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Abstract

Various studies have proved the ability of different types of cyanobacteria and
algae to produce hydrogen (H2) by splitting water molecules into Hz and oxygen (O2)
using specialized enzymes (hydrogenase and nitrogenase enzymes) through the
biophotolysis process. However, the production of O acts as the main process inhibitor.
Several researchers studied this O2 sensitivity and proposed effective solutions to
regulate O2 concentration. By co-culturing algae with aerobic bacteria, the consumption
of the resulting oxygen could be attained and thus reducing the sensitivity of the enzyme
to the evolved Oz. In this study, a microbial consortium (co-culture) consisting of
cyanobacteria Phormidium keutzingianum and activated sludge bacteria ASB was
established to regulate O2 concentration and enhance Hz production. Different co-
culturing ratios (algae: bacteria) such as 2:1,1:1, and 1:2 were tested to find the optimum
ratio for Hz production. The effects of different exogenous carbon substrates (simple
sugars) such as glucose, sorbitol, and mannitol were analyzed by supplementing the co-
cultures with 10 g/L of sugar. In addition to study the effect of salt (NaCl) on H:
production, different salt concentrations of 0, 10, and 20 g/L were tested. Results
indicated that the amount of cumulative H2 produced changed significantly by varying
the carbon substrate. Glucose-supplemented co-culture produced the lowest amount of
H2 (278 ml L) as compared to sorbitol-supplemented co-culture which produced the
maximum amount of Hz (980 ml L1). On the other hand, mannitol-supplemented co-
culture produced (562 ml L) of Hy. The results also showed that the addition of salt
(NaCl) negatively affected H2 production. By increasing the salinity level from 0-2%, the
amount of total gas produced by glucose-supplemented co-culture was reduced from
2275 ml L1 to 734 ml L%, whereas cumulative Hz reduced from 980 ml L to 176.8 ml
L*and 562 ml L to 333 ml Lt in sorbitol and mannitol-supplemented co-culture,
respectively. This study proved the possibility of biohydrogen production by utilizing
simple sugars and it can cause significant variations in the amount of the produced H>
due to the differences in the metabolic pathways of different sugars by the involved
cyanobacteria and bacterial cells. This study also shows that physical factors (such as the
effect of salt) affected the H. production process due to variations in the tolerances of the

involved cyanobacterial and bacterial cells toward different salt concentrations.

Vi
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Chapter 1: Introduction

1.1 Overview

With the worldwide concern about the use of fossil fuels to produce electricity
which results in increasing carbon emissions, looking for alternative energy sources
that are clean and sustainable is required. Hydrogen (H.) emerged as one of the
candidates which considered to be a key fuel of the future as it has a high energy
content per unit of weight around 140 MJ/kg compared to the typical solid fuels which
produce around 50 MJ per unit of weight. Moreover, the only waste generated from
hydrogen combustion is water making it one of the best environmentally friendly
energy carriers (Chi & Yu, 2018).

Steam reforming, coal gasification, and water electrolysis are the classical
methods of H production (G. Yang & Wang, 2017; Balachandar et al., 2020).
However, these processes are highly energy intensive and highly dependent on fossil
fuels, which increases greenhouse gas emissions (Rittmann & Herwig, 2012;
Pugazhendbhi et al., 2019). Therefore, they are considered non-renewable and

unstainable Hz production processes.

Producing H> through different biological routes such as biophotolysis using
algae and cyanobacteria or by fermentation routes such as photo and dark
fermentation by photosynthetic and anaerobic bacteria has attracted a lot of interest in
recent years. The biological H2 production processes are considered less energy
intensive and more environmentally friendly as they can be operated at ambient

temperature (Silva et al., 2018; Srivastava et al., 2019).

