comprises of two light-dependent and one light-independent
pathway. [119,120]. These pathways are operated in the presence of
two classes of unidirectional hydrogenases, i.e., either [Fe] hydroge-
nases or [FeFe] hydrogenases [137-152]. In case of the first
light-dependent pathways, electrons are generated by the photolysis of
water molecules at PSII and are transferred through the electron trans-
port chain to Fd. Once the Fd gets reduced, it donates the electrons to the
hydrogenase enzyme, which then catalyzes the evolution of hydrogen
following the mechanism indicated in equation-8:
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Table 1

Numerous studies on algae involved in different modes of H, production and the corresponding cumulative H, yields under the optimized conditions.
Sr. Name of the Algae Methods of Hy pH/Temperature H, yield/cumulative Hy Ref.
No. production
1 Echeumaspinosum — 37 °C Temperature 21.58 + 1.59 L/L-d [138]
2 Chlamydomonas reinhardtii and Chlorella Photoproduction - 108 + 4 pmol L ™! and 88 + 7 pmol L! [139]

sorokiniana respectively
3 Dunaliella primolecta Dark fermentation 85 °C Temperature 192.35 mL/g VS [140]
4 Ulva reticulate Dark fermentation pH 7.5, temp 37 °C 92.5 mL Hy/g COD [96]
5 Chaetomorpha antennina Dark fermentation pH 6.8, Temp 35 °C 74.5 mL/g COD [96]
6 Chlorella vulgaris Dark fermentation pH 5.5Temp, 35 °C 190.90 mL Hy/g-VS. [141]
7 Microcystis aeruginosa Dark fermentation pH>7 35 mL/g (dw) [142]
8 Padinate trastromatica Dark fermentation pH 6.5 78 + 2.9 mL/0.05 g (VS) [143]
9 Tetraspora sp. CU2551 Photobiological method pH 6.5 35.1 pmol/mgdw [144]
10 Chlamydomonas reinhardtii Photoproduction pH 6.5-7.0, temp. 24 °C 200 mmol m~2 [145]
11 Scenedesmus sp. and Chlorella sp. Dark fermentation pH 7.2, temp 37 °C 37.7 £ 0.4 mL/g (VS) [146]
12 Chlorella vulgaris MSU-AGM 14 Dark fermentation pH 7.66, temp 37 °C 12.6 mL H2/g volatile solids [147]
13 Chlorella sorokiniana Dark fermentation pH, 6.5Temp 60 °C 958 dm®/kg [108]
14 Anabaena PCC 7120 Dark fermentation pH 6.5 and Temperature 60 1926 mL/L [135]
°C
15 Chlorella vulgaris Dark fermentation pH7.0 43.1 mL Hy/g dw [148]
16 Arthrospira (Spirulina) platensis Hetero-fermentation pH 6.5, temp 35 °C 92.0 mL Hy/g-dw [149]
17 Chaetomorphasp. GAF 99 Dark fermentation —temp 23.2 °C 30 mL [150]
18 Dunaliella tertiolecta and Chlorella vulgaris Photoproduction PH 7.66, temp 32 °C 12.6 mL Hy/g (VS) and 10.8 mL Hy/g (VS) [151]
respectively
2H*Y +2¢” —H, 8 another condition, some of the electrons from Fd are retransmitted to

In another light-dependent pathway, electrons are generated through
the breakdown of the cell’s endogenously reserved compounds such as
carbohydrates or lipids. When these stored carbohydrates are catabo-
lized, they produce NAD(P)H molecules. These molecules of NAD(P)H
generated are further oxidized using the enzyme plastoquinone reduc-
tase (NPQR), causing the release of electrons, along with protons and
NAD (P") [73]. These electrons released are then introduced into the
electron transport chain, which thereafter reduces Fd, and subsequently
activates hydrogenase and generates hydrogen using the same reaction
as shown in equation 1.

