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ABSTRACT

Aquatic weeds are well known for their fast growth rate and high carbohydrate content that
can be easily hydrolysed into fermentable sugars. This study was aimed at the utilization of
an indigenous aquatic weed, Pistia stratiotes for biohydrogen production through the dark
fermentation process. Characterization of the biomass, effect of pre-treatment methods on
biomass hydrolysis, effect of reactor operational conditions and type of inoculum on
enhancing hydrogen production potential of P. stratiotes was assessed. Physical and
chemical pre-treatments were employed on P. stratiotes biomass to increase digestibility
and to achieve high conversion rates of fermentable sugars. The highest sugar yield of 139+
0.8 mg/g was obtained when the oven dried biomass was subjected to H2SO4 (2.5%) pre—
treatment followed by autoclaving at 121°C for 30 min. Biohydrogen production under
different operational conditions was thereafter optimized using One—factor—at-a-time
(OFAT) batch experiments in 120 mL serum bottles. A maximum hydrogen yield (HY) of
2.46 + 0.14 mol-Hz/mol-glucose (3.51 + 0.20 mg-Hy/g-dry weight) and 2.75 + 0.07 mL ht
hydrogen production rate was observed under optimized conditions (pH 5.5, Temp 35°C,
S/X: 1.0 g-COD/g-VSS and HRT 8 h). The organic mass balance (92 — 96%) and electron—
equivalent balance (92 — 98%) further indicated the reliability of the obtained fermentation
data. Assessment of microbial activity was achieved using molecular techniques such as
quantitative polymerase chain reaction (qPCR) targeting both 16s rRNA (of Clostridium
spp., Bacillus spp., and Enterobacter spp.) and the functional hydrogenase gene (hydA). The
highest gene activity of hydrogenase was noted at pH of 5.5 with 2.53x10* copies/ng-DNA
compared to low pH: 4.5 (6.95 x 10° copies/ng-DNA) and high pH: 8.5 (7.77x10° copies/ng-
DNA). A similar trend was also observed for the species containing a highly active
hydrogenase (i.e. Clostridium spp., Bacillus spp., and Enterobacter spp.). During the

optimum reactor conditions, three hydrogen producing bacterial strains Bacillus cereus and

iv



Enterobacter cloacae were successfully isolated. These isolates were used as inoculums for
the pure culture studies and achieved HYs of 2.2, 1.10 and 1.97 mol-H2/mol-glucose
respectively under optimized fermentation conditions. However, the thermally treated mixed
culture displayed a marginally higher HY (2.46 mol-H2/mol-glucose) compared to the pure
culture used alone. Furthermore, the cost estimation indicated a potential and economically
feasible for biotransformation of P. stratiotes to hydrogen energy. In conclusion, the results
from this study has revealed the potential of employing P. stratiotes biomass for
biohydrogen production. The results also indicated the importance of employing suitable
pre—treatment methods, operating conditions as well as inoculum types for enhanced

hydrogen production using P. stratiotes.
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CHAPTER I

INTRODUCTION

Environmental pollution has urged the scientific community to look for alternate and
sustainable sources for energy production. Hydrogen gas (H) is considered as a potential
green energy carrier that can meet the increasing global energy demand because it is
renewable and produces only water during combustion (Mgller et al., 2017, Mitsushima and
Hacker, 2018). Hydrogen has a higher energy content per unit weight (122 — 142 kJ/g)
compared to gasoline (47.4 kJ/g), methane (56 kJ/g) and biodiesel (37.0 kJ/g) (Vi et al.,
2017). Hydrogen produces only H20O during combustion and can be utilized in fuel cells and
vehicle engines (Bharathiraja et al., 2016, Dimitriou et al., 2018). In addition, H2 has been
widely involved in several processes such as petroleum refining, fertilizer production, and

ammonia manufacturing (Lukajtis et al., 2018).

Hydrogen can be generated using multiple methods, viz., physico—chemical (steam
reforming, electrolysis, thermolysis) and biological (Nikolaidis and Poullikkas, 2017,
Ghasemzadeh et al., 2018). The physico—chemical methods are efficient and fast, however,
they employ large quantities of heavy oil, fossil materials, electricity, wind, hydro, and
geothermal energy, leading to increasing the energy input and environmental pollution
(Argun et al., 2017). Biological methods for Hz production are generally considered as
environmentally friendly and can be conducted under ambient operating temperatures and
atmospheric pressures with low energy input (Qiu et al., 2016, Mishra et al., 2017b).
Hydrogen production through biological route is currently achieved through different
processes. This includes 1) direct bio—photolysis using green algae, 2) indirect bio-

photolysis using cyanobacteria, 3) photo fermentation using photosynthetic bacteria and 4)



dark fermentation using facultative/anaerobic bacteria (Nikolaidis and Poullikkas, 2017,
Aslam et al., 2018, Haron et al., 2018). Photo fermentative H, production is carried out by
photoheterotrophic bacteria feeding on carbon rich substrates and volatile fatty acids in an
environment deprived of nitrogen and oxygen (Ghosh et al., 2017). This process depends

directly on sunlight energy, water, and acetic acid or butyric acid (Rai, 2016).

Dark fermentation is considered as an ideal and efficient method for treating large quantities
of organic wastes (Lukajtis et al., 2018, Rafieenia et al., 2018b, Silva et al., 2018b). In this
process, microorganisms ferment substrates that are rich in carbohydrates to hydrogen
(Singh and Wahid, 2015). This trend results in achieving a net positive energy balance (i.e.
producing hydrogen) and in parallel, solves environmental pollution problems (i.e. wastes
removal) (Kumar et al., 2014). The major advantage of dark fermentation is that it is
independent of light and has an adequate conversion efficiency (Shaterzadeh and Ataei,
2017). The by—products from dark fermentation can also be utilized for photo fermentation
as a second step to improve the hydrogen yield (HY) (Chandrasekhar et al., 2015, Zagrodnik
and Laniecki, 2017). The sequential dark—photo fermentation also allows the confines of the
processes when individually operated to be overcome (Ghosh et al., 2018, Zhang et al.,
2018). Hence, from the perspectives of both energy and environmental concerns, anaerobic

fermentation is a feasible and preferable approach over other biological methods.

Dark fermentation is carried out by a group of hydrolytic and acid forming bacteria involving
three of four anaerobic digestion steps viz., hydrolysis, acidogenesis, and acetogenesis
(Cardoso et al., 2014, Adekunle and Okolie, 2015, Jaseena and Sosamony, 2016). In a light
deprived environment, the activity of hydrogenase enzymes results in the oxidation of

organic substrates and the release of excess electrons (Ghimire et al., 2015a). The disposed



electrons are neutralized by protons that act as electron acceptors, consequently generating
H> (Rezania et al., 2017). Each mol of glucose is accompanied by 4 mol of H> when acetic
acid is the main fraction in the metabolic pathway, whereas 2 mol of H> per mol-glucose can
be obtained for a final product of butyric acid (Ginkel et al., 2001, Nikolaidis and Poullikkas,

2017).

The dark fermentation process is highly sensitive to the variations in operational conditions
such as pH, temperature, hydraulic retention time (HRT), substrate to biomass (S/X) ratio,
inoculum type etc. (Jaseena and Sosamony, 2016, Reddy et al., 2017, Zagrodnik and
Laniecki, 2017). The control of pH in the reactor is necessary for the prevention of the
growth of methanogens and other unwanted microbes (Wang and Yin, 2017). Similarly, the
control of S/X and HRT plays a very significant role in respect to obtaining optimum
microbial growth and hydrogen production efficiency (Mohammadi et al., 2012). Likewise,
variation in temperature can directly influence hydrogen production efficiency by affecting
the growth of microbial species, their activity as well as the metabolic products
(Wongthanate and Chinnacotpong, 2015, Argun et al., 2017). It has been reported that
thermophilic (45°C — 55°C) conditions improve the hydrogen production rate compared to
mesophilic (30°C — 40°C) (Mohammadi et al., 2012). However, a sudden elevation to
extremely high or low temperature can hinder the rate of biohydrogen production

(Mohammadi et al., 2012).

Pure cultures of Bacillus spp., Enterobacter spp., and Clostridium spp. have shown their H»
production potential from various feedstock in dark fermentation studies (Palomo-Briones
et al., 2017, Rafieenia et al., 2018a). However, pure cultures are limited by the requirement

of stringent and sterile growth conditions leading to increased operational costs (Pachapur



et al., 2015, Fatehizadeh et al., 2018, Lukajtis et al., 2018). Mixed cultures, on the other
hand, carry a wide range of microbial consortia with varying H> production potential under
different environmental conditions (Fatehizadeh et al., 2018). However, mixed cultures such
as anaerobic sludge should be subjected to pre—treatment process before inoculation in
fermenters, to enhance the H> producing communities and eliminate the hydrogen consumers
and H> competing microorganisms such as homoacetogens, methanogens, and lactic acid
bacteria (Nasr et al., 2013, Singh et al., 2015, Zheng et al., 2016, Kumari and Das, 2017).
Various pre—treatment methods such as pH control, heat shock, and freezing—and-thawing
have been tried for removing H> consuming bacteria from the seed inoculum (Dessi et al.,
2018). The major advantage of H producers are their ability to form spores which can
withstand the harsh pre—treatment methods (Wang and Yin, 2017, Rafieenia et al., 2018a).
The use of extremely high and low pH ranges is considered to affect the enzyme activity and
nutrient adsorption of the methanogens (Bundhoo et al., 2015, Rafieenia et al., 2018a). These
methanogens do not have the ability to form the protective spores during harsh conditions as

compared to H> producers (Bundhoo et al., 2015, Rafieenia et al., 2018a).

Different substrates, rich in carbohydrates can be used for biohydrogen production such as
pure glucose/starch mixtures, first generation fuel crops (wheat, sugar beets, and sugarcane)
as well as second generation biomass (Sutthipattanasomboon and Wongthanate, 2017,
Kumar et al., 2018b). The second generation biomass includes industrial waste (e.g. cheese
whey and brewery waste sludge), agricultural residues (e.g. corn stalk, bagasse and wheat
straw), and aquatic weeds (Wong et al., 2018). Lignocellulosic materials are a renewable
source of second generation biomass, they are cost effective, and abundant (Kumar et al.,
2017). These are however composed of a complex structure with cellulose, hemicellulose

and lignin (Nissila et al., 2014). Therefore prior to fermentation the substrate is hydrolysed



by physical, chemical and biological pre—treatment processes for ease in digestibility

(Rafieenia et al., 2018a, Wang and Yin, 2018).

This study focused on assessing the potential of using the hydrolysates of aquatic weed,
Pistia stratiotes for biohydrogen production. Invasive aquatic plants, to South Africa, such
as water hyacinth (Eichhornia crassipes), mosquito fern (Azolla filiculoides), cabomba
(Cabomba caroliniana) and water lettuce (Pistia stratiotes) are categorized by their high
moisture contents and reproductive capabilities (Chuang et al., 2011). The increased invasive
rates of these plants negatively affect water quality, natural resource cycling, ecological
functioning, and biodiversity (O'Sullivan et al., 2010, Chamier et al., 2012, van Wilgen et
al., 2017). Among these, P. stratiotes is a free-floating aquatic plant that can completely
shield waterways and dams by forming dense mats in a shorter period. This plant is therefore
considered as one of the ‘Big Bad Five’ invasive free-floating aquatic plants with an
increasing population from 19% in 2008 to 26% in 2015 (Hill and Coetzee, 2017). In recent
years, Diep River in Cape Town and Sunset Dam in Kruger National Park became heavily
infested with P. stratiotes, which adversely affects the economic and environmental
development of South Africa (van Wilgen et al., 2017). Several studies have reported the
use of P. stratiotes for biofuel production mainly following CHg4, ethanol (C2HsOH), and

COz production (Namadi, 2013, Rezania et al., 2015, Gusain and Suthar, 2017).

To date, only one study has investigated the bioconversion of water lettuce (Pistia stratiotes)
into H via a photo fermentation process (Corneli et al., 2017). In their study the biomass
was subjected to hydrolysis, and acidogenesis phases and the obtained organic acids were
utilized as a substrate by Purple Non Sulphur Bacteria (PNB), namely Rhodopseudomonas

palustris 420L and Rhodopseudomonas palustris CGA676 as the inoculum. However, the



energy consumption (150 pmol/photons/m295 /s) during photo fermentation could increase
the operating cost of the system and result in an expensive Hz production process. This study
therefore focused on the evaluation of the hydrolysates of P. stratiotes fermentative bio
hydrogen production through dark fermentation. The effect of pre—treatment methods,
operational conditions as well as type of inoculum on enhancement of hydrogen production
potential of P. stratiotes was also assessed. The total cost of the fermentation system
including the amortization cost of investment and operating cost was assessed in order to

assess the feasibility of hydrogen production from P. stratiotes through dark fermentation.



AIM AND OBJECTIVES
Aim
To assess the feasibility of using the biomass of the indigenous aquatic weed, Pistia

stratiotes for enhanced biohydrogen production through the dark fermentation process.

Objectives

e To evaluate pre-treatment methods to hydrolyse the biomass of P. stratiotes via

characterization of the hydrolysate.

e To determine the feasibility of anaerobic digestion of the hydrolysates of P. stratiotes

for biohydrogen production using thermally treated activated sludge as the inoculum.

e To optimise the operational conditions (S/X ratio, HRT, temperature and pH) for
increased hydrogen production rate on the selected hydrolysates based on chemical

and microbiological analysis.

e To identify the dominant microbial consortia during optimum hydrogen production

for the development of a potential hydrogen producing microbial cocktail.

e To estimate the costs for the production of hydrogen from Pistia stratiotes through
the dark fermentation process using thermally treated sludge as an inoculum.



CHAPTER: I |

LITERATURE REVIEW

2.1 Advantages of hydrogen gas as a renewable energy

The world’s reliance on coal, natural gas and oil for energy supply leads to ongoing climate
change challenges (Sterk et al., 2016). These energy sources contribute to an increase in
emissions of greenhouse gases such as carbon monoxide (CO), carbon dioxide (CO) and
sulfur dioxide (SO.) (Dincer and Acar, 2015, Yang and Wang, 2018). Hydrogen (H2) has
been considered as a tremendous alternative source of energy that produces up to 122 kJ
more energy compared to conventional energy sources (Vi et al., 2017). Hydrogen is one of
the most abundant and common element in the universe (Blaszczak and Boxe, 2015). It is
renewable, nontoxic and can also be found in combination with other elements (Kalamaras
and Efstathiou, 2013a), additionally when successfully separated, it can be used in motor

vehicle industries, chemical industries and for electricity generation (Dutta, 2014).

2.2 Methods for hydrogen production

Pure H2 can be recovered by thermochemical, electrochemical and biological processes
(Abdalla et al., 2018, Wang and Yin, 2018). Thermochemical processes, such as steam
reforming, pyrolysis, steam gasification and gasification, requires high temperatures to
produce H> from water or hydrocarbons (Demirbas, 2016). Thermochemical methods are
productive but the efficiency is limited by high operational cost (Kalamaras and Efstathiou,
2013b). Steam reforming is a frequently used method due to its high Hz productivity and
efficiency (Balat, 2008, Kaiwen et al., 2018). Electrochemical process on the other hand is
one of the simplest processes, yet not economically feasible, as it generates H> gas from

chemical reactions with 50 — 60% energy consumption (Dincer and Joshi, 2013, Santos et
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al., 2013). Although these processes are highly efficient, their sustainability for energy
generation depends on the type of feedstock used (Pandu and Joseph, 2012, Dutta, 2014).
Currently, approximately more than 84% H is still produced from fossil fuels (Balat, 2008,
Pandu and Joseph, 2012, Kalamaras and Efstathiou, 2013b, Jaseena and Sosamony, 2016).
About 50% of this is from steam reforming (Kalamaras and Efstathiou, 2013b), which calls

for more focus on clean, renewable and sustainable methods such as biological processes.

Hydrogen production through biological processes is carried out by different group of
microorganisms using biomass resources such as plant materials, agroindustry wastes, as
well as water through different processes (Gurtekin, 2014). This include direct and indirect
photolysis (Sen et al., 2008), photo fermentation (Ghosh et al., 2018) and dark fermentation
(Chen et al., 2008, Akroum-Amrouche et al., 2013, Bundhoo et al., 2015). The major
advantages of biological processes include: 1) the ability to operate under mild temperatures
and pressure, 2) the ability to utilize a broad range of cheap feedstock and 3) the processes
do not produce harmful byproducts that can contribute to the increase in greenhouse gases

(Varrone et al., 2015, Wang and Yin, 2018).

Direct photolysis uses algae (such as cyanobacteria and algae) to split water molecules to
H> in the presence of sunlight, and indirect photolysis uses the nitrogenase and hydrogenase
enzymes to carry out the process (Gurtekin, 2014). Bio photolysis methods are reported to
have a fast production rate however, they are limited by: 1) their dependence on sunlight, 2)
inhibition of hydrogenase enzymes by oxygen, and 3) the requirement for specific apparatus
for photosynthesis, with efficiency in capturing solar energy (Hallenbeck and Benemann,

2002).



Dark and photo fermentation are the promising alternatives for biological H» production
(Singh and Wahid, 2015). During photo fermentation, purple non—sulfur bacteria (PNB)
utilize light as the energy source and convert the organic acids into H> (Wang and Wan,
2009). PNB can produce adenosine triphosphate (ATP) molecules under anoxic conditions
and permit the flow of energy electrons, causing proton reduction to H> by the action of
nitrogenase enzyme (Ghosh et al., 2017). Photo fermentation bacteria can further utilise
organic acids produced by dark fermentation to maximise H. yield (Rai, 2016). Dark
fermentative H> production process on the other hand has added advantages over photo
fermentation process as it is independent of light and provides faster hydrogen production
rate (Lalman et al., 2013). Additionally, integration of the dark and photo fermentation
bacteria co—exist in one system leading to reduced production cost (Ghosh et al., 2018). The
process is however limited by the requirement of continuous light and the requirement for

high amount of conversion energy (Lalman et al., 2013, Rai, 2016).

2.3 Dark fermentation process

Dark fermentation is the production of H» from organic compounds (high in sugar) through
an anaerobic process (Gurtekin, 2014). Dark fermentation can utilize a wide variety of
renewable carbon sources such as plant materials, crop residues, or wastewater effluent
(Lalman et al., 2013, Ghosh et al., 2018). The process is formed by diverse group of bacteria
involving series of biochemical reactions comparable to anaerobic digestion (Lukajtis et al.,
2018). Different group of bacteria (hydrolytic, acidogenic, acetogenic and homoacetogenic)
work together to obtain a stable fermentation through acclimatization, conversion and
disintegration of the carbon—based matter into H> and CH4 (Jaseena and Sosamony, 2016,
Bajpai, 2017). The fermentative hydrolytic microorganisms hydrolyze complex organic

polymers to monomers, which are further converted to a mixture of lower molecular organic
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acids and alcohol by acidogenic microorganisms (Silva et al., 2018a). Molecular H>
production occurs via a reversible reduction reaction of protons to Hz, catalysed by 3 possible
enzymes namely nitrogenase, Fe-hydrogenase and NiFe-hydrogenase depending on the

microorganisms available (de Sa et al., 2011, Hansen and Perner, 2016).

There are two primary biochemical pathways Eqg. (1-2). (pyruvate—ferredoxin
oxidoreductase and pyruvate formate lyase) for H production under anaerobic fermentation.
When glucose is used as a substrate, hydrogen producing bacteria convert glucose to
pyruvate via the glycolytic pathway producing adenosine triphosphate from adenosine
diphosphate and the reduced form of nicotamide adenine dinucleotide (Ghimire et al., 2015).
Pyruvate is then converted (oxidation) to acetyl coenzyme A (Acetyl-CoA), CO2 and H>
(Eroglu and Melis, 2016, Kumar et al., 2018b). This pathway is catalysed by pyruvate—
ferredoxin oxidoreductase (PFOR) and hydrogenase (Eroglu and Melis, 2016). Theoretically
at the end of a complete oxidation 12 moles of Hz should be produced from 1 mole of hexose
(Bajpai, 2017). Facultative anaerobic microorganisms such as Klebsiella follow the pathway
of pyruvate formate lyase (PHFL) whereby it catalyses the conversion of pyruvate to acetyl
coA and formate, which is further converted to H2 and CO2 (Khanna and Das, 2013). Acetyl
can be converted to acetate, butyrate and ethanol depending on the microorganism present
and the substrate (Rafieenia et al., 2018b). Theoretically glucose can be degraded by
facultative/obligate anaerobes such as Clostridium spp. following the PFOR pathway and
can produce 4 moles of Hz per mole of glucose (Clion et al., 2015). Strict anaerobes can
theoretically produce 2 moles of H> from glucose when following the PFL pathway (Khanna
and Das, 2013). When the microorganisms follow the acetate producing pathway, 4 moles
of Hz are produced from 1 mole of hexose and for butyrate producing pathway only 2 moles

from 1 mole of glucose (Rafieenia et al., 2018b) (Table 1).
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Main biochemical reaction for dark fermentation:
Pyruvate + CoA — Acetyl — CoA + Formate (Pyruvate formate lyase) (1)

OR

Pyruvate + CoA + 2Fdox) — Acetyl — CoA + €O, + 2Fd (red) (pyruvate-ferredoxin

oxidoreductase)
2)
Table 1. Metabolic products of dark fermentation
Pathway Chemical reaction References
Aceticacid  C4H,,04 + 2H,0 — 2CH;COOH + 2C0, + 4H, (Clion et al., 2015)
Propionic acid C¢H;,04 + 2H, — 2CH;CH,COOH + 2H,0 (Chandrasekhar et al., 2015)
Butyricacid  C¢H,,0, - CH3;CH,CH,COOH + 2CO0, + 2H, (Florio etal., 2017)

Malic acid C¢H.,0¢4 + 2H, —» COOHCH,CH, OCOOH + C0O, (Chandrasekhar et al., 2015)

Ethanol C¢H,1,04 = CH3CH,0H + CO, (Cappai et al., 2015)
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2.3.1 Microbiology of dark fermentation

Dark fermentation is a complex fermentation process that involves symbiotic association of
different types of bacteria. The major reaction sequences can be divided into four groups
which are similar to anaerobic digestion involving 1) Hydrolysis 2) Fermentation 3)

Acetogenesis and 4) Methanogenesis (Jaseena and Sosamony, 2016) (Figure 1).

During hydrolysis, hydrolytic enzymes (amylase, lipase cellulase and protease) excreted by
fermentative microorganisms (acidogenic bacteria) breaks down the large organic polymers
such as starches, cellulose, proteins and fats into soluble organic molecules such as sugars,
amino acids, glycerol and long chain fatty acids (Azman et al., 2015). Acetate and H> are
some additional products which are used by the methanogens to produce methane (Khan et
al.,, 2018) Eq. (3). Facultative/strict anaerobes such as Enterobacter, Bacteriodes,
streptococcus, Clostridium spp. (Clostridium cellulolyticum, Clostridium thermocellum,
Clostridium cellulosi), Rumicoccus obeum, Acetivibrio spp. (Niu et al., 2014, Azman et al.,
2015) are known to facilitate the hydrolysis step of anaerobic digestion (Bajpai, 2017). The
rate of hydrolysis can be limited by the type of substrate being utilised, particle size, pH,

temperature, and production of enzymes (Ali Shah et al., 2014).

CsHy00g + 2H,0 » —C4H,,04 + H,

3)
Hydrolysis is immediately followed by the acid—forming step known as acidogenesis (Khan
et al., 2018). During acidognesis, the organics formed during hydrolysis are converted to
higher organic acids such as propionic acid and butyric acid, in addition to acetic acid, H:
and carbon dioxide by the acid-forming bacteria (Bundhoo, 2017). These organic acids

(propionic acid and butyric acid) can be further broken down to acetic acid and H; by
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acetogenic bacteria through a process called acetogenesis (Hansen and Cheong, 2013, Ali
Shah et al., 2014). By—products acetate and H> are produced during both acidification and
acetogenic steps. It difficult to differentiate these two steps in anaerobic digestion process
(Adekunle and Okolie, 2015). Fermentative bacteria that facilitates these process are either
facultative or strict anaerobes, such as Enterobacteriaceae, Thermotoga maritima,
Clostridium thermocellum, Escherichia coli, Bacillus cereus, Ruminococcus albus and

Anaerococcus (Lalman et al., 2013, Bajpai, 2017).