Cyanobacterial biomass can be used as a food source or feedstock for various
products such as antioxidants, pharmaceuticals and coloring agents. It could also be
used as a prospective precursor for future biofuels such as biomethane, biohydrogen,
bioethanol, and biodiesel. The biomass can be converted to biogas (biomethane) by
anaerobic digestion. The photosynthetic system in cyanobacteria is able to diverge the
electrons generated from the two primary reactions to produce Hz. Previous studies

have been conducted on different algal species capable of producing H.. Algal species



such as green algae Chlamydomonas sp. Is classified as one of the top H2 producers
and other algal genera such as Anabaena, Chlorella, Oscillatoria, and Scenedesmus
have been widely studied to determine their ability to produce H> (Liu et al., 2019;
Ruiz-Marin et al., 2020; L. Li et al., 2021; Grechanik et al., 2021).

The Calvin cycle in cyanobacteria leads to the production of carbohydrates,
lipid, fatty acids, and proteins. Bioethanol can be produced from carbohydrates by
fermentation. Biodiesel can be produced from lipids. CHa4, H2, and e can be obtained
from fatty acids acetate, butyrate, and propionate by fermentation (Parmar et al.,
2011). Furthermore, cyanobacterial biomass is considered as one of the most
beneficial bio accumulators due to its low-cost cultivation and absorption potential
(Opeolu et al., 2010). They can degrade various toxic organic pollutants in the
environment and convert them to less toxic or non-toxic compounds and utilize them
as a source of nutrients. Spirulina sp., Oscillatoria sp., and Westiellopsis sp. are some
of the common examples of the most commonly cyanobacterial species that were

cultivated and used to treat industrial wastewater (Touliabah et al., 2022).

Microalgae/cyanobacteria can be found in nature in a symbiotic relationship with
bacteria forming microbial consortia in different environments (Subashchandrabose et
al., 2011). Algal-bacterial symbiosis can be employed as an inexpensive biological
treatment method to remove organic pollutants from wastewater. By providing the
essential oxygen, a critical electron acceptor for the aerobic bacterial breakdown of
organic contaminants. On the other hand, bacteria provide CO. needed for microalgal
photosynthesis. Therefore, the symbiotic relationship between
cyanobacteria/microalgae and bacteria in wastewater treatment systems could support
low-cost aeration, lessens the environmental impact related to other mechanical and
chemical treatment approaches, improves nutrient recovery, and reduce CO:
emissions (Mufioz & Guieysse, 2006). Moreover, the microbial community within the
coculture provides a beneficial association through exchanging basic metabolites such
as amino acids and growth-promoting supplements, like thiamin and indole acetic acid
(Cole et al., 2014; Higgins et al., 2016). Therefore, this will increase biomass

productivity and will reduce the cost of supplying more nutrients for algal growth.



Wastewater produced from domestic, industrial, and agricultural activities
comprises a variety of inorganic and organic substances, as well as pathogens,
nutrients including nitrogen, phosphorous, carbon content, and sediments that have a
significant impact on the pH, chemical oxygen demand (COD), biochemical oxygen
demand (BOD), and dissolved oxygen (DO). The selection of suitable and effective
microbial consortia depends on the properties of wastewaters influence the choice of
suitable and effective bacteria-cyanobacteria/microalgae consortia for enhanced

performance in wastewater treatment systems (Monfet & Unc, 2017).

For example, dairy wastewater has high nitrogen and phosphorus content
whereas domestic wastewater has high organic carbon content (Posadas et al., 2014;
Chastain, 2017). Therefore, the partners within the consortia should have the potential
to reduce the amount of carbon, nitrogen or phosphorus content in the wastewater. A
microbial consortium consists of phenol-resistant microalgae such as Chlorella
vulgaris and Scenedesmus quadricauda and heterotrophic bacteria Pantoea
agglomerans and Raoultella terrigena showed the capability to grow in coke and olive
washing wastewater and the potential to remove 99% of phenol containing
compounds in wastewater (Maza-Marquez et al., 2014; Ryu et al., 2017). The
inoculum ratio of 5:1 for algae to activated sludge used to treat municipal wastewater
led to the reduction in nitrogen and phosphorus content by 95.8% and 93.5% (Perera
et al., 2019). Cultivating Chlorella sp in centrate wastewater that contains a high
concentration of nutrients led to the reduction of COD, total nitrogen, and total
phosphorus by 70%, 61%, and 61% respectively (Min et al., 2011).