Green algae follow a light-independent pathway when it is grown in
dark anoxic conditions. Under such conditions, endogenously stored
starch is catabolically utilized to maintain an alga’s metabolism [118].
Here, the electrons for reducing the Fd are derived from pyruvate, and
the step is facilitated by Pyruvate: ferredoxin oxidoreductase (PFR1). As
the process takes place under dark and anoxic conditions, fermentation
products like format, acetate, ethanol, and conceivably hydrogen are
produced [153]. Furthermore, numerous studies are still being under-
taken globally to look into the genetic basis of hydrogen synthesis. Genes
like hydrogenase A, sulfate permease [154,155], pyruvate formate lyase
[156], isoamylase [157], etc. were identified to be associated with the
process of hydrogen production in algae. In their report, Xu et al. sug-
gested that to understand the underlying mechanism effectively, more
intense studies should be deployed using the omics approach to uncover
the pathway components regulating the mechanism [68].

3.1.3.2. Mechanism involved in cyanobacteria. The hydrogen production
mechanism in cyanobacteria depends mainly on the enzymes hydroge-
nase and nitrogenase. Hydrogenase is presented as two different classes,
i.e., (i) uptake [NiFe] hydrogenases and (ii) bidirectional/reversible
[NiFe] hydrogenases. All nitrogen-fixing cyanobacteria studied to date
possess uptake hydrogenase, whereas bidirectional hydrogenase exists
in nitrogen fixer as well as in non-nitrogen fixer strains of cyanobacteria
[158]. Nitrogenase ([MoFe] nitrogenase), on the other hand, is found
exclusively in nitrogen-fixing cyanobacteria. Cyanobacteria use two
different sources as electron donors, i.e., water and stored organic
compounds (glycogen, a product of the Calvin Cycle). In one of the
pathways for hydrogen production, the enzyme bidirectional [NiFe]
hydrogenase accepts these electrons at the level of NPQR. If the elec-
trons are not diverted to NPQR, they are then directed to Fd [154]. In
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NPQR via cyclic electron flow. Under dark and oxygen deficient condi-
tions, the photosynthetic electron transport chain becomes inactive, and
NAD(P)H is generated through the catabolism of endogenous stored
glycogen. This glycogen is further oxidized by the enzyme NPQR to
generate electrons which will be essential for producing hydrogen
[117]. The bidirectional [NiFe] hydrogenase is a multi-meric enzyme
that contains four to five distinct subunits. The presence of these sub-
units may, however, vary among different species. Bidirectional [NiFe]
hydrogenase is a product of the hoxYH gene and is brought to maturity
with the help of the hyp group of proteins [159]. It is located in the
cytoplasmic membrane, and being bi-directional, it is capable of pro-
ducing as well as up-taking hydrogen. Net productivity of hydrogen by
bidirectional [NiFe] hydrogenase is better than the other two catalyzing
enzymes [160]. Fig. 3 illustrates the bio-hydrogen generation pathways
using algal biomass under different modes [125].

The second enzyme, uptake [NiFe] hydrogenase, is the product of
hupSL gene and has the capacity to oxidize hydrogen. This hydrogenase
is located in the heterocyst of filamentous cyanobacteria, where they are
found to be embedded in the thylakoid membrane [161]. In cyanobac-
teria with uptake hydrogenase, the process of oxyhydrogenation is
accomplished by this hydrogenase, which shuttles the electron from
hydrogen to reduce oxygen in the process of respiration. Being unidi-
rectional, it is not involved in the production of hydrogen [122].
Therefore, the net hydrogen production in cyanobacterial strains with
only uptake hydrogenase lands at zero. The unidirectional reaction
catalyzed by the enzyme uptake hydrogenase is shown below in
equation-9:

H, - 2H" + 2e” 9

The nitrogenase enzyme is located in the heterocyst of filamentous
cyanobacteria. This enzyme plays a major role in fixing atmospheric
nitrogen into ammonia and nitrogen [162]. Under nitrogen starved
conditions, these nitrogen-fixing species of cyanobacteria produce
hydrogen gas

16ATP + 16H,0 + N, + 10H" + 8¢~ —16ADP + 16Pi + 2NH; + H,
(10)

as a by-product of the fixation process. The reaction catalyzed by
nitrogenase is shown in equation-10:

