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Abstract: With the increase in usage of bio-products of all sorts in the modern world, the waste
obtained during the production phases has been a major concern for over a period of time. The
accumulation of these wastage not only enhances various kinds of pollution, but also increases
the carbon footprint. Considering these negative impacts brought about by poor maintenance of
these wastages and advancements in the field of utilization of sustainable and renewable
energy, it is very important to produce bio-hydrogen due to the limitations of using industry-
produced hydrogen. Hydrogen, though having many advantages, like being environmentally
friendly and highly efficient when used as a fuel, has been neutralized by certain drawbacks
such as production of it in industrial set up is found to be expensive and the storage process is
tedious because of its flammable nature. Therefore, production of bio-hydrogen is found to be
vital. In our paper, we have touched upon various methods of preparation of bio-hydrogen from
the by-products of the farms such as corn stover, corn straw and rotten apple. Production of
bio-hydrogen from micro algae has also been stressed upon as it has been found be one of the
most efficient method. But, most of the analysis has been done on corn stover based on ambient
atmospheric conditions, factors that affect the process and comparison between photo
fermentation, dark photo fermentation and dark fermentation has also been judged as an
important criterion for enzyme saccharification. Another important method of production of
production of hydrogen using tequila vinasses in presence of charcoal by dark fermentation
process has also been reviewed in this paper

1. Introduction

In recent years, production of hydrogen from renewable resources has improved interest among different
types of hydrogen production [1]. China being one of the largest agricultural land has highest amount of
crop straw available all over the world. Cornstalk is very abundantly available biomasses on earth. It is
the main kind of crop straw, which is a part of lignocellulosic biomass [2]. Dark fermentation process is
focused on bio-hydrogen production from cornstalk, considering the research on photo-fermentation
process are scarce and less reports study about the two-step fermentation. Cornstalk contains compounds
such as hemicellulose, cellulose and lignin, are ones with high crystallization property, obstructing
microbial degradation and additional other fermentative hydrogen production, while manufacturing
process of the fuel from other sources depends on surrounding conditions [3].
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2. Methodology and Results of Production of Bio-Hydrogen from different sources

2.1. Synthesis from corn stover and corn straw

Improvement of hydrogen production from cornstalk is done by the pre-treatment conditions of Calcium
Hydroxide enzymolysis [4]. Orthogonal design method is used to optimization. With methods of dark,
photo, and two-stage fermentation, hydrogen is produced by using the cornstalk hydrolysate as a
substrate, and cow dung and mutant of Rhodobacter capsulatus used as inocula, respectively [5]. Energy
Sustainability Index (ESI) is used to examine the 3 different fermentation systems in order to choose a
production method which is efficient from the perspective of energy sustainability [6]. Ca (OH),
concentration, temperature and alkaline hydrolysis time required for sugar yield reduction were
examined based on the analysis. The results showed that the optimum formulation is A;BsC;, videlicet,
concentration of Ca (OH),- 0.5%, hydrolysis time- 1.5 h, and hydrolysis temperature of 390 K [7]. The
three factors which affected the production are ordered: Calcium Hydroxide concentration > hydrolysis
time [8]. This implies that time required for hydrolysis reflects the similar effect as temperature required
for hydrolysis. Surge in Calcium Hydroxide concentration above 0.5%, there is no increase in the
amount of sugar release [9].

The objective now is to investigate the enzymatic saccharification, structural characteristics and bio-
hydrogen production efficiency of straw biomass due to various pre-treatment methods. Substrate and
inoculum used in this method are Corn straw and Photosynthetic bacteria HAU-M1 respectively [10].
Acid-heat and alkali-heat, hydrothermal, alkali and acid treatment are the different pre-treatment
methods used in the process. Pre-treated corn straw was used to conduct the photo fermentation method
in order to achieve the bio-hydrogen production [11].

2.1.1. Pre-treatment effects on the Structural Characteristics of corn straw:

Cellulose of corn straw consists of amorphous and crystalline structures, which affects corn straw’
enzymatic hydrolysis. XRD analysis was used to observe the crystallinity of various pre-treated
specimens given. After observing all the samples given, around 26=18° we observe the trough, and
peaks of diffraction near 26=22° and 35°[12]. The positions of different peaks of pre-treated samples did
not have obvious change, whereas the intensities of these varied greatly, when compared with the
control [13]. These observations showed that the cellulose in crystalline form was not affected by pre-
treatment processes, whereas the cellulose structure changed in different degrees after various pre-
treatment processes. Particularly, the main peak’s intensity rose by 33.2% in comparison to the control
[14]. This implies that 2% concentration heat treatment with NaOH, broke the amorphous cellulose
chain of molecules effectively, making the order degree and the freedom of cellulose of amorphous
structure improved [15].