Acetogenic bacteria that carries this process include Synthrophomonas wolfei, Smithella spp.
and Synthophobacter wolinii. The syntrophic acetogens (Synthrophomonas wolfei and
Synthophobacter wolinii) carries out the oxidation of propionate and butyrate to acetate and
H>. Homoacetogens (Smithella spp.) also known as Hz scavengers, are strictly anaerobes that

uses CO2/ H; as a substrate to produce acetate (Adekunle and Okolie, 2015) Eq. (4).

CH;CH,CO0~ + 3H,0 » CH;CO0~ + H* + HCO;- + 3H,
C¢Hy,05 + 2H,0 - 2CH;COOH + 2C0, + 4H,
CH3;CH,0H + H,0 —» CH;COO~ + 2H, + H* (Bajpai, 2017)
4H, + 2HCO;~ + H* — CH;C00™ + 4H, 0

(4)
The final stage is the methanogenesis carried out by methanogenic archaea (Bundhoo, 2017,
Cisneros-Pérez et al., 2017) as shown in Figure 1. These archaea are capable of metabolizing
formic acid, acetic acid, methanol, carbon monoxide, and carbon dioxide and H> to methane

as shown in Eqg. (5) (Ali Shah et al., 2014, Adekunle and Okolie, 2015).

CH;COOH — CH, + CO,
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€O, + 4H, - CH, + 2H,0

2CH,COCHOHCH; + 2C0, + 2H,0 — 5CH;COOH (5)

The methanogenic microorganisms are slow growers and are vulnerable to harsh
environmental conditions (Sivagurunathan et al., 2016a, Bajpai, 2017). Some of the known
methanogenic archaea include Methanobacterium bryantic, M. formicicum, M.
thermoautotrophicum, Methanobrevibacter ruminantium (Niu et al., 2014, Bajpai, 2017).
metabolic processes of methanogenic archaea involve the consumption of hydrogen thus it
is necessary to eliminate them in the system in order to produce high hydrogen yields
(Rafieenia et al., 2018a). This step can be deactivated by inhibiting the metabolic growth of

methanogens through enrichment methods (Jaseena and Sosamony, 2016).

| Complex organic compounds
I Carbonhydrates, proteins, fats

| Hydrolysis I l

I Acidogenesis I

[_Organic acids and alcohols |

| Acetogenesis |

H,, CO, Acetic acids, acetate

[Methanogenesis)

‘

Figure 1. Biological fermentative breakdown of organic material (Matheri et al., 2017)




2.3.2 Factors affecting dark fermentation

Currently research on dark fermentative H, production has significantly improved but not
yet fully reached the standards of being economically viable compared to conventional Hy
production methods (Sivagurunathan et al., 2016a, Argun et al., 2017). There are several
factors that affect high productivity, rate and purity of Hz production (Ghimire et al., 2015a,
Sivagurunathan et al., 2016a). This includes pH, temperature, HRT as well as substrate and

inoculum type.

2.3.2.1 pH

Hydrogen yield and rate in dark fermentation can be significantly influenced by the changes
in pH as it affects the expression of enzymes that are responsible for different metabolic
products (Chandrasekhar et al., 2015, Zagrodnik and Laniecki, 2017). Control in pH play a
crucial role in controlling and inhibiting the activity of H, consuming microorganisms.
Acidic pH (4-6) favours the Hz producing microorganisms such as Clostridium and the
accumulation of the methanogens is favoured by alkaline conditions (Wang and Yin, 2017).
However, very acidic, pH less than 4, could significantly inhibit the hydrogenase enzyme
activity (Chuang et al., 2011). Previous studies reported an optimum pH for H, producers
ranging from pH 5.5 to 6.5 (Sivagurunathan et al., 2016a, Vi et al., 2017) and for the
methanogens from pH 6.0 to pH 7.5 (Chandrasekhar et al., 2015). Acetate production has
been shown to be high at acidic pH 5-5.5 and butyrate production were produced at pH 5.5-
6.5 (Waligdrska, 2012). However, some reports argued that alkaline conditions result in
acetate production and butyrate pathway is favoured by acidic conditions (Ghimire et al.,
2015a). Operational factors such as temperatures, the type of substrates and substrate
concentrations have been reported to influence the optimum pH (Ghimire et al., 2015a,

Jaseena and Sosamony, 2016). Studies indicated that too much substrate concentration could

16



result in the accumulation of organic acids and lead to a decrease in pH thereby interfering

with the hydrogenase activity (Lin et al., 2015).

2.3.2.2 Temperature

Temperature is one of the key factors affecting the microbial growth rate, substrate
hydrolysis rate, metabolic products and consequently the overall H> production
(Elsharnouby et al., 2013, Sivagurunathan et al., 2016a). Dark fermentation can be operated
under mesophilic (35°C) (Ghimire et al., 2015a), thermophilic (55°C), extreme thermophilic
temperature (60 — 65°C) and hyper thermophilic (70°C) (Ghimire et al., 2015a). Mesophilic
temperatures are usually preferred due to low cost. A recent study obtained the highest H:
yield of 2.42 mol Hz/mol mannose under mesophilic temperature of 35°C (Mishra et al.,
2017b). Studies on lignocellulosic biomass as a substrate reported a requirement for high
temperature conditions to achieve improved hydrolysis and high H yields (Sivagurunathan
et al., 2016a). Thermophilic temperatures can also be used to eliminate the methanogens or
other unwanted microorganisms in the reactor (Jaseena and Sosamony, 2016). High H:
production from wheat straw was obtained with extreme thermophilic conditions (Guo et al.,
2010, Kongjan and Angelidaki, 2010). Bioreactor temperatures can also influence the
metabolic pathways in the dark fermentation process, for example butyrate and acetate
pathways are reported to favour high H: yield compared to ethanol and propionic at
mesophilic conditions (Elbeshbishy et al., 2017). Temperature of 20°C was previously
reported to lead to ethanol pathway and the accumulation of butyrate was observed at 37°C
(Elbeshbishy et al., 2017). A recent study on mesophilic (35°C) biohydrogen production

from xylose also observed butyrate as the major metabolic product (Qiu et al., 2016).
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2.3.2.3 Hydraulic Retention Time (HRT)

Hydraulic retention time (HRT) affects hydrogen gas production during dark fermentation
by influencing the rate of substrate degradation and production of metabolic products
(Khanna and Das, 2013, Kirli and Karapinar, 2018). Hydrogen consuming microorganisms,
a sub—group within methanogenic archaea reportedly have slow growth rate (0.0167 h™* —
0.02 h') as compared to the H, producers with a faster growth rate of 0.172 h*
(Sivagurunathan et al., 2016a). Hydrogen production yields can therefore be improved by
selecting for operational time based on the microbial population growth rate that could retain
hydrogen producers while allowing washout of H> consumers. A previous study reported
improved H and inhibition of propionic inhibitor concentration when the HRT was reduced
from 8 h to 6 h (Show et al., 2011). Another study obtained the highest H. yield and rate of
2.3 H2 /mol glucose added and 78 L/Hz/L-d when the HRT was reduced from 12 h to 1.5 h,
with butyrate and acetate as the main soluble metabolic products (Pugazhendhi et al., 2017b).
Homoacetogens were also supressed when up flow anaerobic sludge blanket (UASB) and
packed bed reactor (PBR) reactors were operated at 4 h compared to 24 h and the hydrogen
consumption by methanogens was reduced from 12.1% to 3.1%. (Si et al., 2015b). A
maximum H> yield of 1.47mol/mol glucose and H> production rate of 4.38L/L/d were
observed at 8 h in UASB (Si et al., 2015a). H2 production from acid hydrolysed wheat
increased as the HRT was decreased (Kirli and Karapinar, 2018). HRT and pH was also
concluded to have a joint effect on hydrogen production (Shi et al., 2017, Silva-1llanes et al.,
2017) thus it is of significance to optimise both operational factors for enhanced H> yield

and rate in dark fermentation.
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2.3.2.4 Inoculum

Inoculum provides a start—up microbial culture for dark fermentative Hz production. Studies
have shown that H> producing consortium includes strict anaerobes (Clostridia) (Penniston
and Gueguim Kana, 2018), facultative (Enterobacter, E. coli, Citrobacter) (Sun et al., 2015),
thermoanerobacterium  (thermotogale,  thermosacharolyticum,  desulfotomaculum
geothermicum) as well as obligate aerobes (Bacillus) (Bundhoo et al., 2015, Laxman
Pachapur et al., 2015, Hansen and Perner, 2016). The dark fermentation process can be
conducted using either mixed culture, pure culture or combined pure culture (Chandrasekhar
et al., 2015, Argun et al., 2017). Pure culture studies have been conducted for biohydrogen
production utilising mostly Clostridium spp., Enterobacteriaceae (Mishra and Das, 2014),
Bacillus anthracis (Mishra et al., 2017b) and Bacillus cereus (Sutthipattanasomboon and
Wongthanate, 2017) each with different H> production yield. Therefore, fermentative
condition of each strain should be optimized and controlled to enhance the H productivity

in the pure culture system.

Pure cultures are considered efficient in hydrogen production due to the absence of Ho—
consuming and competing microorganisms as well as the ability to easily detect and control
metabolic shifts (Antonopoulou et al., 2007, Elsharnouby et al., 2013, Lukajtis et al., 2018).
However, pure cultures are limited by the requirement for expensive sterilization and energy
consumption (Lukajtis et al., 2018). Co—cultures are defined as the combination of pure
isolates with the aim to overcome the limitations in single pure culture and to enhance H»
production (Laxman Pachapur et al., 2015). A previous study concluded that Bacillus spp.
had a limited efficiency as a single pure culture which resulted in limited metabolic products
and low H; yield compared to the co—culture of Bacillus spp. and Brevumdimonas spp. (Bao

et al., 2012). Another study indicated a high H. yield of 3 mol/mol of glucose when a co—

19



culture of Bacillus cereus, Enterobacter cloacae, Klebsiella and Citrobacter were combined

(Patel et al., 2014).

Mixed culture of facultative anaerobic and obligate anaerobic microorganisms have been
studied by batch culture methods (Qian et al., 2011). Mixed cultures can be obtained from
environmental sources such as sewage sludge, soil, anaerobic digester sludge, compost or
manure (Gu et al., 2014, Ghimire et al., 2015a, Ghimire et al., 2015b). Recent studies have
shown the potential of using anaerobic sludge as an inoculum due to the presence of high
concentration of acidogenic and acetogenic microorganisms (Si et al., 2015a). They are cost
effective, simpler to adjust and contains a wide variety of microorganisms (Chaitanya et al.,
2018). A few studies indicated improved Hy yield of mixed cultures compared to pure and
combined pure cultures (de S& et al., 2013, Wang and Yin, 2017). However, the challenge
of using anaerobic mixed culture is the presence of H, consuming microorganisms,
homoacetogens as well as sulfur reducing bacteria which all needs to be eliminated or
inactivated for improved H> yields (Singh and Wahid, 2015). Several pre—treatment methods
have been investigated to inactivate H> consumers considering that H> consumers are
susceptible to harsh conditions such as acidic pH and thermal treatment (de S& et al., 2011).
H> producers tend to form spores during harsh conditions and germinate in favorable

conditions (de S& et al., 2011, Ghimire et al., 2015a, Elbeshbishy et al., 2017).

The co-culture of different microorganisms is found to be more advantageous over single
culture due to the potential synergy between different H> producing microbes a resulting in
increased HY (Cabrol et al., 2017b). In co—culture system, more than one isolates with
different metabolic efficiency are combined together to enhance the hydrolysis rate of

substrate and to improve the cumulative Hz production. Studies indicated that the co—culture
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promotes high H> yield at a very short fermentation time, offers a better process stability and
a cheaper production process due to elimination of inoculum pre—treatment step
(Elsharnouby et al., 2013, Pachapur et al., 2015, Sivagurunathan et al., 2016b). In some
cases, having more than one species with different metabolic efficiency in the same system
can also be detrimental as the species with lower H> producing capability can compete with
the species with higher producing ability for the substrate leading to an overall reduction in
hydrogen yields. Therefore, selection of potential candidates plays a crucial role in the
success and failure of a system. Few studies however, have shown that the co—cultures are
more advantageous over the mixed culture and monoculture due to the synergetic effect
offered by the combined pure cultures (Elsharnouby et al., 2013, Mu et al., 2014, Pachapur

et al., 2015).

2.4 Sludge pre—treatment methods

There are several processes of sludge pre—treatment classified as physical or chemical.

2.4.1 Physical pre-treatment

Physical methods of sludge pre—treatment includes heat—shock, ultra—sonication, microwave
irradiation, freezing and thawing, and aeration (Rafieenia et al., 2018a). The thermal or heat—
shock pretreatment is one of the most employed pre—treatment for mixed anaerobic inoculum
because it is simple, cheap and effective (Ennouri et al., 2016). Heat—shock is carried out by
boiling, autoclaving or drying the sludge (Sivagurunathan et al., 2016a). The heat treatment
at 100°C-121°C inactivate/kill non-spore forming microorganisms while enriching the
spore forming bacteria such as Clostridium spp. and Bacillus spp. (Wang and Yin, 2017).
Different temperatures and time have been used for the heat-shock treatment, ranging
between 65°C —-121°C for short retention times of 15 minutes to 2h (Sivagurunathan et al.,

2016a). Freezing and thawing pre—treatment method is carried out in low temperature
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conditions between —25°C to —10°C followed by heating at 30°C, however, it has been
reported to be partially effective (Rafieenia et al., 2018a). Aeration treatment allows
exposure of the inoculum to air (oxygen) which slows down the growth activity of unwanted
microbes since they are mostly strict anaerobes and very sensitive to oxygen (Giordano et
al., 2014). The spore forming microorganisms re—germinate when the conditions are shifted

back to anaerobic.

2.4.2 Chemical pre-treatment

Chemical methods include the use of acid or bases as well as growth inhibitors for sludge
pre—treatment to eliminate the H, consumers (Salem et al., 2018). High H: yields can be
achieved by adjusting pH to a level that inhibits hydrogen consuming bacteria while
enriching hydrogen producing microorganisms. The principle is that very acidic pH of up to
4.5 (Sivagurunathan et al., 2016a) and above 7.5 inhibits and slows down the growth of
methanogens while Clostridium species are enriched (Jaseena and Sosamony, 2016).
Another study reported growth inhibition of methanogens at acidic medium with pH in the
range of 2—4 and for an alkaline medium it varies from 10 to 12 (Sunyoto et al., 2017).
Chemicals such as acetylene, 2-bromoethanesulfonate, 2-bromosulfonic acid and
chloroform, iodo—propane, linoleic acid acts as a growth inhibitor for hydrogen consumers
(Rafieenia et al., 2018a). A previous study completely eliminated the activity of
methanogens in anaerobic sludge when 10 mmol of 2—bromoethanesulfonic acid was used
for the pre—treatment of the inoculum at room temperature (Lukajtis et al., 2018). Improved
dark fermentative hydrogen production was also achieved when chloroform was used for the

pre—treatment of the inoculum (Ning et al., 2012).

22



2.4.3 Substrate to biomass (S/X) ratio

Optimization and adjustment of initial food to microorganism ratio is important in dark
fermentation for controlled process conditions as well as in designing the reactor (Barua and
Kalamdhad, 2018). High substrate concentration has been reported to lead to increased H>
yield (Akutsu et al., 2009, Lu et al., 2018). While other studies concluded that accumulation
of metabolic products due to high substrate to biomass lead to reduction in pH and H: yield
(Wongthanate and Chinnacotpong, 2015, Barua and Kalamdhad, 2018). Balanced substrate
to biomass ratio has been reported to be influenced by temperatures (Pan et al., 2008).
Previously a better H» yield of 57 ml/g VS and volatile solid reduction (39%) was obtained
at optimum S/X 7 under thermophilic temperatures compared to mesophilic temperatures
with 39 ml/g VS and 46% volatile reduction at S/X 6 (Pan et al., 2008). It was also observed
that when the S/X was increased from 1-5 in thermophilic conditions, it resulted in enhanced
H> yield and reduced CH4 compared to mesophilic conditions (Pan et al., 2008). Anaerobic
biodegradability test using Eichhornia crassipes as a substrate observed a balanced substrate
to biomass ratio of 1.5 (Barua and Kalamdhad, 2018). A recent study investigated the effect
of different substrate to biomass ratio in mesophilic dark fermentation and observed 0.07
optimum S/X ratio compared to 0.01 and 0.14 dry weight basis (Florio et al., 2017).
However, too much of substrate can also results in substrate/product inhibition and thus low
H> yield (Nissila et al., 2014, Argun and Dao, 2016, Sivagurunathan et al., 2016a). Studies
also investigated the interaction of the operational factors affecting dark fermentation (pH,
initial substrate and biomass) and concluded that S/X had less significant effect on H> yield

while pH was found to have a major effect on Hz yield (Tuncay et al., 2017).
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2.4.4 Substrate

The substrate for dark fermentative Hx production must be highly biodegradable, readily
available and have a high carbohydrates content (Ghimire et al., 2016). Moreover, the costs
of raw material can be a challenge in biological H> production (Pandu and Joseph, 2012).
Different types of substrate are utilised for dark fermentation viz. pure glucose and xylose
are ideal substrates, they result in high H> yield and rate however they are expensive to utilise
(Subudhi et al., 2013). First generation substrates for biohydrogen recently gained attention
due to rich—sugar content and low lignin content, they are directly attained from food crops
such as corn (Garcia et al., 2017), vegetable oil, potato or wheat (Vi et al., 2017, Kirli and
Karapinar, 2018) and wastewater effluent from municipal or industrial such as palm oil mill
effluent (Nitipan et al., 2014, Mamimin et al., 2017). The second generation substrate for H
production consist of the lignocellulosic materials such as sugar cane bagasse (Reddy et al.,
2017), aquatic weeds (Miranda et al., 2016b, Corneli et al., 2017), rice (Chaudhary et al.,
2015), corn stalk, reed straw (Hu et al., 2013) and wheat straw (Shi et al., 2017). Utilisation
of waste material such as aquatic weeds can be beneficial as a resource recovery and in
cleaning up the pollution in the environment. Lignocellulosic waste biomass are however
more advantageous for H. production since they do not compromise food security, or
compete with agricultural land (Kapdan and Kargi, 2006). Additionally, lignocellulosic
waste biomass is considered a potential substrate with adequate carbohydrate content to

reduce the costs of energy production (Kapdan and Kargi, 2006).

2.4.5 Pre-treatment of lignocellulosic biomass

The main limitation of utilising aquatic weeds for biofuel production is the complex structure
of the lignocellulosic material and its high moisture content (Barakat et al., 2015, Argun et

al., 2017). It is composed of covalent cross—linkages joining cellulose, hemicellulose and
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lignin (Figure 2) (Table 2) (Amin et al., 2016, Amin et al., 2017). Cellulose fibre gives rise
to simple sugar monomers such as glucose while hemicelluloses consist of xylose and
arabinose and inter—connect lignin and the cellulose (Barakat et al., 2015). Lignin is the
protective cell wall of the plant material, it is the main factor that affect hydrolysis of the
plant biomass and mainly consist of fermentation inhibitors such as furfural, phenolic
compounds and 5-(Hydroxymethyl) furfural (5-HMF) (Barakat et al., 2015). Pre—treatment
of the lignocellulosic material using mechanical, chemical and biological or combined
methods are very important in breaking down the complex structure to facilitate easy
digestion and fast hydrolysis by the microorganisms (Harun et al., 2011, Amin et al., 2016,

Amin et al., 2017).
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Figure 2. Composition of lignocellulosic biomass (Wang et al., 2014)

a) Physical pre-treatment

Physical treatment (milling, chipping/grinding and sonication) is the mechanical breakdown

of lignin and dissociation of the biomass with the aim of decreasing crystallinity and
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intensity of polymerization of hemicellulose and cellulose leading to increased surface area
and pore sizes of the biomass (Barakat et al., 2014, Barakat et al., 2015). This treatment is
mostly explored since, it does not require chemicals or water addition, thus cost effective,

but results in low sugar recovery (Barakat et al., 2014).

b) Chemical pre-treatment

Chemical treatment is the use of strong acid and bases to delignify the lignin and reduce
crystallinity of cellulose (Lukajtis et al., 2018). Sulphuric acid (H.SOs), acetic acid
(CH3COQH), hydrochloric acid (HCL), sodium hydroxide (NaOH), lime (Ca(OH) and H>
peroxide (H20.) are some of the reported acids and bases employed (Amin et al., 2017). This
process is efficient and mostly used but the limitation is the high cost of chemicals needed
additionally, high concentration of acid causes corrosion of equipment, is toxic to protective
clothing and require reactors that are resistant to corrosion (Bundhoo et al., 2015). Thus,
after the completion of acid hydrolysis, the pH must be regulated to neutral values to avoid
even further corrosion. Alkali methods such as the use of lime and ammonia is cost—effective
but requires longer incubation time for improved penetration therefore, this process is more

efficient in biomass with lower lignin content (Amin et al., 2017).

c) Physicochemical pre-treatment

Physicochemical processes involve combination of acids, steam explosion, boiling and
microwave treatments (Kim, 2018). Steam explosion is often used due to its high
productivity, it completely breaks down the lignin and separate the tissues leading to
complete sugar recovery by use of high pressure saturated steam and temperature (Hu et al.,
2013, Jacquet et al., 2015, Kim, 2018). This process has low hazardous environmental

impact however they can result in partial conversion of released sugars to toxic compounds
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such as phenolics and furfurals (Harun et al., 2011, Kim, 2018). Boiling solubilize mainly
the hemicellulose, make the cellulose more accessible and avoid formation of inhibitors,
however, if it is not properly optimized it can result in partial delignification with high energy
consumption (Reddy, 2016). The microwave radiation involves application of forces by
electric and magnetic field to dissociate or disintegrate the complex structure (Chen et al.,
2017). It is mostly applied to speed up processes such as chemical, biological and physical
(Amin et al., 2017). Although, combination of the pre—treatment methods enhance complete
sugar recovery (Huang et al., 2017), they also increase the cost of production. Studies on the
combination of pre-treatment methods are still ongoing to reduce the costs and develop a

sustainable efficient pre—treatment method.

d) Biological pre-treatment

Biological pre-treatments are also used to destroy the lignocellulose structure and they
include enzymatic, bacterial, and fungal treatment (Rafieenia et al., 2018a). Fungal treatment
employ specific microorganisms to degrade lignin, hemicellulose and cellulose such as soft—
rot fungi, brown-rot (Antrodia) and white —rot fungus (E. taxodii) (Myat and Ryu, 2016).
Fungus Trichoderma reesei Rut C-30, Actinomycetes and Phanerochaete chrysosporium
have been use in fungal treatment (Reddy, 2016). Enzymatic hydrolysis employ direct of
enzymes arabinase, xylase, cellulose, hemicellulase, and b-glucanase to degrade lignin
structure (Rabemanolontsoa and Saka, 2016). The biological process is less desirable due to
the slow hydrolysis process (long residence time), the use of pure culture which requires
strict conditions and some hydrolysis microbes can utilise the released sugars (Chen et al.,

2017) (Figure 3).
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Figure 3. Lignocellulose breakdown by enzymatic pre—treatment method (Barakat et al.,
2015)

2.6 Pistia stratiotes (Water lettuce)

Invasion of surface waters by aquatic weeds is one of the major issues facing nations due to
their adaptability to varying environmental conditions (Coetzee and Hill, 2011, Gusain and
Suthar, 2017). These invasive plants rapidly spread across water bodies disturbing water
supply, hydroelectric functioning, poses health risk to both wildlife and humans and leads to

loss of water through transpiration (Chamier et al., 2012).