The electrons and the ATP molecules required by the nitrogenase
enzyme are fetched either from the photosynthetic electron transport
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Fig. 3. Conceptual illustration of the bio-hydrogen generation pathways: (a) biophotolysis, (b) photofermentation. (c) DF (dark fermentation), PSI represents
photosynthesis system 1, PSII is photosynthesis system 2, Fdox is the oxidized Ferredoxin, and Fdred is the reduced Ferredoxin [adapted from [Ref. 125 open ac-

cess CCBY].

chain or from the breakdown of stored carbohydrates. Nitrogenase
consists of two subunits: (i) dinitrogenase and (ii) dinitrogenase reduc-
tase . Dinitrogenase is a heterotetramer and functions by cleaving ni-
trogen atoms. It is a translated product of the nif D and nif K genes. In
contrast, dinitrogenase reductase is a homodimer that acts as a mediator
during the electron transportation from ferrodoxin/flavodoxin to dini-
trogenase [163]. For this reason, the electron obtained from oxidations
are initially transmitted to NPQR or FNR (ferrodoxin NADP" Oxidore-
ductase) and then forwarded to the electron transportation chain at PQ.
The enzyme, FNR, is also capable of unswerving the transportation of
electrons to nitrogenase. Apart from this, the reducing power that is
spent on the production of hydrogen during the process of nitrogen
fixation may be recovered using the uptake [NiFe] hydrogenase which
facilitates the consumption of hydrogen [164]. These electrons that
were gained during the uptake of hydrogen by the hydrogenase are
recycled and directed back into the electron transport chain. In addition
to this, the enzyme cytochrome c oxidase can also utilize these electrons
to reduce molecular oxygen into water molecules. The electrons can also
be redirected to nitrogenase past the PSI and Fd (heterocyst-specific)
[162]. This hydrogen production process is energy-intensive, as for
every electron to be transferred; the pathway utilizes two molecules of
ATP. One major drawback associated with nitrogenase enzyme is its
sensitivity to oxygen. Under oxygen stress condition, proteolysis of the
subunits of the enzyme takes place, as a result of which nitrogenase
synthesis gets hampered and further leads to the lack of respiratory
substrates and reductants that are must for the fixation and assimilation
of nitrogen [164]. As hydrogen is the byproduct of the nitrogen fixation
process, suppression of the fixation process also hampers the hydrogen
evolution [164].

To overcome this shortcoming the cyanobacterial cells develop
specific mechanism which make use of compartmentalization to carry
out the process of oxygen evolution in one cell and that of hydrogen
evolution in other cells (i.e., heterocyst) [165]. To elaborate this,
photosynthetic electrons transportation in cyanobacteria occurs in the
presence of sunlight, water and carbon dioxide. In the presence of a
photon source, PSII complex in the cyanobacterial facilitates the
breakdown of water molecule and releases oxygen [87]. This process is
followed by synthesis of carbohydrate through Calvin cycle. The car-
bohydrate produced is then transferred to the heterocyst cell where
glycolysis facilitates the release of energy rich ATP and NADPH mole-
cules [121]. Heterocyst in cyanobacteria lacks PSII and as a result of
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which even though light and water is available photolysis of water does
not take place. Therefore, here the electrons required for the electron
transport chain is derived from the carbohydrate produced during Cal-
vin cycle [121]. The electron transport chain in heterocyst starts with
PSI and ends at ferredoxin. Electron from the ferredoxin complex is fed
to the nitrogenase enzyme, present only in heterocyst, and which further
accomplishes the process of nitrogen fixation with evolution of
hydrogen [166].

The efficiency of biohydrogen production using cyanobacteria has
been investigated in many studies. Rather et al. isolated a cyanobacterial
strain (Cyanothece sp. ATCC 51142) from the subtidal sands of the texas
gulf coast in order to study and understand its potency in producing
hydrogen. They found that the strain Cyanothece 51,142 had an inherent
property to produce hydrogen aerobically and was also flexible to be
grown phototrophically and mixotropically. Both hydrogenase and
nitrogenase enzymes known for producing biohydrogen, were present in
the isolate Cyanothece 51,142 [167]. Pansook et al. illustrated the
mechanism of hydrogen production in halotolerant cyanobacterial
species, Aphanothece halophytica. Under dark conditions, A. halophytica
displayed a significant rise in hydrogen production compared to cells
grown in the presence of light [89].