2.1.2. Effect of pre-treatment on the Enzymatic Saccharification potential of corn straw:

Glucose and Xylose are the main components in the enzymatic hydrolysate of corn straw, which are
respectively due to the dissolution of hemicellulose and cellulose [16]. The glucose concentration in
hydrolysate is higher than that of xylose in the pre-treated samples, because of the higher cellulose
content in corn straw than of hemicellulose [17]. From the observation, the reducing sugars
concentration in hydrolysate varied greatly according to the pre-treatment done. The concentration of
total reducing sugars from different pre-treated samples increased from 3.94¢g/L. to 23.07 g/L, and the
efficiency of sugar conversion varied from 7.9 to 46.1 percent [18].

2.1.3. Effect of pre-treatment on the Hydrogen Production Performance of corn straw:

To evaluate the corn straw hydrogen production performance, overall hydrogen yield is a main index
used for it. The cumulative hydrogen yield from different samples varied showed significant change as
seen from observation. 137.76 mL/g TS is the maximum hydrogen production achieved when corn
straw was pre-treated with 2% NaOH, which was 31.4% more the control (104.94 mL/g TS) [19].

It is quite important to have a comparison among the three types of fermentation, namely dark photo,
photo and dark fermentation, implemented for the production of bio-gas [20]. The corn stover is initially
pulverized and sieved through 60 mesh sieves. The cellulose, hemicellulose and lignin content in corn
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stover was found to be 38.53%, 22.74% and 10.73% [21]. The inoculants used were found to be HAU-
M1 and Enterobacter aerogenes. For the extraction of HAU-M1, bacterium such as Rhodospirillum
rubrum, Rhodopseudomonas capsulate are cultivated at a surrounding temperature of 30°C. The light
intensity was maintained at 35001x [22]. Certain salts were also added along with yeast to favour
fermentation. The Enterobacter aerogenes were found to be insensitive to light and supported anaerobic
fermentation [23].

Process Involved: In a batch of experiments, three reactors of glass of 200 mL volume were filled with 5
g of corn stover, 40 FPU/g of cellulose and 100 mL of citrus buffer. The container was then filled with
30% inoculum. HAU-M1 embedded with sodium alginate solution and Enterobacter aerogenes were
filled at a ratio of 3:1 [24]. Ambient conditions of pH, temperature and light intensity were moderated at
6.5, 35°C and 3500 Ix respectively. The three reactors were then initiated with the different fermentation
processes [25]. A micro-computer was used to determine the chemical composition and flow rate of
argon at 45 mL/min was used as the carrier gas. A formula, Y=C*V*100/m, where Y is reduced sugar
yield, C- concentration of the substrate, V- volume of the substrate and m- initial dry matter wight, was
deduced, using which the results were inferred [26]. Photo fermentation process recorded as the highest
producer of bio-hydrogen, with almost 59% of the fuel produced during it, followed by dark photo
fermentation [27]. Dark fermentation produced the least amount of bio-hydrogen. Large amount of
substrate was consumed by dark photo fermentation process, while photo fermentation consumed the
lowest amount of substrate during the procedure [28].

2.2. Synthesis from Micro-algae

There is a large amount of CO2 emitted in atmosphere due to the drastic augmentation in the energy
demand curve, caused to enormous fossil fuel utilization, due to which green energy, in particular,
hydrogen fuel is needed for the future [29]. Production of hydrogen through phototrophic
microorganisms (micro-algae) is implemented due to economic feasibility.

Photosynthetic synthesis of environmental output using industrial applications operates through Micro-
algae. The potential of micro-algae in the coming years is deemed to be higher, making it a higher-ranked
model for research as well as industrial purposes[ 30]. Similar to cyanobacteria, micro-algae as well as
dark fermented microorganisms could be adopted to manufacture bio-hydrogen [31].

Micro-algae are single or multi-cellular organisms, that can thrive in variegated biosphere and can be
cultivated in fresh, marine and wastewater. They consist about 50% of carbon by dry mass, which is
generally in the form of CO2. Synthesis of 100 gram of biomass of microbes can replace nearly 183 g of
CO2. They consist of 5 to 60 percentage of carbohydrates, 40 to 60 percentage of proteins, 5 to 10
percentage of nucleic acids and 8 to 30 percentage of lipids [32].