Pistia stratiotes commonly known as water lettuce, is one of the worst aquatic weeds in
South Africa. It originated as ornamental plant and is well known for its reproductive
capacity, high moisture content and its bioremediation abilities (Rezania et al., 2015). In
South Africa, more than ZAR350 million has been used on control and management between
year 1997 and year 2016 alone (Fraser et al., 2016, van Wilgen et al., 2017). This free

floating aquatic weed along with water hyacinth, Kariba weed, water velvet (Harun et al.,
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2011, Chamier et al., 2012, Gusain and Suthar, 2017) is currently spreading at an alarming
rate causing a big threat to South Africa’s water security and diversity. Areas that have been
infested in South Africa include North—eastern (Kruger national park) (van Wilgen et al.,
2017), KwaZulu—Natal (Inanda dam, Umngeni catchment, Umngeni river, Hammarsdale)
and Cape town (Wemmershoek dam, Diep river of Bloubergrand ridge, Banana beach

estuary) (May and Coetzee, 2013, Shonalanga, 2014).

These aquatic weeds are difficult to control, due to high growth rate, which doubles within
two weeks, and has high moisture content (Coetzee and Hill, 2011). Physical, chemical and
biological control methods have been employed to manage them however, these are either
expensive or environmentally challenging (Malik, 2007). Eradication and management of
established plants has been the biggest challenge due to negative externalities (reduced
native, establishment of secondary invaders), costs and residual impacts (Panetta and
Gooden, 2017). Studies have indicated the possibility of using the biomass of aquatic weeds
(Table 2), to produce value added products such as biofuels (methane, hydrogen, ethanol
etc.) (Chuang et al., 2011, Kaur et al., 2018, Varanasi et al., 2018). Therefore, utilising
aquatic weeds as a renewable feedstock for bioenergy can be an efficient management
method for cleaner energy production such as hydrogen and will ensure environmental
protection, and also add research drive to replace non—renewable fossil fuels (Rickard et al.,

2016).

29



Table 2. Chemical composition of aquatic weeds

Carbohydrate content

Aquatic Weeds (%) C: N RatIO REference
Pistia stratiotes
49.4 - (Pantawong et al., 2015)
(Water lettuce)
Azolla filiculoides 41 15 (Miranda et al., 2016Db)

(water fern)

Lemnoideae
20.3 (Glucan)
(Duckweeds) — (Geetal., 2012)
Lemnoideae
(Duckweeds) 38 - (Cui and Cheng, 2015)

Eichhornia crassipes

(Water hyacinth) 40.7 29 (Mathew et al., 2015)
Salvinia (Watermoss) 32.2 23.0 (Mathew et al., 2015)
Pistia stratiotes — 25.7 This study

(Water lettuce)

2.7 Previous studies for fermentative biogas production from aquatic weeds

The use of aquatic weeds for biofuel production (Table 3) has caught a lot of attention
recently due to its high productivity and cost effectiveness. Aquatic weed grows in water
bodies and they do not compete for arable land therefore, they are considered not a threat to
food security (Kaur et al., 2018). Several previous studies focused on biogas (methane and

CO.) and bioethanol production from aquatic weeds (Gaur et al., 2017, Gusain and Suthar,
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2017, Sarto et al., 2019). Eichhornia crassipes (water hyacinth) is one of the mostly
investigated aquatic weed for hydrogen production (Lay et al., 2013, Anaerob et al., 2017,
Song et al., 2017). Aquatic weed, P. stratiotes has been utilised for bioethanol and methane
production (Namadi M et al., 2013, Pantawong et al., 2015, Gusain and Suthar, 2017). Prior
to this study, only one recent work has been published on biohydrogen production from P.

stratiotes (via a photo fermentation pathway) (Corneli et al., 2017).
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Table 3. Biofuel production from different aquatic weeds

Biomass
(aquatic weeds/plants)

Biofuel yield
(hydrogen, ethanol and methane(CHa4))

Reference

Azolla filiculoides

Acid (H2SOg4) treated—Azolla filiculoides

Pistia stratiotes (Water lettuce)

Eichhornia crassipes (Water hyacinth)

Eichhornia crassipes (Water hyacinth)

Pistia stratiotes (Water lettuce)

Water hyacinth
Salvinia

Duck weed (Lemnaceae)

Duckweed

Lemna minor

Lemna gibba
Pistia stratiotes (water lettuce)

Eichhornia crassipes (water hyacinth)

2.2 mol/mol glucose/xylose of hydrogen

2.4 mol/substrate
(7.3mLL*hYyand (5.6 mL L h?)
17 mlHz g

76.7 mIH2/20g/L water hyacinth

66.35% CH4
9667.33 ml/ total gas yield

62% CHs4
63% CHa4

75 ml Ho/g-7days (42% Hy)
6.42x10%habioethanol (50% of that of maize)
0.22g bioethanol/g™ dry biomass

0.19g bioethanol/g* dry biomass

0.22g bioethanol/g™ dry biomass
0.2g bioethanol/g™* dry biomass

(Miranda et al., 2016a)

(Miranda et al., 2016a)

(Corneli et al., 2017)
(Chuang et al., 2011)
(Suetal., 2010)

(Pantawong et al., 2015)

(Mathew et al., 2015)
(Mathew et al., 2015)

(Xu and Deshusses, 2015)
(Xuetal., 2011)

(Gusain and Suthar, 2017)
(Gusain and Suthar, 2017)

(Gusain and Suthar, 2017)
(Gusain and Suthar, 2017)
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2.8 Techniques used to identify microbial communities in hydrogen production

The essential step towards understanding the function of different bacteria in both inoculum
and hydrogen production bioreactor, is to detect and quantify the relevant bacteria
responsible for the metabolic (Li et al., 2011) reactions.

Culture—dependent and non—culture dependent methods have been used to identify hydrogen
producing microorganism. Culturable methods identify microorganism by means of
characterization techniques and isolation in appropriate media (Wang et al., 2007). However,
the limitation with culture—dependent techniques is that some cultures, such as
environmental bacteria are unculturable (Pham and Kim, 2012). Culture independent
techniques uses molecular techniques such as Fluorescent in situ hybridization (FISH),
Polymerase Chain Reaction (PCR), PCR-Denaturing Gradient Gel Electrophoresis

(DGGE), real-time PCR, as well as droplet digital PCR (Kumar et al., 2018a).

2.8.1 FISH

Fluorescent in-situ hybridization (FISH) is a visualisation technique used to characterize the
inoculum and analyse the microbial community structure of hydrogen producers (Hwang et
al., 2009a, Lee et al., 2009). It is based on microscopic examination after staining cells with
fluorescent labelled and specific 16S rRNA oligonucleotides probes (Gorham et al., 2016).
Laser or epifluorescence microscope are used for visualisation (Hwang et al., 2009. The
specificity of the oligonucleotide probes allows detection from domain level to species level
(Gorham et al., 2016). FISH does not require DNA extraction step which makes it an
excellent detection method compared to other molecular based method such as PCR or real—
time PCR (Kumar et al., 2018a). It allows visualisation of non-culturable bacteria, however,
the identification requires evenly distributed cells thus allows semi-quantification (Hannig

et al., 2010). The challenge of using FISH is the auto fluorescence background in the
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environmental samples and flocs which affect analysis of images or cells as well as
quantification (Mota et al., 2012). Pre—treatment methods have been used to break the bacterial
floc for accurate enumeration. However, the challenge has been to select a procedure that is not
harsh to cause cell disruption but able to achieve complete detachment of bacteria from
flocculated clumps in environmental samples (Legge, 2012). The probes used in FISH are
typically RNA-based and the RNA is often present in small quantity and degrades easily and
if a new probe is needed for a target microorganism, RNA gene sequence must be known,
moreover, it is challenging to optimise newly designed probe (Kumar et al., 2018). FISH
have been successfully used in combination with other detection techniques such as
denaturing gradient gel electrophoresis (DGGE) to overcome these limitations (Mishra et
al., 2015). FISH has been applied to characterise microorganisms in the hydrogen-producing
sludge before and after pre—treatments for seed culture in dark fermentation bioreactor
(Reddy et al., 2017). The FISH technique has also been used with 16S rRNA-targeted
oligonucleotide probes to monitor the change in the microbial community (Hwang et al.,
2009a, Lee et al., 2009). Dominance of Bacillus species were monitored using FISH in
biohydrogen production from starch process wastewater (Sutthipattanasomboon and

Wongthanate, 2017).

2.8.2 Polymerase Chain Reaction (PCR) and Denaturing Gradient Gel Electrophoresis
(DGGE)

PCR is a molecular technique that achieves amplification of specific region of DNA in
various sample source (Rosselli et al., 2016). Universal and individual or domain targeted
primers for 16S rRNA genes has been used to obtain PCR amplicons from extracted
metagenomic DNA (Lorenz, 2012). The difference in microbial community is based on the

visualisation of band patterns in a gel electrophoresis. The draw backs in PCR is the presence
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of inhibitors in metagenomics samples, it is time consuming and not quantitative. DGGE is
a PCR based technique, it is also a simple and rapid monitoring method of target
microorganisms during the biological processes (Mota et al., 2012). DGGE is performed by
taking PCR results in DNA segments with different sequences but same size, the segments
are then separated in an acrylamide gel, but not in an agarose gel, having a linear ascending
gradient of denaturants, usually urea and formamide (Carmona et al., 2011). DGGE
technique has been widely used in monitoring and estimating the abundance of microbial
species (Piterina and Pembroke, 2013). Clostridium spp. were identified from activated
sludge using 16S rRNA gene-directed polymerase chain reaction-DGGE (Wang et al.,
2007). Both PCR and DGGE are cost effective for large quantity of samples. Previous
studies have successfully used PCR for detection and monitoring of both hydrogen producers
and hydrogen consuming microorganisms (Cao et al., 2014, Reddy et al., 2017, Kumar et

al., 2018a).

2.8.3 quantitative PCR

The gPCR is one of the advanced techniques mostly used for identification and
quantification of microorganisms in real time. The gPCR has better sensitivity or precision
and capable of detecting DNA and RNA at low concentrations compared to conventional
PCR methods (Tolvanen et al., 2008, Pugazhendhi et al., 2017a). It is considered time
consuming since it evaluates microorganism in real time. Detection or precision in qPCR is
however, limited by the depletion of components in the reaction as the number of cycle
increases (Kumar et al., 2018a). Detection techniques such as 16SrDNA based tools have
contributed a lot of knowledge in the development of hydrogen production studies, such as
exploration of microbial ecology of hydrogen producing consortia (Pugazhendhi et al.,

2017a, Banu et al., 2018). Research is still on going to advance and further develop
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molecular based methods aimed at improving and understanding hydrogen production
performance in bioreactors. Next Generation sequencing (NGS), Amplicon sequencing or
phylogenetic identification are one of the most advanced methods for monitoring microbial
community. These techniques offers a complete view of genetic diversity compared to other

molecular techniques that only targets single or few genes.

2.8.4 Sequencing

DNA sequencing techniques can be used to identify and quantify abundant microbial
community and provides information on phylogenetic and functional interactions (Kumar et
al., 2018). Sequencing techniques analyse the whole genetic information present in DNA
extracted from mixed culture or pure culture (Legge, 2012). Next Generation sequencing
(NGS) is a high throughput method that has been used in dark fermentation studies to analyse
the entire population and understand key microbial elements driving the processes which
cannot be analysed by standard methods (Antony et al., 2016). NGS allows sequencing of
huge amount of DNA in a short period of time and can be analysed using bioinformatics
tools and experts to interpret the obtained data (Rucha et al 2018). NGS includes illumina
sequencing, Roche 454 sequencing, ion Torrent and solid sequencing (Ambardar et al.,
2016). Hydrogen producing microbial community can be monitored by 16S rRNA gene
sequencing (amplicon sequencing) and metagenomic whole genome sequencing. Shotgun
sequencing reveal phylogeny and microbial function present in environmental sample
(Fantini et al., 2015, Salipante et al., 2014). However, the 16S rRNA gene will not provide
data on the function of the organisms in the environment if the identified microbe is new and
not well classified (Poretsky et al.,2014). Amplicon sequencing provides a very sensitive

tool for identification and quantification of low DNA concentration based on the taxonomy
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present in the sample (Kumar et al., 2018). NGS offers a very cost effective and thorough

classification technique for monitoring microbial community.
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CHAPTER 111

OPTIMIZATION OF PRE-TREATMENT METHODS TO
HYDROLYSE THE BIOMASS OF PISTIA STRATIOTES AND
CHARACTERIZATION OF THE HYDROLYSATE

3.1 Introduction

Aquatic weeds are one of the most abundant and readily accessible biomasses with a high
carbohydrate content (Miranda et al., 2016a, Gusain and Suthar, 2017). They are complex
lignocellulosic structure mainly containing lignin, hemicellulose and cellulose (Rismiller et
al., 2018). In search for a sustainable energy source, the aquatic biomass can be a potential
renewable feedstock for Hx production. However, its suitability for adequate Hz production
greatly depends on its C: N ratio and biodegradability (Usmani et al., 2017). Additionally,
the recalcitrant structure of lignocellulosic biomass hinders the release of readily fermentable
sugars which causes hydrolysis to become a rate limiting step in dark fermentation (Haldar
et al., 2016, Myat and Ryu, 2016, Sun et al., 2016, Paudel et al., 2017). It is therefore
imperative to hydrolyse the plant biomass prior to fermentation to enhance the availability

of cellulose to enzymes and degrade the carbohydrates into reducing sugars.

The pre—treatment method selected for hydrolysis of the substrate should be able to provide
high sugar recovery within a minimal period, at an affordable cost and without any inhibitor
concentration (Haldar et al., 2016). Several methods have been employed for the pre—
treatment of complex lignocellulosic biomass, these methods are explained in complete

details in chapter Il (section 2.5.7(a) to (d).
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Characterization of the substrate provides a better understanding of pre—treatment
requirements of the biomass as well as its digestibility. Therefore, this objective focused on
characterization of the P. stratiotes biomass. The substrate was subjected to different pre—
treatment methods i.e. physical, chemical and physical-chemical methods to improve its
susceptibility to hydrolysis and for production of maximum fermentable sugars. The
morphological changes before and after the pre—treatment were examined for correlation

between the morphological disruption and the optimum pre—treatment method.
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3.2 Materials and methods

3.2.1 Substrate preparation

Fresh water lettuce (P. stratiotes) was harvested manually from a river in Durban, KwaZulu—
Natal. The harvested biomass was washed with tap water, the roots and rotten parts were
discarded since they are reported to contain heavy metal that can affect dark fermentation
results (Harun et al., 2011). The sample in this study was therefore refered as raw sample
soon after sampling and cleaning. The remaining parts of the biomass were dried at 105°C
for 24 h using an oven (Labcon, South Africa) (Namadi M et al., 2013). The dried plant
biomass was then milled using a stainless steel grinder (Waring Laboratory Science, South
Africa) and sieved (0.5mm pore size) to obtain a particle size between 0.25 mm and 0.5 mm.
The filtered samples were then stored in plastic bags for 1-2 weeks (room temperature) while
doing the analysis, and pre—treatments. The structure of the lignocellulosic requires
subjection to various enzymes (mainly cellulases and hemicellulases) and pre-treatment
methods (dilute acid, steam explosion, alkaline peroxide) to be degraded. Short storage at
room temperature do not easily degrade essential components required for dark fermentation

(Pattra and Sittijunda, 2015).

3.2.2 Characterization

The dried plant sample were analysed for ash, total solids, moisture content, and C: N using
a DR6000™ UV VIS Spectrophotometer (HACH, RFID Technology), furnace, and oven
(Lubicon, South Africa), following Saviour and Nielsen (2010). The cellulose,
hemicellulose and lignin components of P. stratiotes were determined by HPLC (Shimadzu,
Japan) with a refractive index detector and Aminex HPX-87H column (300 x 7.8 mm) at

40°C, using the Gravimetric analysis (strong acid hydrolysis) from National Renewable
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Energy Laboratory (NREL) method (Sluiter et al., 2011), Hemicellulose and cellulose was

then calculated as stated below-

e Cellulose%= Glucose/1.11(conversion factor for glucose based polymers) *100
e Hemicellulose%= Xylose + Arabinose/1.13 (conversion factor for xylose based

polymers to monomers)

Acid —soluble and acid-insoluble lignin was determined using the method “Determination
of structural and lignin in biomass” by NREL methods (Sluiter et al., 2011) as discussed

below-

(a) Determination of insoluble lignin

The insoluble material retained on the filter paper after hydrolysis and filtration of the
hydrolysate) was washed with about 1.5 L of distilled water to remove residual acid (until
pH near 7) and dry in oven at 105°C until constant mass. The percentage of insoluble lignin
was calculated in relation to the mass of dry lignocellulosic material discounting the mass of

ashes (inorganic compounds).

(b) Determination of acid soluble lignin

The amount of soluble lignin was determined by measuring absorbance at 280 nm in a UV-
visible spectrophotometer. Background of deionized water was run first as a blank and sing
the hydrolysis liquor aliquot obtained in hydrolysis, the absorbance of the sample was
measured. This analysis was done within six hours of hydrolysis. Acid soluble lignin (ASL)

was determined using Eq. (6). below
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UVabsorbance X Vol of filtrate X dilution
ASL = - X 100
€ X sample weightX Pathlenth

(6)

The substrate analysis (ash, total solids, moisture content, and C: N) are discussed below.

3.2.2.1 Determination of moisture content

To determine the moisture content, 3 g of properly mixed and evenly spread raw sample (P.
stratiotes) was transferred to a weighing dish balance to record the initial weight. This
sample was then dried in an oven at 105°C for 24 h and recorded the dry weight. This
procedure was repeated until a constant dried weight was obtained. The difference in weight
from initial to final was used to determine the total moisture content (LAP, 1998). The
percentage of moisture content was determined using Eq. (7). The analysis was carried out

in duplicate.

Initial weight plus dish — dried weight plus dish

%Moisture = ( )X 100

Initial weight plus dish

(7)

3.2.2.2 Determination of total solids in biomass

Total solids in biomass was determined by first placing marked crucibles in a furnace at 575
+ 250°C to ignite all previous materials present in the crucible. The crucibles were removed
and cooled down to room temperature in a desiccator and recorded the weight. Three gram
of raw sample (P. stratiotes) was weighed, transferred into the crucible and recorded the
weight of sample plus crucible. The crucible with sample was thereafter placed in a
conventional oven at 105 + 3°C for 4 hours. The crucible plus sample were then removed

from the oven, allowed to cool down in a desiccator and the weight recorded. This was
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repeated until a constant weight was obtained (LAP, 1998). The percentage of total solids

was then determined according to Eq. (8).

Initial weight plus dish — dried weight plus dish

%Total solids = ( )X 100

Initial weight plus dish

(8)

3.2.2.3 Determination of Ash content

Ash content of the dry biomass was determined as described by Sluiter et al., (2011). Marked
crucible were first ignited to remove previous materials present on the crucible as described
in 3.2.2.2 (Sluiter et al., 2011). Three gram of 105°C dried sample was weight, transferred
into the tared porceline crucible and both weight recorded. The crucible with sample was
placed into a furnace at 550 £ 25°C for 3 hours. The samples were then removed and allowed
to be cooled down to room temperature in a desiccator. The ignition step was repeated until
a constant weight was retained. The final weight of the ash was recorded and the ash

percentage calculated based on Eq. (9).

Weight of ash plus dish — weight of dish
weight of 105°C dried sample

%Ash = ( )X 100

©)

3.2.2.4 C: N ratio
The C: N ratio was calculated using the total organic carbon (TOC) and the total Kjeldhal

nitrogen (Sivasankari and David Ravindran, 2016, Divyabharathi et al., 2017). Total OC was
determined by following the method described below (Divyabharathi et al., 2017).
Estimation of Total Organic Carbon (TOC)

The TOC was estimated following the wet digestion method as described by Divyabharathi
(2017). The 20 ml sample was digested with 50-75 ml of 1 N K>Cr.O7 with 20 ml of
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concentration of H.SO4 using a heating block digester (Milestone S.R.L.). After 30 minutes
10 ml of Ortho phosphoric acid was added. This was titrated against 1 N Ferrous Ammonium
Sulphate (FAS) with diphenylamine as indicator and the total organic carbon was calculated

using Eq .(10).

Bv—Sv X NSFAS X100 X 0.03
Vs

TOC(mg/L) =

(10)

Bv is the Blank titre value, Sv is the Sample titre value, NFAS is the Normality of FAS and

Vs is the Volume of test Sample

Total Kjeldhal nitrogen was determined by following the Nessler method described for
DR6000™ UV VIS Spectrophotometer (HACH, RFID Technology). Two mL of 25%
KMnO4 solution was added to one mL (1000-56000 mg/L) powdered sample (P. stratiotes)
followed by 3 drops of concentrated H2SO4. Approximately,10 mL of diacid (H2SO4 and
HCLOs3) was then added to the reaction mixture and digested. After digestion 20 mL of 40%
NaOH was added to 5 mL of the digested sample to distill and titrated against 0.05 N H2SOa.
The digested samples were then analyzed using the DR 6000 instrument (Divyabharathi et
al., 2017). The total Kjeldhal nitrogen was then calculated using Eq. 10. Then the C: N ratio

was calculated by dividing the OC Eq. (10) by Eqg. (11).

TKN Ly = titre value X 14 X vol. acid made up X 100
(mg/L) = vol.acid added

(11)
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3.2.3 Thermal treatment

To study the effect of thermal pre—treatment on the hydrolysis of P. stratiotes, the
experiments were carried out under both boiling (100°C) temperature and steaming (121°C).
The boiling pre-treatment experiment was conducted in a water bath at a temperature of 100
+ 3°C and steaming in an autoclave at 121°C. All the treatments were conducted by using
19 dried and powdered P. stratiotes biomass in 250 mL glass beaker filled with 100 mL
distilled water. The experiments were then incubated at different time intervals of 15, 30 and
60 minutes. After each pre—treatment, the hydrolysates were cooled to room temperature and
filtered using a whatman filter paper (0.45 um). The resulting hydrolysate were analysed for
sugar content using a spectrophotometer (Spectroquant R Pharo 300, Merck Germany) at a
wavelength of 490 nm, following a phenol-sulphuric acid method (Albalasmeh et al., 2013).
The solid biomass retained on the filter paper was washed with distilled water to neutralise
pH and air dried at room temperature for further analysis using scanning electron microscopy
(SEM). All the experiments were carried out in triplicate and the different pre—treatment
time and temperature were selected based on the economic feasibility and previous literature

(Harun et al., 2011, Barakat et al., 2014, Barakat et al., 2015, Sun et al., 2016).
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3.2.4 Acid pre-treatment
The effect of acid pre—treatment on the hydrolysis of P. stratiotes was studied under both

boiling (100°C) and steaming (121°C) temperature. Both pre-treatments were carried out by
mixing approximately 1g dried powdered P. stratiotes in 100 mL sulphuric acid (H2SO4)
solutions with varying concentrations of 1.5%, 2.5% and 3.5% H>SO4. The experiments were
incubated at different time intervals of 15, 30 and 60 minutes. The different pre—treatment
acid concentrations, reaction time and temperature were decided based on the economic
feasibility and previous literature as indicated in section 3.2.3 (Harun et al., 2011, Ganguly
etal., 2013, Singh and Bishnoi, 2013, Akanksha et al., 2014). Both acid-boiling experiments
using a water bath and acid-steaming using an autoclave were performed as discussed in

section 3.2.3 in triplicate

3.2.5 Evaluation of P. stratiotes morphology using SEM
A scanning electron microscope (SEM) (ZEISS ultra Plus FEG-SEM) at 5.00 kV was

employed to examine the surface details of the plant specimen before and after treatment.
The samples were dried and mounted on a stainless steel stub with a double—sided tape, and
coated with a thin layer of gold to improve electron conductivity and image quality (Kristiani

etal., 2013)
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3.3 Results and discussion

3.3.1 Raw aquatic plant composition

The biomass composition of P. stratiotes used in this study are presented in table 4. The
percentage of contents were 97.2% moisture, 21% ash, 1.14% insoluble lignin, 3.94%
soluble lignin, 5.26% hemicellulose, and 37.83% cellulose. The hemicellulose and cellulose
composition obtained was different from that of Eichhornia crassipes, containing 17.3% for
cellulose, and 24.7% for hemicellulose (Chuang et al., 2011) and comparable to the
composition of P. stratiotes obtained by (Sivasankari and David Ravindran, 2016). These
results comply with the lignocellulosic materials that retain carbohydrates in the form of
cellulose (35 — 45%) and hemicellulose (25 — 40%) (Qiu et al., 2017). The lignin fraction is
associated with the holocellulose substance by intermolecular linkages. Hence the biomass
was subjected to pre-treatment to break down the heteropolymeric structure of

lignocellulose complex (Kumar et al., 2015) (Table 4).