4. Role of nanomaterial to improve algal biohydrogen
production

Low production rate and yield are considered to be two main causes
towards the sustainable biological hydrogen production. Herein,
incomplete reaction, low efficiency of participating enzymes, partial
conversion of substrate as well as high acidic pH of the fermentation
medium are the leading issues. To resolve these issues, utilizations of
nanocatalysts has been proposed as one of the potential alternate along
with various other sustainable approaches such as pretreatments, opti-
mized bioprocessing & operations, co-fermentation and genetic engi-
neering [168,169]. Nanomaterials are well known for their unique
physicochemical properties such as high surface area to volume ratio,
and quantum confinement. Since co-factors play essential roles in the
management of the biohydrogen production process, which is an
enzyme-mediated process, and because co-factors are typically metals
by nature, nanocatalysts derived from these metals have the potential to
enhance the entire Hy production process by altering the molecular
functions of enzymes [170]. Enhancing the biological hydrogen (Hy)
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production process employing nanomaterials in the form of nano-
catalysts may result in improved production technology and is a po-
tential strategy. Nanomaterials such as metallic, metal oxides, carbon
nanotubes, nanofibers, and nanocomposites have been reported to
accelerate algal based biohydrogen production process [171-174].
When producing biohydrogen, nanocatalysts may modulate the intra-
cellular participating enzymes of microorganisms as well as their
metabolic activity. In addition to improving enzymatic efficiency,
nanomaterials may change the production and activity of the enzymes,
speeding up the process of producing hydrogen [172-174].

4.1. Mechanism of nanomaterials induction in biohydrogen production

Nanomaterials are well known for their potential use in accelerating
biohydrogen generation because of their impact on metalloenzymes
(cofactor), intracellular electron transport, and microbial growth rate
[175]. Nanomaterials are able to easily interact with microbial cell
walls, internalize, and consequently dramatically alter the microbial
metabolism because of their extremely small size, large surface area,
presence of surface charge and strong penetrating efficiency [176].
Reactive oxygen species (ROS) can be tailored once nanomaterials are
entered the microbial cell, providing a more favourable environment for
fermentative microorganisms involved in the synthesis of biohydrogen,
including the induction of biohydrogen-producing enzymes [171].
Through binding to the active sites of the enzymes, nanomaterials act as
a catalyst and are anticipated to activate the function of hydrogenase
and nitrogenase, two crucial enzymes in the production of hydrogen
[177]. In order to function effectively and sustain their structural
integrity, hydrogenase and nitrogenase enzymes need the metallic
co-factors iron and nickel in their active sites [177]. In this scenario,
nanomaterials function as a cofactor to increase hydrogenase enzyme
efficiency (sensitive to oxygen and impeding large-scale application)
and speed up the process of Hy generation [174]. Fig. 4 explores a

\ Hydrogenase
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general mechanism of improved biohydrogen production in presence of
nanomaterials [174].

Because Fe2" is a crucial component of the hydrogenase active core,
it has been reported in the literature that Fe?* could increase hydroge-
nase activity [171-178]. Similarly, Elreedy et al. reported the enhanced
activity of dehydrogenase enzyme involved in Hy production via the
application of Ni NPs. This led to a maximum H; yield of 130 6.0 mL/L
and a 30% improvement over the control at doses of 20 mg/L NiO NPs
[179]. In a similar study, Pandey et al. investigated the impact of TiO5
NPs on the hydrogenase enzyme. The obtained results demonstrated
1.54 times greater Hy generation when 60 g/mL of TiOy nanoparticles
were employed [180]. Another important enzyme in hydrogen
fermentation is pyruvate ferredoxin oxidoreductase (PFOR), which
catalyzes the conversion of pyruvate to reduced ferredoxin and
acetyl-CoA. Given that this enzyme’s active core contains three (4Fe-4S)
clusters, the application of nanomaterials like Fe’ NPs may promote
PFOR activity [181]. Nanomaterials also enhance the rate of electrons
transfer at microbial interfaces because of its characteristic to bind to the
active site of the enzymes. As a result of their high interfacial area and
quantum size, ferredoxin oxidoreductase functions more speedily. Thus,
increase in Hy production during the DF process is primarily due to the
ferredoxin oxidoreductase’s enhanced activity [174]. As per the findings
of previous studies, two pathways have been discussed for the produc-
tion of hydrogen via glucose fermentation [109,174,182]. First one is
being formate Hy production in which formate is broken down via the
protein formate hydrogen lyase. While in the second case, reduced
NADH dependant hydrogen production method has been discussed
[109,177]. In the latter case, the formation of Hy is aided via hydroge-
nase enzyme, where the re-oxidation of NAD is observed. Further,
nanomaterials supplementation accelerates the production of acetate
and delays the concentration of C;HsOH in DF [177].