Algae has recently been considered to be the third-generation inexhaustible feedstock for a continual bio-
hydrogen formation. Microalgae have a greater probability of photosynthetic effectiveness and fertility
with less land area required for the survival. They have more probability to transform atmospheric CO2
into different varieties of organic amalgam [33]. They give out germane sources as unprocessed material
for the synthesis of bio-hydrogen. Several microalgae like Chlorella, Scenedesmus, Anabaena,
Synechocystis, Tetraspora harbour and Nostoc hydrogenase for the generation of the fuel [34]. The
procedures involved in production of bio-hydrogen from microalgae are Direct and Indirect Bio-
Photolysis. Hydrogenases and Nitrogenases are the couple of enzymes, that are important in cellular
machinery, which is accountable for production of bio-hydrogen in photosynthetic micro-algae [35].
Cyanobacteria and micro-algae undergo formation of Hydrogenase [36]. The structural variation, activity
and enzyme maturation of these hydrogenases formed can differ according to the species involved [37].
The commercialized production of hydrogen is pliable only if high bio-hydrogen production effectiveness
could be achieved at a low cost compared to the existing methods [38]. Photo-bioreactors are required for
production of bio-hydrogen by industrial methods using micro-algae, that are specific for their cultivation
[39]. The fundamental factors that influence the design of PBR are agitation, depth of tank, and right
supply of light energy. Generally, the algae growth in commercialized scale is proceeded in open ponds
[40].
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2.3. Synthesis from rotten apple
Another alternative method for synthesis of bio-hydrogen has been discovered from rotten apple. It has
been reported that around 10% to 15% of apples get rotten owing to growing, picking, transporting and
storage [41]. Direct disposal has been found to create a lot of environmental pollution, hence most of
them have been used in raising livestock and are also used in production of human food, which poses
greater threat to life of living beings. It is because of these reasons, synthesis of renewable fuel such as
bio-hydrogen has become very evident in yesteryear [42]. Catalyst used was found to be photo synthetic
bacteria (PSB) HAU-MAI1 for photo-fermentation process. The PSB is a mixture of three different
bacterium, Rhodospirillum rubrum, Rhodobacter capsulatus and Rhodopseudomonas palustric cultured at
a colorless bottle, which was inoculated at 20% [43].
Process Involved: The rotten apples were crushed and the juice was extracted. They were then sieved in
order to maintain same size of particles. The setup consists of incubator where, the PSB is regulated and
the hydrogen production reactor was placed inside it. An incandescent lamp is also placed for facilitating
photo-fermentation. Gas purifier, gas collector and gas chromatograph are used for analysis of the gases
emitted during the procedure [44].
Various parameters such as temperature, material to liquid ratio, light intensity and pH are varied in order
to find out the maximum efficiency. It was reported that 110.5 mL/g of bio-hydrogen was produced when
the light intensity was 3029 1x. The pH of the rotten apple was found to 7.14 while the material to liquid
ratio was 0.21. The setup was maintained at 30.46°C [45]. This was the maximum amount of fuel
synthesized from the devised setup. Fig. 1 depicts the process through which the fuel is extracted from
rotten apple

Fig. 1: Systematic representation of the process involved in extraction of bio-hydrogen from rotten apples

2.4. Synthesis from tequila vinasses

Similarly, Bio-hydrogen can also be produced tequila vinasses. Vinasses are the waste water remains
after the first distillation during the production of tequila [46]. There are around 10-12 liters of vinasses
produced per liter of tequila generated. This method was found be already in existence, but the output of
bio-hydrogen produced was found to be less, due to which there are certain amount of nutrients
expounded to the vinasses to increase the production of the fuel. Another important factor to be
considered is that this method of production is not economically viable when it will be tried to fit in as
an industrial setup [47].

Methodology: Two samples of vinasses were extracted. One was preserved at 4°C when centrifuged
within 10 days of collection [48]. Another sample was filtered using 0.45 micrometer pore and was
preserved at -15°C. The vinasses were then detoxified using activated charcoal, following which it is
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stored in a freezer until at use. The nutrient mixture consists of ammonium chloride,
Morpholineethanesulfonic acid, Magnesium Chloride, Iron Sulphate, Cobalt Chloride and Potassium
Iodide. These salts are maintained at hydrated condition. The inoculum for dark fermentation process is
powdered anaerobic green sludge [49]. All the components are mixed at a favorable ratio and are
fermented [50]. The bio-hydrogen fuel is then filtered from this substrate, while the nutrients are re-used
[51].

3. Conclusions

The reported pre-treatments efficiently break down corn straw composition and ameliorate the
saccharification of enzymes’ potential. The alkali-heat and pre-treatment depicted remarkable ascendancy
in the reducing sugars release, and the largest concentration of sugar which can be reduced was found to
be 23.07 gram per liter, which was validated under 2% of NaOH-Heat condition. The highest cumulative
hydrogen production of 137.76 mL per gram TS was achieved from 2% of NaOH pre-treated corn straw,
and 4% of NaOH-heat pre-treated corn straw had the lowest cumulative hydrogen production of 44.20
mL per gram TS.

It was also noted that photo fermentation process recorded the maximum production of bio-hydrogen
among the existing process, while micro-algae serve as a dependable source for constant synthesis [5-9].
Rotten apples and tequila vinasses are alternative methods, which are not completely implemented but
can be a great source for the future
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