Thus, the symbiotic relationship between cyanobacteria/microalgae and bacteria
In sewage or wastewater treatment systems is expected to double benefit the
environment by reducing the amount of nutrients or organic matter in wastewater
which in turn will benefit the algal biomass that can be further converted to produce

biofuels and energy.



1.1.1 Biological H> production routes

Biological routes resulting in Hz production can be classified into two main
categories Photosyhthtic or photolytic (direct and indirect biophotolysis) and
fermentative (photo and dark fermentation) (Nikolaidis & Poullikkas, 2017).

1.1.1.1 Biophotolysis

Both cyanobacteria and green algae utilize photosynthetic pigments such as
chlorophyll and other pigments to capture light energy to split water molecules into
H>, oxygen (Oz), and electrons via a process called biophotolysis by performing the
following reactions (Das & Veziroglu, 2008). Direct bio photolysis is the direct
conversion of water into Hz and O using light energy. The advantage of this route is
the production of H> from water directly by simply using solar energy. The unicellular
green algae Chlamydomonas reinhardtii produce H> via direct photolysis (Sakurai et
al., 2013; Tamburic et al., 2012). Direct bio-photolysis overall reactions described as

follows:
H20 - % 0, + 2H* + 2 e~ (in the presence of light) Equation (1)

2H* + 2e~ — H, Equation (2)

By utilizing solar energy, photosystem Il (PSII) splits water molecules into
electrons, protons (H*), and O2. While electrons are moving through the
photosynthetic membrane that connects PSII and photosystem | (PSI), Adenosine
triphosphate (ATP) is being produced. Then, PSI transfers electrons to ferredoxin
(Fd). Either the reduced Fd can donate electrons to [FeFe]-hydrogenase, which
catalyzes the synthesis of H> in green algae, or it can reduce Nicotinamide adenine
dinucleotide (NADP) to Nicotinamide adenine dinucleotide phosphate (NADPH) via
the ferredoxin NADP* oxidoreductase (FNR) reaction, which is then employed in the
Calvin cycle for CO> fixation (Akhlaghi & Najafpour-Darzi, 2020).

Cyanobacteria are similar to green algae in their photosynthetic ability. They
can produce Hz using two photosystems PSI and PSII and an electron transport chain.

However, [NiFe]-hydrogenase is the enzyme responsible for Hz production in



cyanobacteria. [NiFe]-hydrogenase is less sensitive to Oz evolution as [FeFe]-
hydrogenase in green algae (Sakurai et al., 2013). Which is one of the main benefits of
producing Hz using cyanobacteria. The requirement of high light intensity and
inhibition of hydrogenase enzyme by the presence of a certain amount of O are the

main disadvantages of direct photolysis (Ni et al., 2006).

On the other hand, cyanobacteria and microalgae can produce Hz by utilizing
the stored glycogen or starch content via indirect bio photolysis (Bolatkhan et al.,

2019). In direct bio photolysis reaction describe as follows:
6C0,+6H,0 - CsH,,0, + 6 CO, Equation (3)
C¢H.,04 + 6 H,0 — 12 H, + 6 CO, Equation (4)

It is a two-step process where in the first step water split into protons (H*) and
02 is formed in the presence of light. Whereas in the second step, CO2 will be fixed
and carbohydrate will be stored in the intracellular reserves and used for Hy
production (Ghirardi et al., 2000). The main advantage of this is that O, evolution or

photosynthesis is separated from H> evolution producing a relatively higher H> yield.

The requirement of continuous light energy supply and the requirement of significant
ATP for the sustained nitrogenase activity are the main limitations for large scale
application (Sharma & Arya, 2017).