The enhanced photocatalysis induced by nanomaterials is also
believed to be responsible for improved photo-fermentation of organic
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compounds, which results in higher hydrogen production. By increasing
the transfer of e—between the nanomaterial and the e-acceptor and by
attaching to the active site of the nitrogenase enzyme, which catalyzes
the biohydrogen generation, nanomaterials have the potential to in-
crease the yield of photo-fermentative biohydrogen production [39]. In
addition photofermentation rely on the ability of the enzyme system to
metabolize light into energy is also a factor in biohydrogen production.
The photofermentation ability of bacteria to convert light into energy
can be accelerated by nanomaterials like TiO3, ZnO, and SiC, which also
supply the energy needed to generate biohydrogen [183]. When TiO5
nanoparticles dosage was at its optimum, Rhodobacter sphaeroides
NMBL-02 mediated photofermentation showed a 1.54 fold increase in
Hj production [180]. Liu et al. also investigated the effects of TiO,, ZnO,
and SiC nanoparticle addition on the increased photo-fermentative
hydrogen production by Rhodopseudomonas sp. strain A7. It was
revealed that Rhodopseudomonas sp. strain A7 could only produce 1860
mL-Hy/L of cumulative hydrogen in the absence of nanomaterials.
However, all three of the nanoparticles showed a considerable
improvement in cumulative hydrogen. TiO (300 mg/L), ZnO (100
mg/L), and SiC (200 mg/L) supplements could increase the total
hydrogen to around 2174, 1919, and 2272 mL-Hy/L, respectively.
Consequently, incorporating nanoparticles into the process is a possible
way to increase the production of photo-fermentative hydrogen [183].
Because of the presence of more reactive sites on the surface of nano-
materials, the adsorption effectiveness is also increased, which enhances
photocatalysis. Additionally, the accelerated electron transfer induced
by these nanoparticles to the enzyme system increased the productivity
and production of biohydrogen [177]. Furthermore, nanomaterials that
increase the thermostability and pH stability of nitrogenase enzyme
generated by microorganisms make it easier to immobilize it. This
greatly supports bacterial growth under a variety of pH and temperature
conditions [174].