The moisture content of P. stratiotes was comparable to Eichhornia crassipes (Bhattacharya
etal., 2016) and was higher (97.2% + 0.1) than other lignocellulosic biomass such as bagasse
(8.18 + 0.35%) (Reddy, 2016) and Azolla filicuilodes aquatic plant of 11% (Miranda et al.,
2016a). Optimum moisture content is important for microorganisms to ensure prolonged
metabolism. However, when the water content is too high it can lead to process failure thus
minimal drying of the biomass is required prior to fermentation (Fadairo and Fagbenle, 2014,
Sukasem and Prayoonkham, 2017). Studies have also reported improved sugar yield and
methane production for dried aquatic plant biomass compared to fresh biomass (Sukasem

and Prayoonkham, 2017).
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The lignin content of P. stratiotes was lower than that of reed canary grass (9.5%), sweet
sorghum (17.6%), and corn stalk (21.52%) (Kumar et al., 2015). However, characteristics
such as the low lignin content along with the high cellulose could result in obtaining more
carbohydrates during substrate degradation via hydrolysis (Argun et al., 2017). The results
of acid soluble and insoluble lignin of 3.94% and 1.14% are comparable to those of
Eichhornia crassipes (Chuang et al., 2011). The C: N ratio of 25.7 was within the range for
anaerobic digestion which has been reported to be between 15 — 30:1 (Matheri et al., 2017)

(Table 4).

Table 4. Pistia stratiotes composition

Component Percentage (%)
Moisture 97.2+0.1
Ash (w/w, dry weight (DW) basis) 21+0.3
Cellulose (w/w, DW basis) 37.83
Hemicellulose (w/w, DW basis) 5.26
Acid soluble and insoluble lignin (w/w, 3.94and 1.14
DW basis)
COoD 9658.2 mg/L £ 0.5
Total Nitrogen 375 mg/L £ 0.02
C:N 25.7
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3.3.2 Effect of boiling treatment
The effect of boiling treatment (100°C) on sugar yield was investigated at different reaction

times of 15, 30, 60, and 90 min (Table 5). An increase in boiling time from 15 to 90 min
resulted in an enhancement in the sugar yield from 27.4 to 40.8 mg/g, respectively (r: 0.9938,
p: 0.0709). The results indicated that boiling enhanced the delignification process compared
to the untreated biomass (20.9 + 0.8) concentration. However, the boiling treatment requires
prolonged reaction /incubation time to allow extensive penetration of boiling water into the
cell structure leading to breakdown of molecular bonds and hemicellulose and cellulose
solubilisation. Reaction time and temperature are reported to be the main factor in hot water
hydrolysis (Kim et al., 2015b). Aquatic weed Laminaria japonica showed improved sugar
yield when the temperature was increased from 150°C to 170°C for 20 min (Jung et al.,
2011). A recent study reported a significant increase in glucose of 36% to 61% from
hardwood when the boiling pre—treatment temperature was increased to 200°C (Kim et al.,
2015a). This observation suggested that the application of 100°C was not sufficient enough
to hydrolyse the compact lignocellulosic structure of the P. stratiotes. The temperature plus
short reaction time may not completely delignify the lignocellulose structure but can dissolve
some hemicellulose and increase susceptibility of cellulose as evidenced in this study
(Kristiani et al., 2013, Delbecq et al., 2018, Rafieenia et al., 2018a). Higher temperatures
above 100°C are considered highly effective for complete solubilisation in hydrolysis thus
boiling treatment is limited by requirement of longer retention time (Bundhoo et al., 2015)

that can increase the overall cost and efficiency of biohydrogen production.

3.3.3 Effect of steaming treatment (121°C)
The effect of steam pre—treatment at 121°C on sugar yield at different reaction times of 15,

30, and 60 min were investigated. An increase in steaming time from 15 to 60 min caused a
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decline in sugar yield from 54.0% to 40.9%, respectively (r: -0.8729, p: 0.3244) (Table 5).
Steaming treatment has similar effect as boiling but with added advantage of the pressure
effect which improves hydrolysis (Elliston et al., 2015). Previously, steam explosion
improved digestibility of spruce wood chips by 90% compared to boiling treatment without
pressure (Pielhop et al., 2016). The improvement can be attributed to the weakening effect
on the lignocellulose structure by boiling effect followed by size transformation to
nanoparticles through the effect of pressure (Yunos et al., 2012). The decline in sugar yield
as the reaction time increased can be related to the severity of cellulose breakdown leading
to degradation of the released reducing sugars since the P. stratiotes biomass has less lignin
content and not very recalcitrant. A previous report on reed straw indicated a reduction in
cellulose percentage from 55% to 46.5% when the steaming temperature and reaction time

was increased demonstrating partial sugar degradation (Hu et al., 2013).
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Table 5. Effect of pre—treatment at boiling (100°C) and steaming temperature (121°C)

Sugar yield at (mg/g)
Reaction time (min) boiling (100°C) steaming(121°C)
15 27.4+£0.5 54.0+0.1
30 33.4£1.0 57.0+1
60 41.3+0.7 40.9 +3
90 40.8+1.0 -

3.3.4 Effect of sulphuric acid treatment at boiling (100°C) temperature
The effects of different acid concentrations 1.5%, 2.5%, and 3.5% H>SO4 and reaction time

(15, 30 and 60 min) on sugar yield was evaluated. It was noted that at 1.5% H>SO4, an
increase in reaction time from 15 to 60 min enhanced sugar yield from 73.6 to 96.2 mg/g,
respectively (r: 0.9731, p: 0.1480) (Table 7). This result indicated that an increase in
hydrolysis up to 60 min improves the degradation of the lignocellulose structure. Previous
report on the effect of hydrolysis reaction time on lignocellulosic biomass of Tacca and
Tigernut concluded that sugar quantity greatly depends on reaction time (Ofoefule et al.,
2015). However, at 2.5% H2SO4, an increase in reaction time from 15 to 60 min caused a
decline in sugar yield from 115.2 to 106.9 mg/g, respectively (r: -0.1804, p: 0.8845). This
could be as a result that some of the released sugars gets degraded to other compounds at
higher acid concentration resulting in reduced total sugar yield (Jonsson and Martin, 2016).
Prolonged acid boiling pre—treatment time was previously reported ineffective and promoted
degradation of already released monosaccharides to various products such as furfural and

hydroxymethylefurfural (HMF) leading to a reduction in total sugar concentration after the
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pre—treatment (Harun et al., 2011). On the other side the released products can be toxic to
the growth of microorganisms and inhibit fermentation process (Bundhoo et al., 2015).

Similarly, at 3.5% H>SOs4, an increase in reaction time from 15 to 60 min caused a decline
in sugar yield from 112.2 to 95.2 mg/g, respectively (r: -0.9365, p: 0.2281). It was also noted
that an increase in acid concentration from 2.5% to 3.5 % caused an overall decrease in sugar
and could be attributed to the degradation of released sugars as explained in section 3.3.4.
Similar results were observed in a study by Reddy et al. (2016), which found an increase in
H2SO4 concentration from 0.64% (v/v) to 1% (v/v) caused a decrease in the sugar yield from

274 10 199.0 mg/qg, respectively for bagasse.

3.3.5 Effect of acid treatment plus steaming temperature (121°C)

The effects of different acid concentrations 1.5%, 2.5%, and 3.5% H2SO4 on sugar yield at
the steaming temperature was investigated. With an increase in acid concentration from
1.5% H2SO4t0 2.5% H2SO4, an increase in sugar yield from 115 to 139.8 mg/g was observed
(Table 6). However, a further increase in acid concentration up to 3.5% H2SO4 caused a
decline in sugar yield to 130.2 mg/g. This result indicates that the pre—treatment increased
removal of hemicelluloses from the solid fraction and enhanced cellulose digestibility,
however at or above 3.5% H>SO4 steaming, it may promote higher sugar degradation (Argun
etal., 2017).

The highest sugar yield of 139.8 mg/g was obtained when Pistia stratiotes was exposed to
combined treatment of steaming and 2.5% H2SO4 at a reaction time = 30 min. Under this
condition, the high steaming temperature might have increased the surface area of the
substrate that allowed an improved acid penetration into the sample resulting in a complete
delignification of the plant biomass (Harun et al., 2011). Reddy et al. (2016) found that

contact time was the main factor affecting sugar yield from sugarcane bagasse, whereas Xia
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et al. (2013) reported that the rate of degradation of the lignocellulosic structure depended
on temperature and concentration of sulphuric acid. This variation in result concludes that
the effectiveness of pre—treatment depends not only on the pre—treatment conditions but also

on the type of the biomass material.

Table 6. Effect of sulphuric acid treatment at boiling (100°C) and steaming
temperature (121°C)

Sugar yield at (mg/g)

Sulphuric Acid concentration Reaction time (min)
boiling (100°C)  steaming(121°C)

(%)

1.5 15 73.6 +0.8 126.8 £ 0.8
1.5 30 76.1+21 135.3+0.6
1.5 60 96.2+1.0 136.1+3.1
2.5 15 115.2+0.2 131.0+1.6
2.5 30 92.6+0.2 139.8+0.8
2.5 60 106.9+0.8 123.6+£2.5
3.5 15 112.2+0.2 131.2+0.3
3.5 30 101.2+0.1 115.0+0.3
3.5 60 95.2+22 1304 +£3.5

3.3.6 Evaluation of P. stratiotes morphology using SEM

Scanning electron microscopic analysis was used to view the morphological modifications
caused by the different hydrolysis pre-treatment methods. The SEM image of untreated P.
stratiotes revealed that holocellulose substances (i.e. cellulose and hemicellulose) were
coated and closely attached to lignin (figure 4). The SEM image (Figure 4c) of acid treated

biomass with 2.5% H>SO4 indicated that after acid pre—treatment, the surface was degraded
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completely leading to the breakdown of the recalcitrant heteropolymeric fractions of the
lignocellulose complex. The change in biomass morphology suggested that the inner
materials were ruptured to liberate a large quantity monomeric carbohydrate (figure 4c).

The SEM image of acid treated biomass with 3.5% H>SO4 showed a major structural damage
which indicate that the treatment completely hydrolysed the plant material. However, the
major structural damage indicates a possibility of cellulose and hemicellulose degradation.
Extensive structural damage was observed on wheat straw, Hemp, Amor silver grass pre—
treated with N2 steam explosion pre—treatment at 200°C compared to 150°C (Tutt, 2015) and
disorganisation on the morphological surface of reed straw caused by steam explosion pre-
treatment were also observed under SEM (Hu et al., 2013). The changing morphology of
biomass can be related to the effectiveness of the pre—treatment method, the delignification,
and the decreasing crystallinity of the cellulose (Kristiani et al., 2013). The SEM results
indicate a positive correlation and reliability of the observation between the sugar yield
results and the degree of morphological destruction, the highest sugar yield was observed at

2.5% H2S04 for 30 minutes (figure 4).
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Figure 4. Scanning electron microscope showing micrograph of a) untreated sample b) 3.5%
H2SOg4treated at steaming temperature for 30 minutes and c) 2.5% H2SO4 treated at steaming
temperature for 30 minutes.
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3.4 Conclusions

The chemical composition of Pistia stratiotes indicated a suitable biomass. The
lignin (3.94% and 1.14%) percentage are low with a high cellulose and hemicellulose
(37.83%) percentage indicating possible easy solubility of lignin that is sufficient
enough to generate fermentable sugars with optimum pre—treatments.

The hydrolysis pre-treatment process of P. stratiotes for 30minutes achieved the
maximum respective sugar yield of 139.8 mg/g after steam (at 121°C) pre-treatment
with 2.5% H2SOa.

The change in biomass morphology suggested that the inner materials were ruptured
to liberate a large quantity of monomeric carbohydrate. Scanning electron
microscopic analysis validated the effectiveness of steam pre—treatment of 2.5%
H2SO4 at 121°C in hydrolysis of P. stratiotes. The results showed the correlation
between the surface destruction of the biomass and the maximum sugar yield
obtained.

Therefore, the hydrolysate of P. stratiotes can further be evaluated for biohydrogen

production through dark fermentation process.
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CHAPTER IV

OPTIMISATION OF THE REACTOR OPERATIONAL CONDITIONS
FOR HYDROGEN PRODUCTION BASED ON CHEMICAL AND
MICROBIOLOGICAL ANALYSIS, USING A THERMALLY
TREATED ACTIVATED SLUDGE AS AN INOCULUM

4.1 Introduction
Dark fermentation has been extensively explored for biohydrogen production due to its

ability to utilize a wide variety of inexpensive substrates, independence of light, and the end—
products that can be utilized for photo fermentative H, production (Ghimire et al., 2015a,
Rai, 2016). However, the challenge in dark fermentation is to optimise for factors affecting
H> production. Previous studies have suggested that low HYs are ascribed to the type of

inoculum used, substrate and operational factors (Kothari et al., 2017, Vi et al., 2017).

For dark fermentative H. production to move to the level of commercialization and be
applied in industrial scale, the operational factors (type of inoculum, pH, HRT, S/X and
temperature) must all together be optimum. The dark fermentation processes and the factors

affecting dark fermentation are wholly discussed in chapter Il (section 2.3).

Hydrogen productivity depend on the presence of hydrogen producing microorganisms in
the fermenter. Hence, this objective focused on the pre—treatment of the anaerobic sludge as
a seed inoculum to enrich Hz producers and eliminate unwanted microorganisms.
Biohydrogen fermentation was then estimated at different experimental factors, viz.,
medium pH, fermentation time, culture temperature, and substrate—to—biomass (S/X) ratio

to obtain optimum levels. The reliability of experimental results was examined by employing
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COD mass balance and electron—equivalent balance. A regression model was developed to
describe the correlation between the studied factors and HYs. The results of Hz production
were then correlated with the microbial community analyses results, including fluorescent
in—situ hybridization (FISH), polymerase chain reaction (PCR), and real-time polymerase

chain reaction (qPCR).

58



4.2 Materials and methods

4.2.1 Inoculum preparation

Activated sludge samples were collected in from the anaerobic tank of a domestic
wastewater treatment plant in KwaZulu—Natal, South Africa. The samples were collected in
1L screw cap glass bottle and transported to the laboratory under 25°C. Characterization was
carried out by using 50 mL of collected sample (activated sludge). pH, total solids (TS), total
suspended solids (TSS) and volatile suspended solids (VSS) and mixed liquor suspended
solids (MLSS) were analysed according to standard methods (Clesceri et al., 1998)
(Appendix one). The 950 mL collected anaerobic sludge in screw cap glass bottle was then
thermally treated at 100°C for 45 minutes (to eliminate the undesired microorganisms from
the sludge) using an autoclave (Speedy autoclave, HL-341) (Shaterzadeh and Ataei, 2017).
After the pre—treatment, it was allowed to cool down at room temperature and was directly

inoculated in the reactor.

4.2.2 Substrate preparation and pre-treatment

Water lettuce (Pistia stratiotes) was harvested from a river in Durban, KwaZulu—Natal. The
plant was washed with tap water to remove dirt and dust, and then the roots and rotten parts
were discarded. The stem and leaves were dried at 105°C for 24 h using an oven (Labcon,
South Africa). The dried species were blended and sieved to obtain particle size between
0.25 and 0.5 mm (stainless steel, South Africa). The biomass was thereafter subjected to
pre—treatment process to increase the release of amount of monomeric sugars. For this, the
samples were soaked in sulphuric acid solutions of (v/v) 2.5% for 30 min at a temperature

121°C. After biomass treatment, the hydrolysates were filtered using a whatman filter paper
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(Grade 6, circles, diameter 150 mm) and analysed for sugar using a calorimetric Phenol—

sulphuric acid protocol (Albalasmeh et al., 2013) (Dubois, 1956).

4.2.3 Experimental setup for Hz production

Dark fermentation was conducted using batch experiments in serum bottles 120 mL with a
working volume of 90 mL. The bottles were sealed with an aluminium cap and a rubber
stopper. The bottles were then placed in an incubator (Labotec EcoTherm, South Africa).
The anaerobic condition was ensured by purging the sealed bottles with nitrogen gas. The
inoculum sludge’s pH was 7.2, and the concentrations of Volatile suspended solids (VSS)
and total suspended solids (TSS) were 2.4 — 2.6 g/L and 3.2 — 3.5 g/L, respectively. The
mixed culture was fed with 60 mL substrate of different COD concentrations (0.6 — 2.9 g/L)
depending on S/X required. The mineral medium was composed of (per 1 L) (Reddy et al.,
2017): 80 g NH4HCO3, 1.24 g KH2PO4, 0.1 g MgS0s, 0.0278 g FeCls, 0.01 g NaCl, 0.01 g

Na2Mo004-2H>0, 0.01 g CaCl,-2H.0, and 0.0015 g MnSO4-7H20.

The initial standard values were kept at HRT 6, pH 6.5, S/X 1, Temperature 25°C and A
one-factor-at-a-time method was employed to investigate the effects of pH: 4.5, 5.5, 6.5, 7.5,
and 8.5 (1st experiment), contact time: 4, 6, 8, 10, and 12 h (2nd experiment), temperature:
15, 20, 25, 30, and 35°C (3rd experiment), and S/X: 0.5, 1.0, 1.5, 2.0, and 2.5 g-COD/g-VSS
(4th experiment) on fermentative hydrogen production. The optimum condition obtained
from each run was used for the next experiment. All experiments were conducted
independently in duplicate, and the results were averaged. At the end of each batch
experiment, the produced gas was collected using a gas-tight syringe, measured by water
displacement method and further analysed composition using gas chromatography (GC-
2014, Shimadzu South Africa (Pty) Ltd) equipped with a thermal conductivity detector (Nasr

et al., 2015).
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4.2.4 Electron equivalent balance

Hydrogen production and metabolic end—products of the fermentation process were
converted into electron—equivalent (e” eq) using Eq. (12). (Amin et al., 2016).
€ glucose initial > € glucose final T € smp T € 2 T € piomass

(12)
where, € giucose,initial IS the €~ eq of initial glucose Eq. (12), € glucoseeff is the e~ eq of remaining
glucose Eq. (13), e swmp is the e eq of soluble microbial products Egs. (14 —17), e w2 is the
e eq of the cumulative biohydrogen gas Eq. (18), and € viomass IS the e~ eq of biomass growth
Eg. (19).
The half reactions of electron donor, electron acceptors, and cell synthesis are presented as
follows (Lee and Rittmann, 2009):

For electron donor:

e grucose = (5) €Oz +HY + e~ = (=) CeHi206 + (3) H;0

(13)
For electron acceptor
e guucose = (3)C02 + (3)HCO; +H* +e™ > (3)CH;C00™ + () H,0
(14)
1 1
€putyrate (g) €O, + (%) HCOs- + H + e~
- (i) CH;CH,CH,C00~ + (l) H,0
20 20
(15)

e propionate = (3) €02 + () HCOs- + H* + e~ > (=) CH3CH,C00™ + (=) Hy0

1 1
14 14

(16)
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1 1 1 1
Clactate ™ (g) €O, + (—) HCO3;- H* +e™ - <E> CH;CHOHCOO~ + (5) H,0

12
(17)
e g, > HY +e” - (1/2)H,
(18)
For cell synthesis
— 1 1 1 _ 1
ehiomass = (3) €Oz + (&) NHyr + (=) HCOs- + H* +e™ > () CsH,0,N +
9
(55) H20
(19)
The accumulation of biomass was estimated by Eq. (20).
Abiomass - (tCOD — sCOD )final - (tCOD —sCoD )intial
(20)

where, Abiomass 1S the biomass accumulation (mg/L), tCOD and sCOD are total and soluble
COD, respectively (mg/L), and the chemical formula for biomass is assumed as CsH7O2N

(i.e., 1 mol biomass has 160 g COD)

4.2.5 Stoichiometry of Hz production
The stoichiometric oxidation—reduction equation was established by Eq. (21). (Reddy et al.,

2017).
Roveran = fe " Ra + fs - Re — Ry

(21)
where, Roveranl IS the balanced reaction, Ra, Rc, and Rq are the half reactions for electron-

acceptor reduction, cell synthesis, and electron-donor oxidation, respectively, fe is the
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fraction of electron donor moved to the electron acceptor, and fs is the portion of donor

electrons transferred to cell synthesis, in which fe + fs = 1.

The half reaction of mixed electron acceptors is given by Eqg. (22) (Amin et al., 2016).

n e_ ) n
R, =ZeaiRai e, =n‘"¢and2e;i =1
i=1

Zee_q,i i=1
i=1

(22)
where, eai is the fraction of e~ eq for i product of total e eq for SMP and Hz, Ruai is the half
reaction for reduction of i product, and eeq,i is € eq of i product. The following conversions
were used: 1 mol acetate = 8 e eq; 1 mol butyrate = 20 e~ eq; 1 mol propionate = 14 e eq;
1 mol lactate = 12 e~ eq;1 mol of biomass as CsH7O2N = 20 e~ eq; and 1 mol H2 = 2 e eq.

Procedures are presented in Appendix one.

4.2.6 Analytical methods
The cellulose and hemicellulose components of the dried plant samples were determined by

high—performance liquid chromatography (HPLC; Shimadzu, Japan) with a refractive index
detector and Aminex HPX-87H column (300 x 7.8 mm) at 40 °C. After each batch
experiment, the supernatant was withdrawn and filtered using a whatman filter paper (Grade
6, circles, diameter 150 mm). The solution was analysed for total COD, soluble COD,
MLVSS, and pH following standard methods (APHA, 1998). Volatile fatty acids (VFAS)
components were analysed by gas chromatography (Agilent 7820A GC, Chemetrix (Pty)
Ltd; SA) with a flame ionization detector and Zebron™ ZB-FFAP of 30 m x 0.25 mm x
0.25 pum capillary column. Nitrogen was used as a carrier gas, and the oven temperature was
programmed at 100°C for 2 min and then increased to 160°C at a ramp rate of 8°C/min for
a hold time of 0.5 min. The gas composition was analysed by gas chromatography (GC-
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2014, Shimadzu South Africa. (Pty) Ltd) equipped with a thermal conductivity detector and
packed column: GS-GasPro (30 m x 0.32 mm ID). Nitrogen gas was used as the baseline,
and the temperatures during operation of the oven, detector, and injection port were 80°C,
250°C, and 120°C, respectively. Different standard calibration curves for methane, CO2 and
H> were constructed. The regression equation was solved by generating a MATLAB file

using the software.

4.3 Microbial analysis

4.3.1 Fluorescent in-situ hybridization (FISH)

Fluorescent in-situ hybridization (FISH) was employed to identify and visualize the Ho—
producing microbial community structure within the thermally treated inoculum sludge as

described by Levsky et al. (2003).