1.1.1.2 Dark fermentation

Dark fermentation DF is one of the most studied routes of biological H
production. A wide range of waste materials such as food and agricultural wastes and
wastewater can be utilized to produce H via dark fermentation (Turon et al., 2016). In
dark fermentation, H: is produced via the acetate-mediated pathway. The overall

reaction is summarized as follows:
C¢H;,0, + 2H,0 — 4 H, + 2C0O, + 2CH;COOH Equation (5)

Facultative and obligate anaerobic bacteria act on a substrate such as

carbohydrates, proteins or lipids to produce Ho, carbon dioxide (CO>) and organic



acids. Clostridium sp., Bacillus sp., and Enterobacter sp. are examples of Ho-

producing microorganisms involved in DF (Ferreira & Gouveia, 2020).

Bacterial species of the genus Clostridium were reported to have the highest H»
production yield (Silva et al., 2018). Due to its versatile metabolic pathway, it can
produce a variety of by-products such as VFASs along with Hz. Where the amount of
the produced VFAs and the yield of H2 production varies based on the type of
bacterial species (Bao et al., 2012).

A mixed culture of Bacillus sp. and Brevumdimonas sp. produced H> higher
than the amount of H produced by pure cultures by two times. This has been
attributed to the difference in the metabolic pathway of each bacterial species (Bao et
al., 2012).

The possibility of using a wide range of substrates without requiring light
energy source to produce H: is an advantage of DF, However DF produce relatively
lower H production yield compared to other biological routes (Sharma & Arya,
2017).

1.1.1.3 Photo fermentation

Photosynthetic bacteria such as PNS bacteria require light energy to convert
organic substrates into H> and CO2 (Manish & Banerjee, 2008). In the presence of
nitrogen (N2), nitrogenase enzymes produce H> as a by-product of N> fixation
(Akhlaghi & Najafpour-Darzi, 2020).

H> production in the presence of Na:

N, +8e~ +8H"+ 16 ATP - 2NH; + H, + 16 ADP +
16 P;(inorganic phosphate) Equation (6)

In the absence of nitrogenase enzymes change their catalytic metabolism from
N> fixation producing only H». The reason for favoring nitrogen limited condition
(Akhlaghi & Najafpour-Darzi, 2020).

H> production in the presence of Na:

8e”~ +8H*+16ATP —» 4H, + 16 ADP + 16 P ; Equation (7)



Rhodobacter sphaeroides, Rhodobacter capsulatus, Rhodobacter sulfidophilus,
Rhodopseudomonas palustris, and Rhodospirillum rubrum are some examples of PNS
bacteria that showed the ability to produce Hz via photo fermentation (T. Y. Wu et al.,
2012).

Under anaerobic, nitrogen-limited, and light conditions, substrates such as
carbohydrates and organic acids are oxidized in TCA cycle to provide electrons
(Lazaro & Hallenbeck, 2019). The generated electrons are used by the nitrogenase
enzyme which is the primary enzyme for catalyzing H> production in photosynthetic
bacteria. Therefore, H2 can be produced as a result of the utilization of light energy by
a photosynthetic membrane which provides the nitrogenase enzyme with ATP

required for proton reduction (Sagir & Alipour, 2021).

The use of solar energy and various carbon sources, a wide range of light
wavelengths (400-1000 nm), and operation at low pressures and temperatures make
photo fermentation a viable process (Koku et al., 2002). Besides that, photo
fermentative bacteria are efficient in removing the produced industrial organic wastes
which is considered one of the main advantages of using photo fermentative bacteria.
Disadvantages of photo fermentation include the pretreatment of industrial effluent

and nitrogen-limited condition (Sharma & Arya, 2017).