In addition to the fermentative process, nanoparticles in the case of
bio-photolysis boost the light absorption through photosystems found in
microalgae and cyanobacteria to decompose water into hydrogen.
Nanoparticles also have the ability to attach to the active sites of the
enzymes hydrogenase and nitrogenase, which allows them to accelerate
the rate of reaction and increase biohydrogen yield [180]. The reus-
ability of enzymes is also facilitated by the use of nanomaterials. As a
result, the process for producing biohydrogen is more efficient and
sustainable since enzymes are more capable of keeping their activity
even after repeated cycles [171,173]. However, previous research re-
ports indicate that, rather than increasing hydrogen production, an
excess of nanomaterials has a negative impact on hydrogen production
[177,184]. This suggests that high concentration nanomaterials can
reduce the activities of enzymes (hydrogenase) as well as their metabolic
pathways that ultimately affect the hydrogen generation. Therefore, Hy
production is found to depend considerably on the nature of nano-
materials as well as their concentration. In this context, Yin and wang
illustrated an enhanced production of biohydrogen using macroalgae
(Saccharina japonica) as a substrate and by employing Fe’NP (zer-
o-valent iron nanoparticles) in dark fermentation. The obtained result
showed 6.5 times enhanced hydrogen production compared to the
control experiment [171]. This enhancement in Hy production was
supposed to be because of favourable condition for dark fermentation
due to the application of Fe0 NPs. Herein, Fe® NPs is a type of reducing
agent, and when it react with oxidants present in the broth it resulted
reduced oxidation-reduction potential (ORP) and producing more
favourable condition for hydrogen production [171]. Furthermore, Fe°
NPs plays important part in gene expression and for enzyme production
which is essential in hydrogen generation. When Fe’NPs supplemented
into the fermentation medium, corrosion effect may occur via the for-
mation of ferrous ions (Fe>") as well as ferric ions (Fe>"). Further, Fe®*
could stimulate the gene expression of enzyme such as hydrogenases and
dehydrogenase [171,181]. Moreover Fe2" also assists as critical proteins
employed in hydrogen-producing metabolism, such as ferredoxins and
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various hydrogenases. Besides, iron also eliminates the sulphides, which
act as an inhibitor for hydrogen production in dark fermentation.
However, on increasing the Fe® NPs dose beyond the optimum, it
decreased both cumulative hydrogen production and hydrogen yield,
indicating the decrease in pH induced by the accumulation of acetate
with surplus Fe® NPs [184]. In addition, Zaidi et al. reported improved
hydrogen yield using green algae Enteromorpha by employing combined
microwave (MW) pretreatment and iron oxide nanoparticles (Fe3Og4
NPs). It was noticed that the combined treatment could provide biogas
amounts and hydrogen (% v/v) of 328 mL and 51.5%, respectively. In
this study, it was illustrated that the cell wall of Enteromorpha composed
of cellulose and hemicellulose exists in the internal layer gets dissolved
by the application of Fe304 NPs and improves the hydrolysis stage as
well as the lag time to produce a high amount of biohydrogen [169].
Similarlly Zaidi et al. studied the impact of metal (NiCo) and metal-oxide
(Fe304 and MgO) nanoparticles on biogas as well as hydrogen produc-
tion employing green microalgae Enteromorpha. The obtained result
showed that Ni-NPs give rise to improve biohydrogen i. e, 51.42% fol-
lowed by Fe304 NPs, 44.61% as compared to the control. According to
the findings, applying NPs causes higher cell wall disruption and the
breakdown of glycoproteins, carbohydrates, and cellulose when
compared to a control, which boosts the production of biohydrogen
[169]. Srivastava et al. reported nickel ferrite nanoparticles (NiFepO4
NPs) induced enhanced production of cellulase enzyme by employing
cyanobacteria Lyngbya limnetica as substrate [173]. The results showed
that crude cellulase stabilized with NiFe,O4 NPs had improved enzy-
matic hydrolysis, indicating that nanomaterials have a major impact on
enzyme enhancement and consequently increase the rate of hydrogen
production [173]. Zhao et al. used the co-digestion of dry lake algae to
study the effect of nano zero valent iron (NZVI) on dark fermentative
biohydrogen generation. The obtained results exhibited that 10 mg.
gTS~! addition of NZVI enhanced the co-digestion process, with the net
hydrogen yield augmented by 29.20%-40.04 mL.gVS ™, in comparison
to the control. However, by further increasing the dosages of NZVI from
20 to 40 mg. gTS™}, the cumulative yield of hydrogen was reduced to
14.77 and 5.37 mL.gVS’l respectively [170]. When NZVI was admin-
istered in doses of 10 mg. gTS™!, both protein and carbohydrate
breakdown rates reached their maximum levels. The results showed that
adding NPs NZVI up to the optimum dosages boosted the microbial
activity and metabolic activity of the dehydrogenase enzyme in the
anaerobic reaction system, increasing hydrogen yield [170]. However,
NPs that are added in excess of the optimum dosage are hazardous to
microorganisms and stop their growth [170,185]. According to the
findings of the studies stated above, nanomaterials are highly capable of
supporting cutting-edge methods for producing biohydrogen. In this
approach, the application of NPs might considerably result in increased
enzyme activity as well as its dependability for boosting the generation
of biohydrogen in a specific manner. Some of the studies and their re-
sults on the use of nanomaterials to enhance algal biohydrogen pro-
duction are listed in Table 2.