Sample fixation

Sample was fixed to preserve the cellular morphology. For this the sample (2 mL) was
centrifuged at 10,000 x g for 2 minutes, the obtained pellet was washed with a 1X phosphate
buffered solution (PBS). The washed pellet was fixed in a 3:1 (v/v) mixture of 4%
paraformaldehyde and 1X PBS solution for Gram negative and 70% ethanol was used
instead of 4% paraformaldehyde for Gram positive microorganisms. The mixture was
incubated overnight at 4°C. After incubation, the sample were spun down and washed the
pellet with a 1X PBS. The washed pellet was then re—suspended in 1:1(v/v) mixture of 1X

PBS and absolute ethanol, and kept in -20°C for further analysis (hybridization).
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Sample Pre-treatment

The fixed samples were subjected to pre-treatment for floc dispersion and permeabilization,
to break down the peptidoglycan of Gram positive bacteria and allow sufficient passage of
FISH probes. The cells were washed with 1 X PBS to remove the fixative reagents and
centrifuged at 500 x g for 5 minutes. 200 ul protease K at different concentration (0.01, 0.05
and 0.1pg/ml), Tris—HCL (20 mM) and CaCL; (2 mM) were added in the tube and incubated
for 10, 15 and 20 minutes at 37°C. The samples were then washed with 1X PBS to remove

protease K and used for hybridization (Amidzadeh et al., 2014)

Hybridization

The microscopic slides were washed in alcohol (1% HCL in 70% ETOH) and placed in a
coplin jar containing a diluted poly-L—lysin (0.01%, sigma) for 5 minutes, the slides were
then drained and dried for 1 hour at 60°C. 5 ul of pre—treated fixed samples were transferred
to the Teflon-coated slides and dried for 10 minutes at 46°C. The specimens were dehydrated
in an increasing ethanol series for 3 minutes in 50%, 80% and 100%. 9 ul hybridization
buffer solution containing 1.8 M NaCl, 1M Tris—HCl and 10% sodium dodecyl sulfate (SDS)
prepared according to formamide percentage (Table 7), was dropped onto each well of the
slides. 1ul of oligonucleotide RNA probes (Table 7) was then added onto each well. The
slides were placed in hybridization tubes prepared by taking a 50 ml Falcon tube folded with
a piece of tissue (saturated with a hybridization buffer) and incubated in a hybridization oven
overnight at 46°C. After incubation the slides were then washed and incubated in a
hybridization tube containing a pre—warmed wash buffer (1 M Tris/HCI, 10 % SDS, 0.5 M
EDTA and NaCL) (Table 7) at 48°C for 10 minutes. The slides were then rinsed with cold
water, dried and stained with 8 pul DAPI (4',6-diamidino-2-phenylindole) for 5 minutes. The

DAPI stained slides were washed with warm water and dried in the dark. The dried slides

65



were mounted with Vector shield to prevent photo—bleaching. Microscopic imaging was
then performed using epifluorescence microscope (Zeiss AxioLab) equipped with (ZEISS

Axiocam MRc color camera).
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Table 7. FAM labelled oligonucleotide probes

Short probe name Target group

Probe sequence Formamide (%0)

Reference

EUB 3881 most Bacteria

EUB338 (Bact338) most Bacteria

EUB338 11l (SBACT Verrucomicrobiales

V 338)
Betaproteobacteria
BET42a
Gammaproteobacteria
GAM42a
EBAC1790 Enterobacteriaceae
CHIS 150 Clostridium

5'- GCT GCC TCC CGT AGG AGT -3' 0-50
5'- GCT GCC TCC CGT AGG AGT -3 0-50
5'- GCT GCC ACC CGT AGG TGT -3' 0-50

5-GCCTTCCCACTTCGTTT -3

35

5-GCCTTCCCACATCGTTT -3 35
5-CGT GTT TGC ACA GTG CTG -3 40
5-TTATGCGGTATTAATCTYCCTTT -3' 0

(Alm et al. 1996)

(Alm et al. 1996)

(Alm et al. 1996)

(Reddy, 2016)

(Reddy, 2016)

(Alm et al.1996)

(Reddy, 2016)
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4.3.2 DNA Extraction

The total metagenomic DNA was extracted from different isolates using the phenol—
chloroform method modified by Awolusi et al. (2016). Briefly, 2 mL of cell culture was
withdrawn from the fermenter, washed with double distilled water followed by 1X PBS, and
incubated at 65°C for 2 h. After incubation, freeze—thaw was performed to break the cell
walls. The protein was removed by adding phenol: chloroform: isoamyl alcohol (25:24:1
v/v/v) and the DNA was precipitated by adding 0.6X volume of isopropyl alcohol. The DNA
was then washed with 70% ethanol and suspended in 1X Tris—-EDTA buffer. The
concentration and purity of DNA were analysed by the NanoPhotometer (Implen GmBH,
NP80, Germany). Agarose gel electrophoresis was used to visualize the quality of extracted

genomic DNA.

4.3.3 Polymerase chain reaction (PCR)

The primer sets described (Table 8) were used to amplify the extracted genomic DNA in
Veriti® 96-Well Thermal Cycler (Applied Biosystems, South Africa (Pty) Ltd). The
amplification conditions were: (a) initial denaturation of 95°C for 10 min, (b) 40 cycles of
second denaturation at 95°C for 15 second, (c) annealing at different optimum temperature
for 30 second, (d) elongation at 72°C for 30 second, and (f) final extension at 72°C for 4
min. The PCR reaction mixture of 25 pl contained 2 pl template DNA, 12.5 pl Power up
PCR master mix, 1.5 pl forward primer, 1.5 pl reverse primer, and 7.5 pl nuclease-free water.
The amplified PCR products were visualized by agarose gel electrophoresis (1% solution)
stained with ethidium bromide. The 100 bp and 1 kb DNA Ladder were used to measure the
size of the amplicons. The gel image was captured by G: BOX gel imaging system (Vacutec,

South Africa)
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4.3.4 quantitative polymerase chain reaction

The population growth of microbial community was quantified by CFX PCR (C1000
Touch™, CFX96, Bio-Rad. Laboratories (Pty) Ltd, USA) using the primer set listed (Table
9).

Separate standard curves were prepared for different primers using purified 16S rRNA gene
fragments (target DNA) obtained from PCR-amplified hydrogenase gene (hydA),
Clostridium spp. and Enterobacteriaceae as described by (Jiang et al., 2011, Lienen et al.,
2014 and Awolusi et al., 2016). For purification, GeneJET gel extraction kit was used for
purification of excised gel slice containing the DNA fragment of target using a clean razor
blade. The DNA was cut as close as possible to minimize gel volume. In each sample the
concentration in ng/ul was determined using a nanophotometer (Implen GmBH, NP80,
Germany). Eq. (23) was then used to calculate the copy number of the targeted species in
each of the purified DNA sample. A series of 10—fold dilution was prepared for standard

curves and constructed by plotting the gPCR threshold cycle against the copy number.

16S rRNA concentration(ng) X Avogradro's number
16S rRNA amplicon size(bp) X 660(g16S rRNA mol/ bp)

Number of copies =

(23)
In the equation the Avogadro’s standard (bp) is (6.02 x 10%%) and 660 is average molecular

weight.

The primer set listed in Table 9 were used to carry out qPCR. The reaction mixture of 10 ul
in total, contained 2 ul template DNA, 4 ul SYBR green master mix (Bio—Rad), 0.4 ul
forward primer, 0.4 ul reverse primer, and 3.2 pul deionized water. Quantification of 16S
rRNA gene copy number concentration within the sample was calculated based on the final
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quantification value after completing 40 cycles. Negative control contained no genomic
DNA and were subjected to the same conditions. The melting curve analysis and gel
electrophoresis were used to confirm specificity of each gPCR run. The amplification

condition employed (Table 9)
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Table 8. Primers for PCR, real-time PCR and isolation used in this study

Primer name and targeted

Product

) Forward primer (5°-3’) Reverse primer (5°-37) ) Reference
organism size (bp)
Bacillus spp. GAG TTA GAG AAC GGT ATT TAT GCT GC CTACTG CCG CTC CAT GAATCC 199 Reddy et al.
(2017)
Clostridium spp. AGC GTT GTC CGG ATT TAC TG TTC GCC ACT GGTATTCTT CC 182 de Saetal. (2011)
Enterobactericeae CAG GTC GTC ACG GTA ACA AG GTGGTT CAG TTT CAG CATGTAC 512 Reddy et al.
(2017)
Hydrogenase AAG AAG CTT TAG AAG ATCCTAA GGA CAA CAT GAG GTAAACATTG 259 de Saetal. (2011)
Bacteria (P338 & P518) ACT CCT ACG GGA GGC AGC AG ATT ACC GCG GCT GCT GG 236 (Reddy, 2016)
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Table 9. Optimized PCR protocols

PCR steps

quantitative PCR conditions

Hydrogenase gene Clostridium spp. Enterobacteriaceae

(hydA)

Initial activation

Denaturation
Annealing
Extension

Number of cycles

Melt curve

10 minutes at 95°C 3.30 minutes at 95°C  3.30 minutes at 95°C

15 seconds 95°C 30 seconds 95°C 30 seconds 95°C

1 minutes 58°C 1 minutes 58°C 1 minutes 62°C

30 seconds 72°C 30 seconds 72°C 30 seconds 72°C
40 40 40

55-65°C increment of 55-65°C increment of 55-65°C increment of
0.5°C every 10 0.5°C every 10 0.5°C every 10

seconds seconds seconds
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4.4 Results and discussion

4.4.1 Effect of pH
The effect of different pH values (4.5, 5.5, 6.5, 7.5, and 8.5) on the hydrogenogenic process was

investigated while keeping other operating conditions constant (fermentation time: 8 h, temperature:
25°C, and S/X: 1.0 g-COD/g-VSS). The CH4 gas was not detected in the collected biogas till 8 h,

confirming that heat—treated anaerobic sludge inhibited the methanogenic activity.

The results in Table 10 shows that the HY: 2.14 mol-Hz/mol-glucose at solution pH of 4.5, was lower
than that at pH of 5.5 (i.e. HY: 2.46 mol-Hz/mol-glucose). A solution pH < 5.0 can sustain VFA
accumulation, which causes system instability and inhibits the culture from an efficient substrate
utilization (Singh et al., 2013). This observation was confirmed by the electron—equivalent balance,
in which the fraction of electrons involved for the mixed-acid fermentation at pH: 4.5 (e eq: 59.9%
of €™ eq glucose, initial) Was higher than that at pH: 5.5 (e” eq: 54.9%). Moreover, a highly acidic medium
can reduce microorganism’s germination and hinder the fermentation process, leading to a decrease
in the conversion of glucose into Hz gas (Shaterzadeh and Ataei, 2017). This result was in agreement
with the COD mass balance (Table 10), which indicated that the percentage of biomass growth at pH

of 5.5 was 27.7% of total COD infiuent, and then dropped to 22.5% at pH of 4.5.

A further increase in pH from 5.5 to 8.5 caused a reduction in HY from 2.46 to 1.33 mol-Hz/mol-
glucose, respectively (r: -0.9427, p: 0.0573). The alkaline condition tends to neutralize the acidogenic
medium and delay the bacterial growth responsible for hydrogen fermentation (Reddy et al., 2017).
Similarly, the electron sinks accumulated for the mixed-acid fermentation at pH: 8.5 was lower than
that at pH: 5.5, implying the neutralization process of the formed intermediates. Moreover, the
decrease in hydrogen productivity at the alkaline medium could be due to the distribution of electrons

for the biomass growth (&~ egbiomass: 30.9%) rather than for hydrogen formation (e~ eqw,: 9.8%).
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The results indicated that the optimum medium pH was 5.5, achieving HPR of 59.6 mmol-H»/L/d and
HY of 2.75 L-H2/g-COD removed. Under this condition, the highest H» electron sink of 18.9% of e~
eglucose initial Was obtained. Romao et al. (2014) reported that the hydrogenogenic pathways including
acetate and butyrate production could be established at solution pH of 4.5 — 6.5, These researchers
used Cheese whey permeate as a substrate and anaerobic sludge consisted of a microbial consortium
which was confirmed using isolation technique to be dominated by Clostridium spp., Lactobacillus
spp., and Enterobacter spp. In another study, Rezania et al. (2017) found that the pH range of 5.5 —
7.0 provided the optimum condition for H. fermentation from lignocellulosic hydrolysates, they used
Duckweeds as a substrate and the seed sludge was a mixture of anaerobic microorganisms taken from

a lab-scale anaerobic bioreactor system. The overall reaction at pH of 5.5 is given by Eq. (24).

CoHy,0s + 0.2H,0 + 0.24NH*,
- 0.9CH;C00~ + 0.27CH5CH,CH,CO0~ + 0.08CH;CH,CO0~
+ 0.05CH;CHOHCOO~ + 1.28C0, + 0.24CsH,0,N + 1.54H" + 2.46H,
(24)

(Mass balance errors for C, H, and O are 3.5%, 0.00% and 5.0%, respectively)

The electron equivalent balances describing the residual glucose, soluble products, Hz production,
and cell synthesis ranged between 94.7% and 95.9%. The acetic and butyric acids were the major
soluble microbial products (SMP) accumulated in the fermenter. The production of these acids
improves the H. fermentation process because a maximum of 4 mol-H. per mol-glucose is generated
when acetic acid is the main metabolite Eq. (25). In addition, when butyric acid is the main

fermentation end products, 2 mol-H2 per mol-glucose is obtained Eq. (26).

CeHy204 + 2H,0 —» 2CH;COOH + 2C0, + 4H, (25)
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C¢H,,05 = CH3;CH,CH, COOH + 2C0, + 2H,

(26)
The COD mass balance including the theoretical COD values for the remaining glucose, soluble
metabolites, and biomass was 92.7 — 94.7%. This difference could be attributed to the presence of

other soluble metabolites that were not detected during analyses (de Amorim et al., 2012).
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Table 10. Effect of pH on fermentative hydrogen production, including end-product

distributions, COD mass balance and Electron-equivalent balance

pH 4.5 5.5 6.5 7.5 8.5
Hydrogen production rate (HPR) and hydrogen yield (HY)

HPR (mmol-Hz/L/d) 51.0+2.7 59.6£6.4  56.7+2.2 34.0+0.8 30.8+2.7
HY (mg-H2/g-DW) 3.05£0.04 3.51+0.20 3.30+0.06 2.05+0.06  1.89+0.14
HY (mL-H2/g-DW) 34.1+0.4  39.4+2.3  37.0£0.7 22.9+0.7 21.2+1.5
HY (L-H2/g-CODremoved) ~ 2.67+0.16  2.75+0.07 2.09£0.03 0.97+0.09  0.82+0.05
HY (mol-Hz/mol-glucose)  2.14+0.03 2.46+0.14 2.32+0.04 1.44+0.04 1.33%0.10

Electron-equivalent balance

Glucosefinal (%) 2.5+0.2 2.3+0.2 1.4+0.1 2.6+0.1 3.210.1
Acetic acid (%) 29.4+0.2 27924  27.4+0.6 25.4+0.6 23.4+2.7
Butyric acid (%) 23.2+1.2  20.3x0.7  20.2+0.5 18.7+0.7 17.9+0.6

Propionic acid (%) 4.5+0.1 4.5+0.0 4.7+0.0 5.840.2 7.1+0.3

Lactic acid (%) 2.8+0.2 2.2+0.2 2.0£0.1 2.7+0.1 2.8+0.2
Biomass (%) 16.1+1.2 19.8+1.8  22.2+0.8 29.8+1.2 30.9+2.9

H2 (%) 16.2+40.9  18.9+0.6 18.0+0.7 10.8+0.4 9.8+0.5
Electron balance (%) 94.7+3.7  95.9+5.7  95.9+1.7 95.6+1.7 95.0+7.2

COD mass balance

Soluble CODfinal (%) 52.0+1.8  43.6x1.3  41.7+0.7 40.5+1.1 40.3£1.2
Biomass as COD (%) 22.5+0.5 27.7¢09  31.1+05 41.7+0.9 43.4+2 .4
H> as COD (%) 18.3+0.6  21.4+1.3  20.3+x0.5 12.2+0.6 11.0+0.2
COD balance (%) 92.8+29  92.7+2.1  93.2+1.7 94.4+1.0 94.7+3.4

Constant factors (Fermentation time 8 h, temperature 25°C), and S/X 1.0 g-COD/g-VSS) and *

standard deviation from the mean value.
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4.4.2 Effect of fermentation time

The effect of different fermentation periods (4, 6, 8, 10, and 12 h) on the hydrogenogenic process was
investigated while keeping other operating conditions as pH: 5.5, temperature: 25°C, and S/X: 1.0 g-

COD/g-VSS.

The results in Table 11 revealed that a decrease in fermentation time from 8 to 4 h caused a decline
in HY from 2.29 to 2.13 mol-H>/mol-glucose, respectively (r: 0.9974, p: 0.0459). A short reaction
time can have a negative impact on H> production because of the poor utilization of substrates
(Hawkes et al., 2007). These findings agreed with the COD mass balance, in which the soluble
CODsinal at the reaction time of 4 h attained the largest percentage (i.e. 53.5%) amongst other
fermentation periods. Thus, the fermentation time < 8 h was not sufficient to convert the carbonaceous
matter into H2. However, as time increased from 8 to 12 h, the HY slightly declined from 2.29 to 1.95
mol-Hz/mol-glucose, respectively (r: -0.9368, p: 0.2276). The long reaction time allows for a better
organic utilization due to the efficient contact of substrate with microorganisms (Kumar et al., 2014).
However, the e™ eq of biomass growth increased from 22.7% to 34.4% with an increase in time from
8 to 12 h, respectively (r: 0.9912, p: 0.0843). This result suggested that the long fermentation time
could encourage the accumulation of electron sinks for biomass growth rather than for H> formation.
According to Bravo et al. (2015), a long fermentation time can facilitate the reproduction of slow—
growing microorganisms, e.g., methanogenic archaea that consume the hydrogen gas. Moreover,
bioH> production can be inhibited by the accumulation of organic acids at long incubation time

(Sotelo-Navarro et al., 2017).

These results showed that fermentation time of 8 h was appropriate for the acidogenesis phase, in
which the fermentative bacteria generate organic acids, and produce Hz gas. The HY of 1.86 L-H./g-
CODremoved at 8 h was higher than that reported by Singh et al. (2013), i.e. 0.38 L-H2/g-CODadded,

using palm oil mill effluent for 16 h. The optimum time is appropriate for minimizing the
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accumulation of electron sinks that can divert electrons from bioH> generation (Lee and Rittmann,
2009). De Gioannis et al. (2014) found that improved cumulative Hz production was accompanied by
a decrease in overall duration of the fermentation process. In addition, low retention time can depress
the H>—oxidizers such as homoacetogens and methanogens (Lee and Rittmann, 2009). Similarly,
Kumar et al. (2014) found that optimum retention time was 6 h, which achieved HPR of 4.49 L/L/d
using sugar composition in a continuously-stirred fermenter. The overall reaction at a batch time of

8 his given by Eqg. (27).

CsH1206 + 0.01H20 + 0.27NH4" = 0.90CH3COO™ + 0.28CH3CH2CH2COO™ + 0.07CH3CH.COO™ +
0.02CH3CHOHCOO™ + 1.18CO3 + 0.27CsH702N + 1.54H" + 2.29H:
(27)

(Mass balance errors for C, H, and O are 3.7%, 0.00% and 5.3%, respectively)

The results in Table 11 also indicated that the electron—equivalent balances closed within 90.7% to
99.4%, and the COD mass balance was between 91.9% and 94.6%. Acetate and butyrate were the
main acidic metabolites, whereas the percentage of propionic acid was relatively insignificant. This
result indicated that the culture could undergo the metabolic pathways that favoured hydrogen

production (Singh et al. 2013).
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Table 11. Effect of fermentation time on fermentative hydrogen production, including end-
product distributions, COD mass balance and Electron-equivalent balance

Fermentation time (h) 4 6 8 10 12
Hydrogen production rate (HPR) and hydrogen yield (HY)

HPR (mmol-HJ/L/d) 94.4+2.8 69.1+2.6  58.0+5.0 38.7x2.1 30.0+£3.5
HY (mg-H2/g-DW) 3.04+0.18 3.17+0.07 3.27+0.04 2.87+0.04  2.77%0.06
HY (mL-H2/g-DW) 34.1+2.0 355+0.8 36.6+0.4 32.1+04  31.1+0.7
HY (L-H2/g-CODremoved) 2.44+0.13 2.61+0.09 1.86+0.07 1.30+0.07 1.15+0.03
HY (mol-Hz/mol-glucose) 2.13+0.13 2.22+0.05 2.29+0.03 2.01+0.03 1.95+0.04

Electron-equivalent balance

Glucosefinal (%) 4.1+0.2 3.0£0.1 2.4+0.1 2.0£0.0 2.1+0.1
Acetic acid (%) 27.1+19 285+1.0 29.0£05 25.1+04 20.5+0.4
Butyric acid (%) 195415 21.3x10 22.4+0.9 18.3+0.6 16.3+0.3

Propionic acid (%) 5.910.1 5.1+0.3 3.9+0.1 4.9+0.2 5.3+0.2

Lactic acid (%) 3.6+0.2 1.1+0.0 0.7+0.0 0.4+0.0 1.3+0.0
Biomass (%) 15.4+0.3 185+05 22.7209 29.9+14 34.4+1.2

H2 (%) 15.0+£0.2 16.4+0.5 18.4+0.6  15.3+0.2 14.3+0.6
Electron balance (%) 90.744.0 93.8+£1.0 99.4+3.0 96.1+1.5 94.2+1.9

COD mass balance

Soluble CODfinal (%) 53.5+1.3 47.8+0.6 41.7+0.6  35.1+0.3 30.3+0.9
Biomass as COD (%) 21.5+0.3 25.9+0.8 31.8#1.2 42.0+2.9 48.2+3.6
H> as COD (%) 16.9+0.7 18.6+0.7 20.8+1.1 17.3+04 16.1+1.2
COD balance (%) 91.9+2.2 92.3+1.8 94.3+2.1 94.4+3.0 94.6+5.6

Constant factors (pH: 5.5, temperature: 25°C), and S/X: 1.0 g-COD/g-VSS) and * standard

deviation from the mean value.
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4.4.3 Effect of temperature
The effect of different temperature values (15, 20, 25, 30, 35°C) on the hydrogenogenic process was

investigated while keeping other operating conditions as pH: 5.5, fermentation time: 8 h, and S/X:
1.0 g-COD/g-MLVSS (Table 12). Recent studies on fermentative H> production from agricultural
waste have been conducted under thermophilic temperature (42 — 75°C) for a better hydrolysis of
cellulosic compounds (Chuang et al., 2011). However, this study used a pre—hydrolysis step to

increase the availability of fermentable sugar.

The findings in Table 12 shows that an increase in temperature from 15 to 25°C resulted in an
enhancement of HY from 2.05 to 2.29 mol-Hz/mol-glucose, respectively (r: 0.9820, p: 0.1210). The
bioH> production was improved with an increase in temperature, which could be due to the
enhancement of the metabolic activity of bacteria (Sotelo-Navarro et al., 2017).

A further increase in temperature from 25 to 35°C caused a slight improvement of HY from 2.29 to
2.36, respectively (r: 0.9245, p: 0.2490). In addition, a large sink of & eQpiomass at 35°C was observed
for biomass growth, contributing to 25.3% of e~ eqgiucose, initial- The high conversion of substrate for
biomass growth at 35°C could be because the bioactivity increases with rising the culture temperature
(Qiu et al., 2017). However, additional energy is required for keeping the fermenter at 35°C, which
limits the application of the system at a large scale. Hence, this study suggested a room temperature
(around 25°C) for bioH. fermentation. At a temperature of 25°C, H reached an electron accumulation
of 17.3% of e gucose, initial- IN addition, a large fraction of electrons transferred to acetic acid (24.8%)
and butyric acid (19.8%), indicating that the fermentation pathway was acetate + butyrate type. The

overall reaction at temperature of 25°C is given by Eqg. (28).

CoHy,0s + 0.28NH, — 0.82CH;C00~ + 0.26CH;CH,CH,CO0~ + 0.09CH5CH,C00~

+0.06CH;CHOHCOO™ + 1.190C0, + 0.28CsH,0,N + 1.51H* +2.29H, (28)
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(Mass balance errors for C, H, and O are 3.5%, 0.0% and 5.0%, respectively)

In a similar study, Chuang et al. (2011) found that the cumulative H> production was significantly
higher when the temperature was over 45°C. Liu et al. (2008) reported 60°C as a favourable
temperature for the conversion of microcrystalline cellulose (10 g/L) and corn stalk powder (0.5%)
into H> using a co—culture of Clostridium thermocellum JN4 and Thermoanaerobacterium
thermosaccharolyticum GD17. In addition, Qiu, et al. (2017) found that the maximum Hz production
of 328.4 mL and HY of 1.31 mol-Hz/mol-xyloseconsumed Were observed at 55°C. The variation in
results could be due to the different bacterial species responsible for H> production, and the
dependence of their growth on certain temperature conditions.

The electron equivalent and COD mass balances of 91.0 — 98.5% and 93.6 — 98.6%, respectively
revealed the reliability of the fermentation data. The COD-mass balance was lower than 100%, which
could be due to the involvement of a substrate fraction for storage and cell maintenance (Ghimire et
al., 2015). In addition, results indicated that H> production occurred via the metabolic pathway to

produce acetic and butyric acids.
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Table 12. Effect of temperature on fermentative hydrogen production, including end-product
distributions, COD mass balance and Electron-equivalent balance
Temperature (°C) 15 20 25 30 35

Hydrogen production rate (HPR) and hydrogen yield (HY)

HPR (mmol-H2/L/d) 60.5+5.6  64.3+3.1  72.949.0 76.4+7.7 81.2+7.8
HY (mg-H2/g-DW) 2.93+0.05 3.15+0.06 3.27+0.09 3.28+0.04 3.37+0.22
HY (mL-H2/g-DW) 32.8+0.6  35.3+0.6 36.6+x1.1  36.8+0.4 37.7+2.4
HY (L-H2/g-CODremoved)  0.94+0.02 0.95+0.01 1.11+0.03 1.10+0.03 1.17+0.02

HY (mol-Hz/mol-glucose) 2.05+0.04 2.21+0.04 2.29+0.07 2.30+0.03 2.36+0.15

Electron-equivalent balance

Glucosefinal (%) 5.2+0.5 4.3+0.1 3.9+0.1 0.0+0.0 0.0+0.0
Acetic acid (%) 23.6x19 245+19 248+0.8 258%l.7 27.8+1.4
Butyric acid (%) 185+1.2 19.1+0.6  19.8#0.6  21.0+1.0 21.8+1.5
Propionic acid (%) 5.9+0.6 4.3+0.2 4.7+0.1 4.0+0.2 3.7+0.1
Lactic acid (%) 3.8+0.4 1.0+0.0 2.7+0.1 2.5+0.1 0.7+0.0
Biomass (%) 21.2+¢1.0 22.6+14 23.5+16 244+0.1 25.3%x1.6
H2 (%) 14410 153+09 17.3+15 18.1+1.2 19.3+0.2

Electron balance (%) 92.746.3  91.0#5.0 96.8¥4.2  95.8+4.0 98.5+4.5

COD mass balance

Soluble CODfinar (%) 52.6+2.2  47.7#0.7  43.0£3.9  38.9+25 38.9+0.9
Biomass as COD (%) 29.7¢0.7  31.720.8  32.9+0.3 34.2+1.8 35.4+1.3
H2 as COD (%) 16.3+0.8  17.3+04  19.6%0.3  20.5+0.8 21.8+1.0

COD balance (%) 98.6+3.7 96.7x1.4  955+3.9  93.6%x3.9 96.1+2.1

Constant factors (pH: 5.5, fermentation time: 8 h, and S/X: 1.0 g-COD/g-MLVSS) and +

standard deviation from the mean value.
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4.4.4 Effect of S/X
The effect of different S/X ratios (0.5, 1.0, 1.5, 2.0, and 2.5 g-COD/g-VSS) on the hydrogenogenic

process was studied while keeping other operating conditions as pH: 5.5, fermentation time: 8 h, and
temperature: 25°C. At S/X of 0.5 g-COD/g-MLVSS, the HPR recorded 41.8 mmol-H/L/d, which
was lower than that at S/X of 1.5 g-COD/g-MLVSS (i.e. 74.4 mmol-H2/L/d) (Table 13). Ata low S/X
ratio, microorganisms mainly utilize the carbon source for cellular respiration and bacterial growth,
rather than for bioHz production (de Amorim et al., 2012). This result consisted with the data obtained
in Table 13, which showed that the electron equivalent for biomass synthesis was high at S/X of 0.5
g-COD/g-VSS with a value of 25.3% of e~ eqgiucose, initial- The sugar content at the optimum S/X ratio
can provide an adequate energy source for microorganisms to convert substrate into Ho. The optimum
S/X condition is used to maximize e~ eq that transfers to H: instead of conserving energy for bacterial

metabolism. The overall reaction at S/X of 1.0 is given by Eq. (29).

CsH1206 + 0.30NHs5 = 0.88CH3COO  + 0.27CH3CH.CH,COO  + 0.05CH3CH.COO  +
0.01CH3CHOHCOO + 1.18C0O> + 0.30CsH702N + 0.04H,0 + 1.52H* + 2.32H:>
(29)

(Mass balance errors for C, H, and O are 3.7%, 0.0% and 5.2%, respectively)

An increase in S/X from 0.5 to 2.5 g-COD/g-MLVSS caused a significant decline in HY from 2.60
to 0.85, respectively (r: -0.9860, p: 0.0020). A high organic load can become inhibitory to the
microorganisms because of pH drop, acidic toxicity, or an increase in the Ho partial pressure (Ginkel
et al., 2001). Bravo et al. (2015) reported that at high substrate concentration, the homoacetogenic
bacteria could utilize H2 and carbon to form acetic acid. Similarly, the e~ eq migrated for acetate
production exhibited the highest percentage (28.4% of € eQgiucose, initial) at S/X of 2.5 g-COD/g-
MLVSS. A previous study by Chuang et al. (2011) found that high S/X could result in an

accumulation of VFA, causing inhibitory or toxic effects to the fermentative bacteria. These findings
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were in agreement with the COD mass balance, which demonstrated that the highest soluble CODfinal
of 47.6% was obtained at the maximum S/X ratio 2.5 g-COD/g-MLVSS.

The COD mass balance at each S/X ratio exhibited adequate recovery with a maximum error of 8.0%
(Table 13), suggesting that the measurements of the degraded substrate and metabolic products were

acceptable. Similar findings were obtained for the electron-equivalent balance.
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Table 13. Effect of S/X on fermentative hydrogen production, including end-product
distributions, COD mass balance and Electron-equivalent balance

SIX 0.5 1 15 2 2.5
Hydrogen production rate (HPR) and hydrogen yield (HY)

HPR (mmol-H2/L/d) 41.8+19 73.6155 74.4+1.38 71.7+4.1 66.6+4.4
HY (mg-H2/g-DW) 3.70£0.07 3.30+0.16 2.20+0.07 1.63+0.02 1.21+0.02
HY (mL-H2/g-DW) 41.5+0.8 37.0£1.8 24.7+0.7  18.3£0.3 13.5+0.2
HY (L-H2/g-CODremoved)  0.84+0.01 0.91+0.01 0.72+0.00 0.61+0.01 0.57+0.01
HY (mol-H2/mol-glucose) 2.60+0.05 2.32+0.11 1.55+0.05 1.14+0.02 0.85+0.01

Electron-equivalent balance

Glucosefinal (%) 0.7+0.0 2.1+0.1 2.4+0.1 3.0£0.1 5.0+0.2
Acetic acid (%) 25.9+0.3 26.6x1.8 24.9+0.5 27.3+0.3 28.4+0.9
Butyric acid (%) 19.240.9 20.7#1.1 23.2+0.6 22.8+0.4 22.5+1.1

Propionic acid (%) 2.2+0.1 2.5+0.2 4.91+0.2 5.7+0.3 4.8+0.2

Lactic acid (%) 1.4+0.0 0.6+0.0 2.7+0.0 0.3+0.0 2.3+0.1
Biomass (%) 25.3+1.3 25.0#11 26.2+1.6  27.5%1.0 28.3+1.0

H2 (%) 19.9+1.3 17.5+0.8 11.8+0.4 8.5+0.1 6.3+0.1
Electron balance (%) 945+3.6 95.0+4.8 96.1+1.3 95.2+14 97.6+2.1

COD mass balance

Soluble CODfinal (%) 35.4+0.7 39.5+3.2 43.1+1.6  44.7+1.7 47.610.8
Biomass as COD (%) 35.4+04 35.1+12 36.7+1.0 38.6x2.0 39.7+2.1

H> as COD (%) 22.5+0.6 19.8+1.3 13.3+0.7 9.6+0.3 7.2+0.3
COD balance (%) 03.3+1.4 943+55 93.2+1.7 93.0+4.0 94.5+2.9

Constant factors (pH: 5.5, fermentation time: 8 h, and temperature: 25°C) and * standard

deviation from the mean value.
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4.4.5 Regression model

A pure—quadratic model Eq. 30. was developed to demonstrate the effects of experimental factors on

the hydrogen yield.
k K
Y=5+ Zﬂixi +Z:Biixi2
i1 i1

(30)
where, Y is the model response (hydrogen yield), X; are the experimental factors (X1: pH, X2: time,
Xs: temperature, and Xs: S/X), B are the regression model coefficients (Bo, Bi, and Bii are intercept,

linear effect, and quadratic effect), and k is the number of factors.

The findings in Table 14 revealed that the coefficient of determination between the measured
and estimated results was R? 0.928. The high R2-value revealed a reasonable agreement of the
regression equation with the experimental findings. This observation indicated that the percentage of
the response variable variation described by the model was 92.8%; however, the quadratic model
could not explain 7.2% of differences in the data. In addition, the adjusted-R? of 0.875 was
comparable to the R?-value, suggesting that the input factors were important and no data overfitting
occurred (Ateia et al., 2016). As listed in Table 14, the linear and quadratic effects of each
independent variable on the HY were determined by t-test. The solution pH provided a positive linear
effect (p < 0.1), as well as, a negative quadratic effect (p < 0.1) on the model output. This result
suggested that the HY could be enhanced by an increase in pH until a peak value, and then started to
decline. In addition, the variable “S/X” exhibited a negative linear influence on the response,
suggesting that the HY could be increased with a decrease in S/X values. This result indicated that
the plot of HY versus each of pH and S/X resulted in quadratic linear concave up and linear down
curves, respectively. Moreover, flat curves were obtained for the plot of HY against each of
fermentation time and culture temperature. Based on the aforementioned results, the highest HY of
2.96 mol-Hz/mol-glucose could be obtained at pH: 5.3, time: 6.4 h, temperature: 35°C, and S/X: 0.5.
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These results suggested that the proposed model could be used to predict the HY at certain

independent variables.

Table 14. t-statistics and p-values for coefficients of the pure-quadratic model used for the
prediction of HY via dark fermentation of Pistia stratiotes

Beta SE t-stat  p-value Effect

Constant -0.378 2.220 -0.170  0.868 Non-significant

pH 1.077 0.558 1.929 0.080 Significant
Time 0.137 0.141  0.978 0.349 Non-significant
Temp. 0.018 0.069  0.257 0.802 Non-significant

SIX -1.077 0531 -2.028 0.068 Significant

(pH)?  -0.102 0.042 -2.416 0.034 Significant
(Time)> -0.011 0.009 -1.262  0.233 Non-significant
(Temp.)> 0.000 0.001 -0.051  0.960 Non-significant
(S/X)? 0.032 0.168 0.188 0.854 Non-significant
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4.5 Microbial community analysis

4.5.1 Microbial analysis of thermal treated anaerobic activated sludge (using FISH)

The results from fluorescent in situ hybridization analysis are displayed (Figure 5). The microbial
community structure of the thermal treated anaerobic sludge indicated the presence of bacterial
domain EUB338 mix being reduced in population after the pre-treatment compared to the untreated.
This could be attributed to H> consumers being eliminated, since they are sensitive to harsh condition
while most of the H. producing bacteria are spore formers and characterized by tolerance to thermal
temperature. Bacteria (such as facultative anaerobes, acidothiobacillus and fermentative bacteria)
belonging to the class of Gammaproteobacteria and Betaproteobacteria, Enterobacteriaceae family
as well as Clostridium genus are characterized by the capability to ferment carbohydrate to Hz, CO»
and organic acids. These findings revealed the existence of known Hz producing microorganisms in

the seed inoculum (Shaterzadeh and Ataei, 2017).

Figure 5. Fluorescence in situ hybridization (FISH) images showing hybridized cells by specific
probes and DAPI stained cells: (a) and (b) bacterial domain using EUB338, EUB338lIl, and
EUB338III, (c) and (d) Enterobacteriaceae using EBAC1790, (e) and (f) Gammaproteobacteria and
Betaproteobacteria using GAM42a BET42a probes, and (g) and (h) Clostridium histolyticum using
Chis150.
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4.5.2 Polymerase chain reaction (PCR)
PCR was performed for the detection of the hydrogen-producing bacterial species and hydrogenase

gene in the reactors using specific primers (Table 8). Figure 6 (a-d) shows the existence of Bacillus,
Enterobacteriaceae, and Clostridium as revealed by PCR. The presence of these specific species for
H> production is directly linked to the activity of hydrogenase gene (Chang et al., 2008). In addition,
these species have been reported as the most commonly found facultative anaerobes in H>
fermentation systems (Mishra et al., 2017). Studies have previously demonstrated a continual
presence Clostridium and Enterobacter species as the hydrogen producing microbial community in
dark fermentation reactors (Hung et al., 2008, Laothanachareon et al., 2014, Cisneros-Pérez et al.,
2017, Pugazhendhi et al., 2017b). Other studies isolated Bacillus from different mixed anaerobic
culture as one of the Hz producers and fermenters (Chaganti et al., 2012, Sutthipattanasomboon and

Wongthanate, 2017).

In this study, species such as Clostridium, and Enterobacter as well as hydrogenase gene (hydA) were
detected under all operational conditions, however the Bacillus species were not detected when the
reactor conditions were adjusted to a pH of 4.5, and which can also be correlated to faint bands
observed for the hydA under the same pH conditions indicating low activity of the hydA. Bacillus
was previously detected in Hz producing mixed culture under mesophilic conditions (35°C) at 6.5 pH

(Mishra et al., 2017b).
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(a)

123 4567 8 9 1011121314

182 bp 512 bp

(¢) (d)
1234567 8 91011 12 13 14 1 234567 8 9 10 11 12 13 14

259 bp 199 bp

Figure 6. PCR amplification product showing—

(@) (Clostridium spp.)— Lane 1 contains the molecular weight ladder. Lane 2-4 contains factor
HRT. Lane 5,7,8 contains S/X ratio. Lane 9-11 contains pH. Lane 12-14 contains temperature.

(b) (Enterobactericeae (512 bp)-Lane 1 contains the molecular weight ladder. Lane 2-4 contains
HRT. Lane 5,7,8 contains S/X ratio. Lane 9-11 contains pH. Lane 12-14 contains temperature.

(c) (Hydrogenase (259 bp) —Lane 1 contains the molecular weight ladder. Lane 2-4 contains HRT.
Lane 5,7,8 contains S/X ratio. Lane 9-11 contains pH. Lane 12-14 contains temperature.

(d) (Bacillus spp. (199 bp)-— Lane 1 contains the molecular weight ladder. Lane 2-4 contains HRT.
Lane 5,7,8 contains S/X ratio. Lane 9-11 contains pH. Lane 12-14 contains temperature

4.5.3 Quantitative Polymerase chain reaction (QPCR)
The abundance of H2 producing bacteria was analysed using qPCR under different pH regimes of 4.5,

5.5, and 8.5. The hydrogenase gene activity was presented based on a copy number/nanogram of total
genomic DNA. As shown in Figure 7(a), the hydA expression provided the highest at pH of 5.5 with
a cell number of 2.53 x 10* copies/ng-DNA compared to pH of 4.5 (6.95 x 102 copies/ng-DNA) and
8.5 (7.77 x 10° copies/ng-DNA). Hydrogenase is considered the main enzyme responsible for Hx
production via dark fermentation (Rezania et al., 2017). Similar trends were observed for

Enterobacter and Clostridium spp. using 16SrRNA based primers demonstrating high copy numbers
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at pH: 5.5. These species have been recognized as the key Hz producers because they contain the
hydrogenase enzyme responsible for H> production (Reddy et al., 2017). This result agreed with the
H> productivity (Table 10), which indicated the highest HY of 2.46 mol-Hz/mol-glucose at pH of 5.5.
Similar results were reported by Won et al. (2013), which found an increased expression of the

hydrogenase gene at pH between 5.5 and 6.0.

The variation in fermentation time (4, 8, and 12 h) caused high differences in the activities of hydA
and species-specific gene (Clostridium spp. and Enterobacter). Figure 7(b) shows higher expression
of the hydrogenase gene at a reaction period of 8 h (1.90 x 10° copies/ng-DNA) compared to those at
4 and 12 h. Similar, findings were recorded for the potential hydrogenase containing microbes, i.e.
Clostridium spp. and Enterobacter. This result was consistent with the data in Table 11, which

depicted that the highest HY was found at a period of 8 h.

Figure 7(c) displays the effect of culture temperature on the hydrogen—producing bacteria. It was
observed that an increase in temperature caused an improvement in the functional hydA, recording
approximately 2.45 x 10° copies/ng-DNA at 30 — 35°C. In addition, Clostridium spp. presented higher
copy numbers than Enterobacter for all temperature values. The comparison of H> producing bacteria
at various S/X ratios revealed the dominance of hydA at S/X of 1.0 (Figure 7d). Moreover, the levels
of expression of hydA decreased from 1.60 x 10* to 1.23 x 10* copies/ng-DNA with increasing the
S/X ratio from 1.0 to 2.5 g-COD/g-MLVSS, respectively. A similar trend was noticed for the species
containing a highly active hydrogenase activity (i.e. Clostridium spp. and Enterobacter). The

obtained results agreed with the HYs recorded in Table 14.
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Table 15. Parameters of QPCR standard curves for primer sets used in this study

Parameters Primer
Hydrogenase Clostridium spp. Enteobacteriaceae
gene(hydA)
Leaners-range 4.65 x (10%%+ 10%) 6.03 x (10%+ 10%) 7.78 x (10%+ 10%)
(copies/ng DNA)
RZslope 0.993 0.981 0.995
Slope (standard -3.184 -3.569 -3.372
deviation)
Intercept 41.654 40.135 37.213
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ratios.
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4.6 Conclusions

The outcome of this objective emphasised the significant of the effect of operational factors that were
modelled and optimised (pH, HRT, S/X and temperature) on the enhancement of H, production from

pre—treated P. stratiotes. Based on the results, the following conclusion can be drawn —

e Thermal pre—treatment (100°C, 45 min) of anaerobic sludge was effective in eliminating the
H> consuming microorganisms in the seed inoculum, whilst promoting the enrichment of
spore—forming H> producing bacteria, which was confirmed by using FISH with specific
probes.

e One—Factor—at—a—time investigation attained optimal operational conditions of— pH 5.5,
HRT 8h, temperature 25°C and S/X ratio 1, with a highest HY of 2.46 mol-Hz/mol-glucose
(3.51 mg-H2/g-DW)

e The COD mass balance and electron-equivalent balance indicated the successful transfer of
organic carbon to the production of H, gas and metabolic intermediates thus the reliability of
the aforementioned results

e A quadratic model was developed to predict the HY using the experimental factors as inputs
(R?: 0.928). The solution pH provided positive-linear and negative-quadratic effects on the
HY, whereas the plot of HY against S/X showed a negative—linear curve.

e The qPCR results indicated a positive correlation between the abundance of H, producing

bacteria and Hz production potential.
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CHAPTER V
ISOLATION AND IDENTIFICATION OF THE DOMINANT HYDROGEN
PRODUCING BACTERIA FROM THE ENRICHED REACTOR

5.1 Introduction

Selection of efficient microbial candidate is crucial for higher Hz yield during dark fermentation.
Different types of inoculum viz., pure cultures, co—cultures as well as mixed cultures are currently
employed for Hz production (Pachapur et al., 2015, Cabrol et al., 2017b). Mixed cultures from sewage
sludge, dairy waste effluent, soil, compost and slaughter house effluent have been used as a potential
inoculum source for industrial scale hydrogen production due to their ability to utilise a wide range
of organic substrates (Thanwised et al., 2012, Ghimire et al., 2015a, Ghimire et al., 2016, Wang et
al., 2017). Presence of huge microbial diversity in mixed cultures makes them a better candidate
during large scale hydrogen production (Laxman Pachapur et al., 2015, Wang et al., 2017). Moreover,
the presence of a single pure isolate in the system can be advantageous to study the metabolic shifts
in the system (Argun et al., 2017). Co—culture system, consist of more than one isolates with different
metabolic efficiency combined together to enhance the hydrolysis rate of substrate and to improve
the cumulative H production. The advantages and challenges of the above cultures are discussed in

chapter Il (section 2.3.2.4).

This chapter therefore focused on isolation and identification of dominant Hz producing bacteria from
an enriched Hz producing reactor using thermally treated mixed culture and aquatic weed P. stratiotes
as a substrate to develop a hydrogen producing microbial cocktail. Hz production potential of the
isolates were further conducted using batch culture studies in comparison to the thermally treated

inoculum sludge.
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5.2 Materials and methods

5.2.1 Fluorescent in-situ hybridization (FISH)

Fluorescent in-situ hybridization (FISH) technique was employed to identify and confirm the
presence of known H> producing bacterial community within the thermally treated inoculum sludge
before and after inoculation to the reactor using species specific probes as described in chapter four

section 4.3.

5.2.2 Isolation of hydrogen producing strain

One ml sample (log phase) from batch experiments (of enriched mixed anaerobic sludge and P.
stratiotes) was serially diluted (10 to 10°) and plated on Nutrient Agar medium (appendix) and
incubated at 30°C overnight in an obligate anaerobic environment, using an anaerobic jar system.
After 24-hour incubation, the single colonies were selected and streaked on to fresh Nutrient agar
plates. Thereafter, the colonies were selected according to their difference in shape, size and color
(Table 16) and sub cultured till the pure (axenic) cultures were established. The pure cultures were
then transferred to a liquid nutrient broth and incubated overnight at 30°C and stored at -20°C in 50%

glycerol stock for further analysis.

5.2.3 Morphological identification

Morphological analysis was performed with light microscope (Nikon Eclipse 80i) equipped with
digital camera (ZEISS Axiocam 105 color) and the Gram staining (Appendix) was performed
(Wanger et al., 2017). Gram staining was performed to differentiate bacterial species into gram—

positive and gram—negative group as well as their morphology.
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5.2.4 16S rDNA analysis

The genomic DNA of the selected isolates was further extracted from the pure colonies employing
the phenol-chloroform extraction method as described in chapter 4 (section 4.3.4) (Awolusi et al.,
2016). For this few colonies were selected and grown overnight in nutrient broth (Appendix) until it
reached OD 600, thereafter, 2 mL of sample was centrifuged down and washed with 1X PBS. After
extraction the genomic DNA was further amplified using universal bacteria primer pair set
(27f/1492r) and the functional (hydrogenase gene) primer using the thermal cycler (Veriti, Applied
Biosystems) (Table 8, chapter 4). The positive amplicons were then identified using 16s rRNA gene
sequencing and analysis at a commercial laboratory (Ingaba laboratories, South Africa). The FinchTV
software was used for the initial editing and analysis of the sequences and thereafter identified using
the BLAST search at National center for biotechnology Information (NCBI) database. A phylogenetic
tree was then constructed using MEGAY7 software using the selected closely related sequences from

NCBI (Hu and Zhu, 2017) using Neighbor joining method (Saitou et al., 1987).

5.2.5 Hydrogen production potential of the isolated strains using P. stratiotes as a substrate

To examine Hz production ability of isolated strains using P. stratiotes as a substrate, the anaerobic
batch experiments were performed under similar conditions as the optimum mixed culture experiment
(chapter 4). For this, 10% (OD600) of active inoculum of the three isolated strains (a) 3_HG-L1F,
b) 4 HG-L1F and d) 7_HG-L1F were inoculated in a 120 ml serum bottle containing 90 mL working
volume (The serum bottles were 1% flushed with nitrogen gas to create anaerobic environment and
sterilized using an autoclave at 121°C for 20 minutes). The experiments were carried under optimized
conditions (temperature 25°C, pH 5.5, S/X ratio 1, and reaction time 8 h). A control experiment was
also performed in parallel using pretreated anaerobic activated sludge. All the experiments were
conducted under optimized conditions as described in chapter 4. Section 4.2.3. Chemical and H> gas

analysis after the experiment, were performed as described in chapter 4. section 4.2.6.