5. Future prospect

Complete dependency on fossil fuels is insufficient to meet the rising
demand for energy and to prevent severe environmental effects
including environmental contamination. There is an urgent need to
develop sustainable technology which can be implemented commer-
cially at a low cost. Biohydrogen production from algal wastes is one
promising approach towards the development of economic biofuels on a
practical scale. The primary benefit of producing biohydrogen is that no
harmful byproducts are created, and as a result, demand for this form of
energy is constantly on the rise. The biggest barrier to the economic and
commercial viability of this field, however, is a number of significant
production yield and rate concerns. Since biohydrogen production is an
enzyme-mediated process, the efficiency of the enzymes hydrogenase
and nitrogenase is the main determinant of the process. Algal diversity
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Table 2
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Studies on nanomaterials and its optimum dosages used to improve the algal biohydrogen production along with corresponding cumulative H, yields under the

optimized conditions.

Sr. No. Name of algae Type of H, Production Nanomaterials/Concentration H, yield/cumulative Hy Ref.

1 green algae (Enteromorpha) Dark fermentation Fe304 NPs - [169]
2 Taihu Lake algae Dark fermentation Nano zero valent iron (NZVI)/10 mg.gTS’1 40.04 mL.gVS’1 [170]
3. Saccharina japonica Dark fermentation Fe® NPs/200 mg/L 20.25 mL Hy/g [171]
4 Lyngbya limnetica Dark fermentation NiFe,04 NPs/1.5% 1820 mL/L [173]
5 Chlamydomonas reinhardtii CC124 Photofermentation Silica NPs/60 mg/L 3121.5 + 178.9 mL [186]

may provide various hydrogenase and nitrogenase enzyme-producing
genes capable of withstanding higher temperatures and pH tolerance.
Thus, research investigations based on in-depth molecular analysis may
provide an opportunity to develop various stress-tolerant hydrogenases
and nitrogenases. Furthermore, the effectiveness of enzymes that pro-
duce hydrogen can be improved by the introduction of nanomaterials.
However, thorough and in-depth investigations dealing with the inter-
action of nanomaterial with enzyme systems at the biochemical and
molecular levels are needed in order to develop this method on an
economic scale. Additionally, the characteristics of using nanomaterials
as nanocatalysts may improve the process mechanism and its economy,
according to a number of literatures. However, influence of nano-
materials on the structure and dynamics of microbes has to be given
more attention. Deep understanding on the technical obstacles related to
commercial uses of biohydrogen production is also crucial. Reusing the
nanomaterials that are used at each stage of the entire process is another
problem with this technique. To lower the overall cost, it is essential to
employ a green synthesis approach for the production of nanomaterials.
Furthermore, an understanding of algal cell wall organization is crucial
to improve enzyme amalgam for degradation of algal cell wall. More
investigations are needed to explore the sustainable integrated
fermentation refinery to expand the production efficiency in order to
increase the maximum H; yield. Subsequently, advanced familiarity of
the algal physiology in the process of anoxic hydrogen production is
vital, and focused research is required in order to practically understand
this phenomenon. Also, the transformation due to technological ad-
vancements in the upcoming future could ease the problems related to
the commercial PBR design in addition to production of cost-effective
photobiological hydrogen.

6. Conclusions

This review emphasizes and gives a general overview of the diver-
sified groups of algae and the mechanism of biohydrogen production.
Additionally, it emphasizes how nanoparticles affect different bio-
hydrogen production processes. Based on the information available in
the aforementioned literatures, it was concluded that algae are
exceedingly varied, have the capacity to spread across a number of
habitats, and are polyphyletic in nature. These properties allow them to
contribute significantly to the production of biohydrogen, despite a few
limitations. Nanomaterials are crucial in enhancing this process in a
sustainable manner, which will help to address these limits. Employing
nanomaterials is intended to obtain a high yield of biohydrogen on a
practical scale. Nevertheless, this strategy is still in its infancy and needs
to be further investigated in order to close the present gap between its
practical uses and economic sustainability. Continuous investigation of
algal strains with desirable cellular composition, their lower production
costs, and the use of nanomaterials could help meet a considerable de-
mand for energy in the form of biohydrogen as a clean energy source in
the future.
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