97



5.3 Results and Discussion

5.3.1 Microbial analysis of thermally treated anaerobic activated sludge

The results from fluorescent in situ hybridization (FISH) technique are displayed in Fig. 8. Selected
oligonucleotides probe in (Table 8) were used to detect major Hz producing microorganisms in
thermally treated mixed culture. The selected probes were successfully used in previous studies to
target Hz producers (Hwang et al., 2009b, Debowski et al., 2014). Using the above probes, different
strains of known Ha producing bacteria, using the EUB mix specific for the bacterial domain, the
Gamma— and Betaproteobacteria representing most fermentative bacteria in the phylum level of
Proteobacteria, the Enterobacteriacea family and from Clostridium genus (chis150)
representing most Clostridium hystoliticum were detected. Previous studies have shown the H>
production potential of Rahnella aquatilis strain belonging to Gammaproteobacteria class (Debowski
et al., 2014). Many known H producing bacteria belonging to the class of Gamma and Beta
proteobacteria are characterized by their tolerance to harsh and wide temperatures, they ferment
carbohydrates to produce acetate, propionate, Hoand CO> (Im et al., 2012). Several species belonging
to the Enterobacteriaceae family (E. cloacae and E. aerogenes) were reported to have the ability to
degrade a wide variety of waste biomass such as lignocellulosic materials under adaptable
environmental conditions (Jo et al., 2008, Shaterzadeh and Ataei, 2017).Some species of the genus
Clostridium are known to be very efficient in Hz production and was used in several studies as a pure
or mixed culture for Hx production (Pattra et al., 2008, Ortigueira et al., 2015, Reddy, 2016, Cabrol
et al., 2017a). Bacillus spp. is a member of the phylum furmicutes, known to form spores, strains of
Bacillus anthracis, Bacillus cereus, and Bacillus subtilis have been isolated from environmental

samples and hydrogen producing reactors (Mishra et al., 2017a, Dhanasekar and Jonesh, 2018)
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]Figur 8. Fluorescence in situ hybridization (FISH) images showing hybridized cells by specific probes and DAPI stained cells: (a) and (b) most
bacteria using EUB338, EUB338Il, and EUB338lI11, (c) and (d) Enterobacteriaceae using EBAC1790, (¢) Gammaproteobacteria using GAMA42a,
(f) Betaproteobacteria using BET42a, and (g) and (h) Clostridium histolyticum using Chis150
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5.3.2 Isolation and Identification of hydrogen producing bacteria

A total of 10 colonies were selected on the overnight culture plate based on their difference in shape,
color, size etc. (Table 16). The picked colonies were then distinguished and classified using Gram
staining procedure and viewed under light microscope. After the DNA was extracted and screened
for the hydrogenase gene, six isolates were amplified and were sequenced. Based on the phylogenetic
analysis (Fig. 9), three of six isolates strains were closely related to Bacillus cereus and Enterobacter
cloacae. None of strains have previously been investigated for fermentative H> production using P.
stratiotes. However, are often reported from hydrogen producing reactors as the dominant microbes
(Mishra et al., 2017a, Sotowski et al., 2018). The strains were further investigated as pure-cultures
for Hz production via dark-fermentation, in which the cultures were operated at the optimum
condition of pH 5.5, time 8 h, S/X 1 gCOD/gVSS, and temperature 25°C. The results from this study

are discussed in detail below.
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Figure 9. Neighbor-joining tree showing phylogenetic position of biohydrogen-producing strains

based on 16S rRNA sequences
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5.3.3 Hydrogen production potential of bacterial isolates

a) Bacillus cereus 3 HG-L1F

The isolate 3_HG-L1F, showed similarity with Bacillus cereus both morphologically and
phylogenetically (figure 9, 10a, 10b). The cells are rod-shaped that tended to form irregular colonies
(grape-like clusters). The spores of Bacillus cereus can resist the thermal treatment (Setlow, 2006,
Liu and Wang, 2012). The isolate achieved a HY of 2.21 mol H2/mol glucose, equivalent to 3.15 mg
H2/gDW (Table 16) under optimized conditions. Previous studies have shown that the Bacillus cereus
strain are able to utilize various bio-resources and bio wastes and generate H» (Zhang et al., 2014, ali
shah et al., 2016, Prakash et al., 2018). Similarly, Patel et al. (2011) achieved HY's of 0.96, to 1.92

mol Hz/mol glucose using different strains of Bacillus cereus.

b) Enterobacter cloacae 7 HG-L1F

Additional isolated bacterial species, namely 7_HG-L1F, was determined to belong to Enterobacter
cloacae. Enterobacter is Gram-negative and facultative anaerobes recognized as small rod-shaped
bacteria (Fig. 10d). In this study, the isolate achieved a HY of 1.97 mol H=/mol glucose, corresponding
to 2.18 mg H2/gDW (Table 16). The satisfactory HY could be due to the effective hydrolytic enzyme
activity of Enterobacter cloacae. Sun et al. (2015) attempted to isolate Enterobacter cloacae from
sugar refinery sludge for Hz production and attained Hz yield 707 mL H: per litre medium. Harun et
al. (2012) investigated the isolation of Enterobacter cloacae KBH3 from termite guts, their study
demonstrated that Enterobacter cloacae KBH3 was able to utilize carbon and generate H, within a
wide range of pH (4.5-8) and temperature (28-40°C), with a satisfactory HY of 1.8 mol Hz/mol

glucose.
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Figure 10. Gram stain images under 100x oil immersion objective lens, 1000x magnification a)

Bacillus cereus and b) Enterobacter cloacae

5.3.4 Comparison between mixed culture and pure culture

It was demonstrated that pure-isolates similar to Bacillus cereus and Enterobacter cloacae were
efficient for H> production from Pistia stratiotes via dark fermentation. Similar findings have been
reported in previous studies using various types of substrates (Bao et al., 2012, Harun et al., 2012,
Song et al., 2013, Mishra et al., 2015, Mohanraj et al., 2016). However, the mixed culture attained a
higher HY of 2.46 mol H2/mol glucose as compared to that of individual strains (HY: 1.10 — 2.21 mol
Ha/mol glucose) under similar fermentation conditions. This result could be linked to the thermal pre-
treatment of sludge that prevented the dominance of H2 consumers while maintaining the activity of
the H2 producing bacterial consortia. In addition, the diversity of H2 producers in mixed cultures could
enhance the organics utilization and avoid substrate inhibition Moreover, it is difficult to isolate and
identify all the bacteria involved in Hz production using culture dependent techniques. Most of them
are non-cultivable and hence difficult to isolate. Presence of higher percentage of non-cultivable H>
producers in mixed culture could be a reason for higher HY in thermally treated mixed culture

inoculum. Fluorescence in situ hybridization results also demonstrated that the microbial community
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in the mixed culture comprised of multiple H> producing bacteria such Enterobacteriaceae,
Gammaproteobacteria, Betaproteobacteria, and Clostridium histolyticum which could contribute to
HY compared to single culture additionally Clostridum is known to have higher H> production
potential compared to Bacillus spp. and Enterobacter spp. Cabrol et al., (2017) also reported that a
wide range of phylogenetically different hydrogen producing microbial diversity in mixed microbial

consortia. Most of them are non—culturable and hence are difficult to isolate in pure culture.

A mixed culture of H> producers is generally favourable over pure culture due to wider feedstock
choice, practicability for environmental engineering applications, and economic benefits (Wang and
Wan, 2009). Similarly, Bao et al. (2012) demonstrated that the combination of two bacterial species
belonging to Bacillus and Brevumdimonas enhanced the HY to 1.04 mol H2/mol glucose using starch,
being twice that obtained from pure-cultures. Their study confirmed that fermentation using a single
bacterium species could attain a limited efficiency of H> production. Moreover, Mishra et al. (2015)
found that HY obtained from acidogenic mixed consortia (156 mmol H2/L) was higher than that
obtained using synthetic co-culture (117.4 mmol Hz/L) and pure-culture (98.2 mmol Hx/L). Their
study indicated that the existence of Clostridium sp. containing Fe—Fe hydrogenase in the mixed
culture could produce a high HY of 4 mol Hz/mol glucose (Mishra et al., 2015). On the other side,
Antonopoulou et al. (2007) reported that bioH> production from sweet sorghum using pure-cultures
of Ruminococcus albus attained a higher HY of 2.6 mol Hz/mol glucose compared to that of mixed-
culture (0.86 mol Hz/mol glucose). This result could be linked to the fulfilment of optimum operating
conditions for each distinct strain. In addition, the produced H> by mixed culture could be readily
reduced by H> consuming bacteria, such as homoacetogens and methanogens (if no appropriate
sludge treatment was performed). Hence, it is recommended to complement the H> producing abilities

of various bacterial strains as mixed cultures. However, further investigations are in progress to
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understand the metabolic and biochemical pathways as well as genetic engineering for H> production

in each pure culture.

Table 16. Morphology, phenotypic characterization and substrate utilization of the isolates
recovered from the mesophilic mixed culture sludge plus P. stratiotes

Isolate 3 HG-L1F 7 HG-L1F
Cell shape Rod-shaped (chained)  Small rod-shaped (clusters/dispersed)
Cell size > 5 um > 5 um
Gram stain Gram (+) Gram (-)
Colony Large irregular round Cauliflower type
HY (mol-Hz/mol-glucose) 2.21 1.97
HY (mg-H2/g-dw) 3.15 2.81
HP (mL-H2/L) 411 365
Closest relative Bacillus cereus Enterobacter cloacae
Similarity (%) 99% 99%

105



5.4 Conclusions

e Fluorescence in situ hybridization results demonstrated that the microbial community in the
mixed-culture comprised of H> producing bacteria, viz., Enterobacteriaceae, and Clostridium
histolyticum.

e Three H2 producing strains were successfully isolated from enriched mixed culture reactor
and were identified to belong to Bacillus cereus and Enterobacter cloacae. All the three
isolates displayed the hydrogen production potential achieving HYs of 2.21, 1.10, and 1.97
mol Hz/mol glucose, respectively under similar fermentation condition.

e The maximum H: yield of 2.48 mol Hz/mol glucose was obtained from the thermal treated

mixed culture in comparison to pure cultures.
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CHAPTER VI

COST ESTIMATION FOR THE PRODUCTION OF HYDROGEN FROM
PISTIA STRATIOTES THROUGH DARK FERMENTATION PROCESS
USING THERMALLY TREATED SLUDGE AS AN INOCULUM

6.1 Introduction

The world’s energy market is currently dominated by fossil fuels such as natural gas, coal and crude
oil (Li and Sun, 2018). South Africa (SA) generates its energy needs from coal (35%), crude oil (50%)
and gas (5%) (SAPIA, 2018). Statistics reports indicate that 80% of SA’s crude oil is imported, as a
result, the country has shifted from being a net export market to being a net import market (Fin24,
2014). Moreover, since 2016 the price of oil has risen from $30 a barrel up to $80 a barrel due to
depletion of natural resources (SAGovNew, 2018). In addition, a further increase in fuel cost is
projected in the near future (Narbel and Hansen, 2014). Therefore, sustainable and renewable energy

sources are required as a substitute for fossil fuels.

The overall cost of hydrogen production however, can be influenced by several factors including the
type of culture and its production rate, the type of reactor configuration, electricity, substrate, labour
as well as general chemical and consumables requirements (Khamis and Malshe, 2010, EI-Emam et
al., 2015). Studies indicated that direct biophotolysis process can produce hydrogen at a rate of 1.68
mmole Ha/litre-day, the indirect biophotolysis process produces H; at a rate of 8.64 mmoles Ho/litre-
day, photo fermentation produces hydrogen at a rate of 3.672 moles /litre-day and dark fermentation
process produce hydrogen at a rate of 2.904 moles/litre-day (when the same rate is constant for

24hours) (Sathyaprakasan and Kannan, 2015).
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The bioreactor configuration employed for direct biophotolysis is generally a tubular reactor
(Dasgupta et al., 2010), whereas indirect biophotolysis require an open photo-bioreactor, micro-algae
in a pond which requires about 8,490 acres of land (27000 ponds) for optimal hydrogen production.
Photo fermentation may also employ an open photo-bioreactor system however, due to the additional
fermentation step of acetate break down, an additional land of 2120 acre is required for layout (Caia
et al., 2018). Indirect biophotolysis is a continuous process, where its requires three stages (three
reactor design), 1) open ponds containing algae that produces glucose from carbon dioxide and water,
2) the produced glucose is thereafter passed to the dark fermentation reactor to produce hydrogen and
metabolic products (acetate, butyrate) which are further 3) broken down in a photo fermenter to
produce hydrogen (Sathyaprakasan and Kannan, 2015). The operational cost estimated based on the
land required for each process state that the indirect biophotolysis is more expensive compared to
other two processes, as it requires a large land for continuous reactor, more chemicals and
consumables, electricity and labour to operate the different stages, thereby increasing the capital

(Nikolaidis and Poullikkas, 2017, Chia et al., 2018).

Dark fermentation possesses several advantages including satisfactory H. production rates, reduction
of wastes and pollution, and low energy requirements (Kumar et al., 2018b). Dark fermentation
requires simple bioreactor that covers approximately 1.700 acre of space (Sathyaprakasan and
Kannan, 2015). This process utilises waste substrate such as agricultural waste (sorghum bagasse and
crop residues), food waste, aquatic weeds, and animal manure to drive the process (Lukajtis et al.,
2018). These substrates are cost effective and contains high carbon sources thus reduces the cost

overall operational costs (Montecchio et al., 2018).
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Several studies have been conducted to improve the methods for hydrogen yield through dark
fermentation from different substrate (Nikolaidis and Poullikkas, 2017, Yang and Wang, 2018).
However, the information on the economic analysis of biohydrogen production from different
biomass is scarce. Furthermore, the information on cost analysis part of H> production from aquatic
weeds is limited. Therefore, this objective focused on the cost estimation of biohydrogen production
from aquatic weed (P. stratiotes) using thermally treated sludge as an inoculum. The common factors

affecting the commercial viability of dark fermentative hydrogen production were assessed.
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6.2 Methods

6.2.1 Cost estimation

The economic analysis of production of biohydrogen using dark fermentation from aquatic weed P.
stratiotes was analysed based on the data generated from optimisation study in chapter four and the
experimental setup in section 4.2.3. The total cost (TC) of a full-scale batch reactor was estimated by
considering the amortization cost of the investment (AC) and operating cost (OC) based on a daily

hydrolysate of 4.0 m2 (i.e., 265 kg-DW of Pistia stratiotes), the fermenter volume could be 2.7 m®.

6.2.1.1 Amortization cost (AC)

The amortization cost was calculated based on the construction items and the required mechanical
and electrical facilities (Nasr et al., 2013). The treatment unit capacity (Vc, in m®) was computed
based on the ratio of the working hours per day (tw: assuming 16 h/day) to the treatment time in each

batch (t:: assuming 8 h), as seen in Eqg. (31) (Alalm et al., 2015).

(31)
where, V¢ is the total treated volume on a yearly basis (m®/year), and D is the number of operating
days (i.e., 300 d/year). A 10% of V. was added as a headspace for the H> gas collection. The

amortization cost of investment per cubic meter of wastewater was calculated by Eq. (32) (Alalm et

al., 2017).

C, xV,
AC ="

L xV,

(32)
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where, C, is the cost per cubic meter of the fermentation unit (Cp: assuming 10000 $/m? based on
quotes from local suppliers and contractors), and L is the lifecycle of the construction facilities (L:
assuming 10 years). The footprint item was estimated as 0.16 $/m?* (equivalent to 8.5% of AC). The
calculated percentages in Table 18 were approximately similar to those obtained in a previous study
by Nasr et al., (2015). Based on a daily hydrolysate of 4.0 m® (i.e., 265 kg-DW of Pistia stratiotes),
the fermenter volume could be 2.7 m? resulting in AC of 1.83 $/m® (equivalent to 36% of the TC).
This amount of feed would provide a robust reactor design and simple construction with few

mechanical resistance materials.

6.2.1.2 Operation cost (OC)

The operation cost included the inoculum treatment procedure, substrate hydrolysis step, chemicals
supply, and energy consumption. The labor expenses were not involved in this study for
simplification because the fermentation process does not require intensive manpower. The unit price
(Pi, in $/kg) of each item was obtained based on a cost survey from local treatment plants and
administrative databases in the period of 2015 — 2017. The P; values were 0.6 $/kg for the inoculum
including collection, transportation, and thermal treatment, 0.6 $/kg for substrate hydrolysis, and 0.5
$/kg for chemicals (e.g., supplements and pH adjustment). The costs of the aforementioned items

were calculated from the concentration (Ci, in kg/m®) multiplied by the unit price (Pi, in $/kg).

The energy cost (EC, in $/m?®) was calculated by Eq. (33) based on the power required for mixing,

heating, and equipment operation.

_ExPExthD
V

EC

t

(33)
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where, E is the consumed power (kW), Pk is the unit price of electricity cost (i.e., 0.26 $/kW/h).
Maintenance cost was assumed as 2% of the amortization cost (Alalm et al., 2017). Hence, the total

operating cost was calculated by Eq. (34).

ocC =(C, xpi)+EC+iAc
100

(34)
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6.3 Results and discussion

The economic analysis of dark fermentation for biohydrogen production from P. stratiotes
hydrolysate is listed in Table 17 (currency in USD). The results indicated that the electricity
consumption was the highest OC item, providing 1.88 $/m? (i.e., 57.6% of OC). The electricity
required for device operation was equivalent to 28.9 kW-h/day. Under this condition, the OC was

estimated as 3.27 $/m? (i.e., OC = 64.1% of TC).

The OC estimated in this study was higher than the AC which could be related to AC being a once
off expenditure and OC as a recurring expense required for production of hydrogen, it is expected to
be higher. The findings also revealed that the Total Cost (TC) including AC and OC was 5.10 $/m?,
equivalent to 0.08 $/kg-DW of P. stratiotes and 22.8 $/kg-H produced. The cost estimated is cheaper
compared to other studies (Ljunggren and Zacchi, 2010, Ljunggren et al., 2011, Sathyaprakasan and
Kannan, 2015), indicating that the process used in this study is cost efficient. The inexpensive
substrate and anaerobic activated sludge used in this study could be the contributing factor towards
the low cost. The optimum temperature of 25°C for Hz production in this study could also be the
contributing factor in the reduction of cost, because higher temperatures would have required higher
energy consumption (Chovau et al., 2013, Keipi et al., 2018). With electricity consumption being the
highest contributing item in the OC, if a cheaper source of electricity could be used for this process
the total cost could be reduced further. A previous study evaluated economic analysis of hydrogen
production from CH4 thermal decomposion and water electrolysis and concluded that the main factors
that affected the economic feasibility was the electricity cost, carbon value and natural gas thus

economic feasibility highly depend on a renewable feedstock and electricity (Keipi et al., 2018).
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A close value of 18.7 $/kg-H2 via dark fermentation using algae cultures was reported in a study by
Sharma and Kaushik (2010), this cost is higher than the cost estimated from this study probably due
to the choice of culture (pure culture) used. Biohydrogen production using pure cultures requires a
lot stable conditions resulting in higher costs. Moreover, Ljunggren and Zacchi (2011) found a H:
production cost of 24.6 $/kg-H> via simultaneous steps of pre—treatment, dark fermentation, photo—
fermentation, and gas purification using potato steam peels as a substrate. However, a high value of
62.9 $/kg-H> was obtained in a study by Ljunggren et al., (2011) through a combined dark and photo
fermentation process using barley straw as feedstock. The high costs estimated here could be due to

the photo—fermentation process, gas purification and the substrate being used in their study.

Table 17. Summary of economic analysis (currency in USD) for H2 fermentation from P.
Stratiotes

Amount ($/mq) Percentage (%)

Item

Amortization cost (AC)

Construction 0.62 33.6
Mechanical equipment 0.81 44.2
Footprint 0.16 8.5

Others (e.g., Electrical wiring, piping, 0.25 13.7
fittings)

Sum of capital cost 1.83 100

(0.03 $/kg-DW)

Operational cost (OC)

Sludge handling and processing 0.30 9.2
Substrate hydrolysis 0.90 27.5
Chemical supply 0.15 4.6
Electricity consumption 1.88 57.6
Maintenance cost 0.04 1.1
Sum of operational cost 3.27 100

(0.05 $/kg-DW)

Total cost (TC)

TC=AC +0C 5.10
(0.08 $/kg-DW)
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6.4 Conclusions

The total cost of the fermentation system including the amortization cost of investment and operating
cost was 0.08 $/kg-dry weight (22.8 $/kg-H2 produced). Based on the cost estimation, this method of
biohydrogen production from aquatic weed (P. stratiotes) through dark fermentation is relatively
feasible compared to other methods. However, factors such as inoculum type, feedstock and reactor

configuration could change, thus affecting the overall cost.
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CHAPTER VII:

GENERAL CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary and conclusions

The foremost objective of the study was to evaluate biohydrogen production potential of aquatic weed
Pistia stratiotes through dark fermentation to offer an efficient and environmentally friendly approach
for Ho production. Previously P. stratiotes has mostly been investigated for ethanol and methane
production. Thus far beside this study, only one study has previously investigated the utilization of
the aquatic weed P. stratiotes, for biohydrogen production. However, via a photo fermentation
process using a pure culture (Rhodopseudomonas palustris 420L and Rhodopseudomonas palustris
CGAG676) as an inoculum (Corneli et al., 2017). Compared to this study, an anaerobic activated sludge

(mixed culture) was used as an inoculum via the dark fermentation processes.

To accomplish improved H> yield and rate, the biomass was first characterized for suitability as a
substrate and was thereafter subjected to different hydrolysis methods to obtain high concentration of
reducing sugars and digestibility. The operational conditions for optimum H> production were
optimized via dark fermentation using the hydrolysate and a thermally anaerobic activated sludge as
an inoculum. Microbial analyses using FISH, PCR, and gPCR confirmed and correlated the H>
productivity results. Lastly the effect of the type of inoculum on H> production was studied by

isolation and identification techniques.

The major conclusion of this study includes:

e The suitability of the substrate (Pistia stratiotes) for fermentation was indicated by the C: N

of 25.7, low lignin (3.94% and 1.14%) percentage and high cellulose (37.83%) percentage,
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indicating possible easy solubility of lignin that is adequate to generate fermentable sugars
with optimum pre—treatments.

The substrate was subjected to different pre—treatment methods i.e. physical, chemical and
physical-chemical methods to improve its susceptibility to hydrolysis and for production of
maximum fermentable sugars. Among the pre—treatment employed, the hydrolysis pre—
treatment process of P. stratiotes for 30 minutes achieved the maximum respective sugar yield
of 139.8 mg/g after steam at 121°C pre—treatment of 2.5% H2SO4. The sugar yield was greatly
improved (139.8 mg/g) under optimized pretreatment conditions when compared to the
untreated biomass (20.9 mg/g).

Scanning electron microscopic analysis validated the effectiveness of steam pre—treatment of
2.5% H>SO4 at 121°C in hydrolysis of P. stratiotes. The results showed the correlation
between the surface destruction of the biomass and the maximum sugar yield obtained.
Thermal pre—treatment (100°C, 45 min) of anaerobic sludge was effective in eliminating the
H2 consuming microorganisms whilst promoting the enrichment of spore—forming H>
producing bacteria, which was confirmed by using FISH with specific probes.

Biohydrogen fermentation was estimated at different experimental factors, viz., pH,
fermentation time, culture temperature, and substrate—to—biomass (S/X) ratio to obtain
optimum levels. The highest hydrogen yield of 2.46 mol-Hz/mol-glucose (3.51 mg-H2/g-DW)
was obtained at optimum operational conditions of pH 5.5, HRT 8 h, temperature 25°C, and
SIX 1.

Electron-equivalent balance of 92 — 98% and COD mass balance of 92 — 96%, indicated the
successful transfer of organic carbon to the production of Hz gas and metabolic intermediates
thus the reliability of the aforementioned results. A quadratic model was developed to predict

the HY using the experimental factors as inputs (R 0.928). The solution pH provided
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positive-linear and negative-quadratic effects on the HY, whereas the plot of HY against S/X
showed a negative—linear curve.

The gPCR and PCR results indicated a positive correlation between the abundance of H:
producing bacteria and Hx production potential based on the hydrogenase gene copy
number/nanogram of genomic DNA. The hydrogenase gene exhibited the highest activity at
pH of 5.5 with 2.53 x 10* copies/ng-DNA compared to low pH range of 4.5 (6.95 x 103
copies/ng-DNA) and highest pH range 8.5 (7.77 x 103 copies/ng-DNA).

Two Ha producing strains were isolated from enriched mixed culture reactor operated under
the optimum environmental conditions. The bacterial species were identified to belong to
Bacillus cereus and Enterobacter cloacae. All the three isolates displayed the H2 production
HYs of 2.21, 1.10, and 1.97 mol Hz/mol glucose, respectively under similar fermentation
condition. The maximum Hz yield of 2.48 mol H2/mol was obtained from the thermally treated
mixed culture in comparison to pure isolates.

The total cost of the fermentation system including the amortization cost of investment and
operating cost was 0.08 $/kg-dry weight (22.8 $/kg-H2 produced). Based on the cost
estimation, this method of biohydrogen production from aquatic weed (P. stratiotes) through

dark fermentation is relatively feasible compared to other methods.

7.2 Recommendations

This study focused on batch operation and produced satisfactory hydrogen yield, however
commercial feasibility future studies are recommended especially with larger scale and
continuous operation of dark fermentation using Pistia stratiotes.

Isolation and identification of additional indigenous H> producing strains from the optimum

fermentation and continuous reactor is also recommended with a focus on the whole genome
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sequence/genetic diversity to obtain possible new strains with the ability to produce H. since
this study only targeted specific 16S rRNA sequences.

Evaluation of combined aquatic weeds/co-digestion of different aquatic weeds to potentially
increase the amount of fermentable sugars is also recommended.

Additional economic and environmental values for the use of aquatic weeds in the production
of hydrogen is recommended. This will provide a more rigorous cost benefit analysis for

biohydrogen production using this substrate.
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APPENDIX TWO: (Chapter 1V)

Determination of stoichiometric reactions at various environmental conditions. These steps were employed according to Lee and Rittmann (Amin
et al.) Lee H-S, Rittmann BE. Evaluation of Metabolism Using Stoichiometry in Fermentative Biohydrogen. Biotechnol Bioeng 2009; 102:749—
758.

Step#1: Calculations of e, which is the fraction of e eq for i product of total e"eq. For calculations accuracy, the sum of e should be equals

unity.

Culture pH  Aceticacid Butyric acid Propionic Lactic acid H2 Sum
acid
4.5 0.386 0.306 0.059 0.037 0.212 1.000
55 0.378 0.276 0.060 0.030 0.256 1.000
6.5 0.378 0.280 0.065 0.028 0.248 1.000
7.5 0.401 0.295 0.092 0.042 0.170 1.000
8.5 0.384 0.294 0.117 0.046 0.160 1.000
Fermentation  Acetic acid Butyricacid  Propionic Lactic acid H> Sum
time (h) acid
4 0.380 0.275 0.084 0.051 0.210 1.000
6 0.394 0.294 0.070 0.015 0.227 1.000
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8 0.390 0.301 0.052 0.010 0.247 1.000

10 0.392 0.286 0.077 0.006 0.239 1.000

12 0.356 0.282 0.092 0.023 0.247 1.000
Culture Acetic acid Butyric acid Propionic Lacticacid H> Sum
temperature acid
(°C)
15 0.356 0.280 0.089 0.058 0.217 1.000
20 0.382 0.297 0.068 0.015 0.238 1.000
25 0.357 0.286 0.068 0.038 0.250 1.000
30 0.361 0.294 0.056 0.035 0.254 1.000
35 0.380 0.297 0.050 0.009 0.264 1.000
SIX Aceticacid  Butyricacid  Propionic acid Lacticacid  H: Sum
0.5 0.378 0.281 0.031 0.021 0.290 1.000
1.0 0.392 0.305 0.037 0.008 0.257 1.000
15 0.369 0.344 0.072 0.040 0.175 1.000
2.0 0.422 0.353 0.088 0.005 0.132 1.000
2.5 0.442 0.350 0.074 0.036 0.099 1.000
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Step#2: Calculations of fs, which is the fraction of donor electrons transferred to cell mass

Culture pH fs

4.5 0.161

5.5 0.198

6.5 0.222

7.5 0.298

8.5 0.309
Fermentation fs
time (h)
4 0.154
6 0.185
8 0.227
10 0.299
12 0.344
Culture fs
temperature (°C)
15 0.212
20 0.226
25 0.235
30 0.244
35 0.253
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SIX fs

0.5 0.253
1.0 0.250
1.5 0.262
2.0 0.275
2.5 0.283

Step#3: Calculations of Ra, which is the half reaction for mixed electron acceptors

Culture | Left hand side Right hand side
pH CO> HCO3z H* e CH3COO" CH3CH.CH.COO" CH3CH.COO™ CH3CHOHCOO™ H2 H.0
(Acetate) (Butyrate) (Propionate)  (Lactate)
4.5 0.124 0.071 1.000 1.000 0.048 0.015 0.004 0.003 0.106 0.285
55 0.116 0.068 1.000 1.000 0.047 0.014 0.004 0.002 0.128 0.270
6.5 0.117 0.068 1.000 1.000 0.047 0.014 0.005 0.002 0.124 0.273
7.5 0.129 0.075 1.000 1.000 0.050 0.015 0.007 0.003 0.085 0.300
8.5 0.131 0.075 1.000 1.000 0.048 0.015 0.008 0.004 0.080 0.304
Fermentation | Left hand side Right hand side
time (h) CO; HCOs H* e CH3COO CH3CH.CH,COO™ CH3CH.COO" CH3;CHOHCOO™ H; H20
(Acetate) (Butyrate) (Propionate)  (Lactate)
4 0.123 0.072 1.000 1.000 0.048 0.014 0.006 0.004 0.105 0.286
6 0.121 0.070 1.000 1.000 0.049 0.015 0.005 0.001 0.114 0.281
8 0.118 0.068 1.000 1.000 0.049 0.015 0.004 0.001 0.123 0.273
10 0.118 0.069 1.000 1.000 0.049 0.014 0.005 0.001 0.120 0.277
12 0.118 0.067 1.000 1.000 0.044 0.014 0.007 0.002 0.124 0.273
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Culture Left hand side Right hand side
ttzmperature CO2 HCOs H* e CH3COO" CH3CH,CH,COO" CH3CH.COO~ CH3CHOHCOO™ H:> H20
(°C) (Acetate) (Butyrate) (Propionate)  (Lactate)
15 0.123 0.070 1.000 1.000 0.044 0.014 0.006 0.005 0.109 0.283
20 0.119 0.069 1.000 1.000 0.048 0.015 0.005 0.001 0.119 0.276
25 0.118 0.067 1.000 1.000 0.045 0.014 0.005 0.003 0.125 0.271
30 0.118 0.067 1.000 1.000 0.045 0.015 0.004 0.003 0.127 0.270
35 0.116 0.067 1.000 1.000 0.048 0.015 0.004 0.001 0.132 0.267
SIX Left hand side Right hand side
CO2 HCOs H' e CHsCOO™ CH3CH2CH.COO™ CH3CH,COO™ CH3CHOHCOO™ H: H20
(Acetate) (Butyrate) (Propionate)  (Lactate)
0.5 0.111 0.065 1.000 1.000 0.047 0.014 0.002 0.002 0.145 0.258
1.0 0.117 0.068 1.000 1.000 0.049 0.015 0.003 0.001 0.129 0.270
1.5 0.132 0.072 1.000 1.000 0.046 0.017 0.005 0.003 0.087 0.298
2.0 0.137 0.077 1.000 1.000 0.053 0.018 0.006 0.000 0.066 0.315
2.5 0.142 0.081 1.000 1.000 0.055 0.017 0.005 0.003 0.049 0.327
Step#4: Calculations of fe-Ra
Culture | Left hand side Right hand side
pH CO2 HCOs H* e CH3COO™ CH3CH2CH.COO™ CH3CH.COO™ CH3CHOHCOO™ H: H20
(Acetate) (Butyrate) (Propionate)  (Lactate)
4.5 0.104 0.059 0.839 0.839 0.040 0.013 0.004 0.003 0.089 0.239
5.5 0.093 0.054 0.802 0.802 0.038 0.011 0.003 0.002 0.103 0.216
6.5 0.091 0.053 0.778 0.778 0.037 0.011 0.004 0.002 0.097 0.212
7.5 0.091 0.0563 0.702 0.702 0.035 0.010 0.005 0.002 0.060 0.211
8.5 0.090 0.052 0.691 0.691 0.033 0.010 0.006 0.003 0.055 0.210
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Fermentation | Left hand side Right hand side

time (h) CO, HCOsy H* &  CHsCOO CHsCH.CH,COO CHs;CH,COO CH;CHOHCOO H,  H.0
(Acetate) (Butyrate) (Propionate)  (Lactate)

4 0.104 0.061 0.846 0.846 0.040 0.012 0.005 0.004 0.089 0.242

6 0.098 0.057 0.815 0.815 0.040 0.012 0.004 0.001 0.093 0.229

8 0.091 0.053 0.773 0.773 0.038 0.012 0.003 0.001 0.095 0.211

10 0.083 0.049 0.701 0.701 0.034 0.010 0.004 0.000 0.084 0.194

12 0.077 0.044 0.656 0.656 0.029 0.009 0.004 0.001 0.081 0.179

Culture Left hand side Right hand side

temperature | cQ, HCOsz H* e CH3:COO" CH3CH.CH.COO™ CHsCH,COO" CH3CHOHCOO™ H:> H->O

(°C) (Acetate) (Butyrate) (Propionate)  (Lactate)

15 0.097 0.055 0.788 0.788 0.035 0.011 0.005 0.004 0.086 0.223

20 0.092 0.053 0.774 0.774 0.037 0.012 0.004 0.001 0.092 0.214

25 0.090 0.051 0.765 0.765 0.034 0.011 0.004 0.002 0.096 0.208

30 0.089 0.050 0.756 0.756 0.034 0.011 0.003 0.002 0.096 0.204

35 0.086 0.050 0.747 0.747 0.036 0.011 0.003 0.001 0.098 0.200

SIX Left hand side Right hand side

CO2 HCOs H' e CHsCOO™ CHs3CH2CH.COO™ CH3CH>COO™ CH3CHOHCOO™ H: H20

(Acetate) (Butyrate) (Propionate)  (Lactate)

0.5 0.083 0.049 0.747 0.747 0.035 0.010 0.002 0.001 0.108 0.193

1.0 0.088 0.051 0.750 0.750 0.037 0.011 0.002 0.001 0.096 0.202

1.5 0.097 0.053 0.738 0.738 0.034 0.013 0.004 0.002 0.064 0.220

2.0 0.099 0.056 0.725 0.725 0.038 0.013 0.005 0.000 0.048 0.228

2.5 0.102 0.058 0.717 0.717 0.040 0.013 0.004 0.002 0.035 0.234
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Step#5: Calculations of fs-R¢

Culture | Left hand side Right hand side
pH CO, HCO; H & NH4* CsH70:N Hz0
4.5 0.032 0.008 0.161 0.161 0.008 0.008 0.072
55 0.040 0.010 0.198 0.198 0.010 0.010 0.089
6.5 0.044 0011 0222 0.222 0.011 0.011 0.100
7.5 0.060 0.015 0.298 0.298 0.015 0.015 0.134
8.5 0.062 0.015 0309 0.309 0.015 0.015 0.139
Fermentation | Left hand side Right hand side
time (h) CO, HCOy H' ¢ NH.* CsH70:N H,0
4 0.031 0.008 0.154 0.154 0.008 0.008 0.069
6 0.037 0.009 0.185 0.185 0.009 0.009 0.083
8 0.045 0.011 0.227 0.227 0.011 0.011 0.102
10 0.060 0.015 0.299 0.299 0.015 0.015 0.135
12 0.069 0.017 0344 0.344 0.017 0.017 0.155
Culture Left hand side Right hand side
Efgfefature CO, HCOy H' ¢ NH,* CsH702N H20
15 0.042 0.011 0212 0.212 0.011 0.011 0.095
20 0.045 0.011 0.226 0.226 0.011 0.011 0.102
25 0.047 0.012 0235 0.235 0.012 0.012 0.106
30 0.049 0.012 0.244 0.244 0.012 0.012 0.110
35 0.051 0.013 0.253 0.253 0.013 0.013 0.114
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SIX Left hand side Right hand side
CO; HCOs; H°* e NH4* CsH7O2N H.O

0.5 0.051 0.013 0.253 0.253 0.013 0.013 0.114

1.0 0.050 0.013 0.250 0.250 0.013 0.013 0.113

15 0.052 0.013 0.262 0.262 0.013 0.013 0.118

2.0 0.055 0.014 0.275 0.275 0.014 0.014 0.124

2.5 0.057 0.014 0.283 0.283 0.014 0.014 0.128

Step#6: Calculations of fe-Ra + fs:Rc - Rq
Culture Left hand side Right hand side
pH CeH1206 HCOgs NH,* CH3;COO- CHs3CH.,CH,COO- CHsCH.COO- CH3;CHOHCOO™ H» CO, CsH;0O-N H,O
(Acetate)  (Butyrate) (Propionate) (Lactate)
45 0.042 0.067 0.008  0.040 0.013 0.004 0.003 0.089 0.114 0.008 0.062
55 0.042 0.064 0.010 0.038 0.011 0.003 0.002 0.103 0.117 0.010 0.055
6.5 0.042 0.064 0.011  0.037 0.011 0.004 0.002 0.097 0114 0.011 0.062
75 0.042 0.067 0.015 0.035 0.010 0.005 0.002 0.060 0.100 0.015 0.095
8.5 0.042 0.067 0.015 0.033 0.010 0.006 0.003 0.055 0.098 0.015 0.099
Fermentation | Left hand side Right hand side
time (h) CsH 1206 HCOs NH4+ CH3COO- CH3CH,CH,COO- CH3CH,COO- CH3CHOHCOO- H, CO, CsH/OoN  H,0
(Acetate)  (Butyrate) (Propionate) (Lactate)

4 0.042 0.068 0.008 0.040 0.012 0.005 0.004 0.089 0.115 0.008 0.061
6 0.042 0.066  0.009 0.040 0.012 0.004 0.001 0.093 0.115 0.009 0.062
8 0.042 0.064 0.011 0.038 0.012 0.003 0.001 0.095 0.113 0.011 0.064
10 0.042 0.064 0.015 0.034 0.010 0.004 0.000 0.084 0.107 0.015 0.078
12 0.042 0.061 0.017 0.029 0.009 0.004 0.001 0.081 0.104 0.017 0.084
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Culture Left hand side Right hand side

temperature "CH,0s  HCOs NHs* CHsCOO CHsCH.CH,COO" CH;CH,COO™ CH:CHOHCOO™  H; CO. CsH/0:N  Hz0

(°C) (Acetate)  (Butyrate) (Propionate) (Lactate)

15 0.042 0.066 0.011 0.035 0.011 0.005 0.004 0.086 0.111 0.011 0.068

20 0.042 0.064 0.011 0.037 0.012 0.004 0.001 0.092 0.112 0.011 0.066

25 0.042 0.063 0.012 0.034 0.011 0.004 0.002 0.096 0.113 0.012 0.063

30 0.042 0.063 0.012 0.034 0.011 0.003 0.002 0.096 0.112 0.012 0.064

35 0.042 0.062 0.013 0.036 0.011 0.003 0.001 0.098 0.113 0.013 0.064

SIX Left hand side Right hand side

CeH1206 HCOgs NH,* CH3;COO- CH3CH,CH,COO- CH3CH,COOr CH3sCHOHCOO- H» CO, CsH;O.N  H.0
(Acetate)  (Butyrate) (Propionate) (Lactate)

0.5 0.042 0.061 0.013 0.035 0.010 0.002 0.001 0.108 0.116 0.013 0.056

1.0 0.042 0.063 0.013 0.037 0.011 0.002 0.001 0.096 0.112 0.013 0.065

15 0.042 0.066 0.013 0.034 0.013 0.004 0.002 0.064 0.100  0.013 0.088

2.0 0.042 0.070 0.014 0.038 0.013 0.005 0.000 0.048 0.096 0.014 0.102

2.5 0.042 0.072  0.014 0.040 0.013 0.004 0.002 0.035 0.092 0.014 0.112

Step#7: Overall reaction Roveran = fe-Ra + fs:R¢ - Ra. (HY's are presented in bold)
Culture Left hand side Right hand side
pH CeHi20s  NHs*  CHsCOO CH3CH.CH,COO  CHs;CH.COO" CHsCHOHCOO™  H: (HY) CO,  CsH/O:N H0 H*
(Acetate)  (Butyrate) (Propionate) (Lactate)

4.5 1.000 0.193 0.971 0.308 0.085 0.063 2.138 1.111  0.193 -0.140 1.620
55 1.000 0.238 0.910 0.265 0.083 0.047 2.465 1.274 0.238 -0.213 1.543
6.5 1.000 0.267 0.883 0.261 0.087 0.044 2.317 1.202  0.267 -0.054 1.542
7.5 1.000 0.357 0.845 0.249 0.110 0.059 1.436 0.773  0.357 0.657 1.620
8.5 1.000 0.371  0.796 0.243 0.138 0.063 1.327 0.732 0.371 0.763 1.611
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Fermentation

Left hand side

Right hand side

time (h) CeH1206 NH4*  CHsCOO™ CH3CH.CH,COO™ CH3CH,COO CH3;CHOHCOO™  H: (HY) CO; CsH/O:N HO H*
(Acetate)  (Butyrate) (Propionate) (Lactate)

4 1.000 0.185 0.965 0.279 0.121 0.087 2.134 1.128 0.185 -0.174 1.637
6 1.000 0.222  0.962 0.287 0.098 0.025 2.221 1.159 0.222 -0.108 1.594
8 1.000 0.272  0.903 0.280 0.069 0.016 2.291 1.180 0.272 -0.015 1.540
10 1.000 0.359 0.824 0.240 0.092 0.009 2.011 1.051 0.359 0.359 1.525
12 1.000 0.412 0.701 0.222 0.103 0.030 1.946 1.025 0.412 0.538 1.469
Culture Left hand side Right hand side
temperature - |"CoH;,0s  NHs*  CHaCOO™ CHiCH.CH,COO™ CH;CH,COO™  CH:CHOHCOO™ Hz (HY) CO; GCsH/ON H,0  H*
(°C) (Acetate)  (Butyrate) (Propionate) (Lactate)
15 1.000 0.255 0.841 0.265 0.120 0.091 2.052 1.086 0.255 0.062 1572
20 1.000 0.271 0.887 0.276 0.090 0.023 2.213 1.151 0.271 0.028  1.547
25 1.000 0.282 0.821 0.263 0.089 0.059 2.294 1.192 0.282 0.006 1513
30 1.000 0.293 0.819 0.267 0.073 0.052 2.304 1.188 0.293 0.030 1.504
35 1.000 0.303 0.852 0.266 0.064 0.014 2.364 1.214 0.303 0.027 1.499
SIX Left hand side Right hand side

Celeos NH4+ CH3COO' CH3CH2CH2COO' CH3CH2COO' CH3CHOHCOO' H» (HY) CO, C5H702N H,O H*

(Acetate)  (Butyrate) (Propionate) (Lactate)

0.5 1.000 0.303 0.847 0.252 0.040 0.031 2.508 1.319 0.303 -0.118 1.473
1.0 1.000 0.300 0.882 0.274 0.048 0.013 2.316 1.182 0.300 0.041 1517
15 1.000 0.314 0.817 0.305 0.092 0.059 1.546 0.819 0.314 0520  1.587
2.0 1.000 0.331 00917 0.307 0.110 0.008 1.145 0.627 0.331 0.781  1.672
2.5 1.000 0.340 0.950 0.301 0.091 0.051 0.847 0.469 0.340 0.943 1.733
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Figure 11 Quantitative polymerase chain reaction results for Clostridium amplification.
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Figure 12 Quantitative polymerase chain reaction standard for Enterobacteriaceae amplification.
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Figure 13 Quantitative polymerase chain reaction results for Hydrogenase amplification.
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Figure 14. Quantitative polymerase chain reaction results for EUB amplification.

Appendix, section 4.2.1 Inoculum characterization

Determination of total suspended solids (TSS) in biomass

Total suspended solids in biomass were determined by first placing marked crucibles in a furnace at
575 £ 250°C to ignite all previous materials present in the crucible. The crucibles were removed and
cooled down to room temperature in a desiccator and recorded the weight. The cycle was repeated
(of drying or igniting, cooling, desiccating, and weighing) until a constant weight was obtained. A
glass fibre filter paper was used to filter 15 ml sample volume (2.5 and 200 mg dried residue) in a
filtration unit. After filtration the was filter removed from filtration apparatus and transfer to a

crucible and weight. The combination of filter and crucible was transferred to an oven to dry for at 1
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h at 105°C, and cooled down in a desiccator to balance temperature, and weigh. The cycle was

repeated until constant weight was obtained.

(A—=B) X 1000
Sample volume, ml

mg Total suspended solids/L =

where: A = weight of filter + dried residue, mg, and B = weight of filter, mg.

Determination of volatile solids (VS) in biomass

The residues produced by TSS method was ignited in a muffle furnace at a temperature of 550°C. a
blank glass fibre filter along with samples was also ignited. The cycle was repeated until constant
weight was obtained. The dish or filter disk was cooled down partially in air until most of the heat
has been dissipated and was therefore transferred to a desiccator for final cooling in a dry atmosphere.

The Weight of the dish or disk was recorded as soon as it has cooled to balance temperature.

(A—B) X 1000
Sample volume, ml

mg Total volatile solids/L =

(B—C) X 1000
Sample volume, ml

mg fixed solids/L =

where: A = weight of residue + dish before ignition, mg, B = weight of residue + dish or filter after
ignition, mg, and C = weight of dish or filter, mg
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pH

pH is defined as a negative logarithm of the hydrogen ion concentration representing the degree of

acidity and alkalinity of H20. The pH of the samples was determined using a pH meter.

COD

The COD concentration in the wastewater was determined by colorimetric standard according to the
standard method. A heating block digester heating block digester (Milestone S.R.L.) was first used
to digest the samples plus a reagent blank in COD vials at 150°C for 2 h. The digested samples and
blank were cooled down and filtered using a 0.45 um pore size filter. The Aquakem Gallery discrete

autoanalyser (Thermo Scientific, UK) was used to measure COD concentration.

APPENDIX THREE: (Chapter V)

Gram stain

A smear from nutrient agar plate was prepared and placed on clean glass slide. The slide was fixed
burnsen burner flame untile dry. Crystal violet was applied for 20 seconds, iodine was added, the
mordant to fix crystal violet for 20 seconds. Alcohol was applied as decolorizing agent to remove the
primary stain, washed and applied safranin followed by the counterstain, for 20 seconds. The slide

was rinsed and allowed to air dry. Viewed with light microscope.

Nutrient agar
Composition of Nutrient Agar

. 0.5% Peptone.

. 0.3% beef extract/yeast extract
. 1.5% agar.

. 0.5% NaCl

. Distilled water

. pH (7.4) at 25 °C
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APPENDIX FOUR: (Chapter VI)

Table cost $ /kg of H2 produced

Value ($ /kg of

Substrate Inoculum Condition Reference
H: produced)
gggﬁrit:v?;ts:;%d’ Fermentative and pH 4.4-6.5 2.57 (Nikolaidis and
g L photosynthetic bacteria 2.83 Poullikkas, 2017)
organic acids
- HRT 75hr (2015) 50 (Randolph and
Corn Stover Clostridium thermocellum Temp 55°C Studer, 2017)
P (2025) 8.56 ’
S/IX 8-24 g/L
Clostridium spp, Klebsiella HRT 24-96 hr.
Sugar cane spp. and Enterobacter spp. Temp 37°C 0.96 (Moodley, 2015)
pH 6.5
Sulfur-iodine
Calcium bromine - Temp 50-730°C  1.30 (Penner, 2006)
iron
. . (Garcia and
Thermoanaerobacterium Zgglde size 1 Cardona)
coffee Thermosaccharolyticum Moisture10-20% 1.6and 2.7 Garciaetal
Temp 21- 800 °C 2017)
Enterobacter cloacae strain (Bharathiraja et al.,
Glucose DM11 274 2016, Khanna and
organic metabolites Rhodobacter sphaeroides ' Das, 2013)
strain
(Nikolaidis and
Water Green algae 1.42 Poullikkas, 2017)
Air 0.25 Kg
Air/kg Biomass
Pinus patula plant Air, water or oxygen-gasifying  particle size of 1- 157 (Garcia and
agent 2cmand a Cardona)
moisture content
of 20%
(Hallenbeck and
Water Green algae 10 Benemann, 2002)
Wind energy 8- 10 (Das, 2014)
water
135
Water Green algae (Sen et al., 2008)
Natural gas (\_/la 45 (Das, 2014)
steam reforming)
glucose 187 (Elbeshbishy et al.,

2017)
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