1.2 Statement of the Problem

Currently, about 95% of the produced H> around the world comes from fossil
fuels Figure 1 which results in the emission of a huge amount of greenhouse gases
which contributes to exacerbating the problem of global warming. Therefore, looking
for other environmentally friendly, efficient, and sustainable alternatives is important
to meet the global energy demand. Water electrolysis is another method for H:
production although it is considered a clean and efficient process for producing Hz,
but it requires a large energy input. “Green H»” is a term used for the H, produced
using renewables which emerged as one of the appealing methods to produce H:
however generating H2 using renewables requires also a huge amount of energy which

in turn makes green H> more expensive to obtain.
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Coal and o
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Figure 1: Global H2 production by method as % of total metric tons (Balat, 2008)

Several microorganisms such as microalgae, cyanobacteria, and bacteria
showed the potential to produce H> through different biological routes under specific
conditions. The ability of these microorganisms to produce H> could offer a
sustainable clean energy supply and a promising replacement for conventional fossil
fuels. But so far, more studies are being conducted to overcome the barriers associated
with biological Hz production and that could affect its effectiveness. Low H>
production yield is the main limitation of biological H> production which could be
attributed to several reasons one of the main reasons is the inhibition of the

hydrogenase enzyme activity due to the evolution of O2 by photosynthesis.

Therefore, the anaerobic condition is a major requirement to maintain the
enzymatic activity required for Hz production. One of the proposed methods to
overcome the inactivation of enzymatic activity as a result of O evolution is to co-
culture activated sludge bacteria (ASB) along with the algal cells as shown in Figure 2
The new microbial consortia interaction can boost H2 production yield by the

following:
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presented in the medium to support carbon degradation, minimizing O
concentration in the medium.

(2) CO2 produced as a result of bacterial fermentation can be consumed by
algal cells to support its growth and to perform photosynthesis.

(3) Organic acids generated from bacterial fermentation can be consumed by
photosynthetic bacteria to maintain energy for their growth and metabolism
leading to an increase in Hz production.

Although previous studies showed that co-culturing microalgae with ASB
could lower O concentration and significantly increase H2 production yield (Fakhimi
et al., 2020; Javed et al., 2022). However, to ensure sustainable Hz production there
are other factors are still needed to be evaluated to find the optimum conditions
required for improved bio-H> production. In this study, Phormidium keutzingium a
non-heterocystous filamentous halophytic cyanobacterium (no H2 production data
published yet) will be co-cultivated with ASB, and the possible factors that might be
affecting H2 production such as inoculum ratio (Cyanobacteria: ASB), type of the
exogenous carbon substrates and other important growth parameters such as salinity

will be investigated.
1.3 Research Objectives

This research aims to maximize the total produced H: by the filamentous
cyanobacteria strain (Phormidium Keutzingianum) co-cultured with activated sludge
bacteria (ASB) with different mixing ratios, different sugars (carbon substrate), and

different salinities Figure 3 represents the main research objectives of this study.
Therefore, the following objectives have been set in order to fulfill this aim:

1. To study the impact of different exogenous carbon substrates such as
glucose, sorbitol, and mannitol on the total produced hydrogen

2. To examine the effect of varying mixing ratios on the evolution of
molecular Oz and H> production. Mixing ratios of Cyanobacteria to ASB of

2:1, 1:1, and 1:2, respectively, were chosen to be tested in this study

10



3. To study the impact of different salt concentrations on the total produced
H>. Concentrations of 0, 10, and 20 g/L as salt (NaCl) concentrations will
be tested in this study.

To address the research, we need to answer the following research questions:

- What is the effect of different inoculum ratios on the total volume of the
produced hydrogen gas?

- How would different exogenous carbon sources improve the total produced
hydrogen?

- How would different NaCl concentrations improve the total produced
hydrogen?

11
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1.4 Relevant Literature
1.4.1 Co-culturing cyanobacteria with Activated sludge bacteria (ASB)

Previous studies mentioned proposed ideas to overcome the barriers of
biological hydrogen production such as the low production yield, hydrogenase/
nitrogenase oxygen sensitivity, and the accumulation of Volatile fatty acids VFA by
integrating biological systems (dark fermentation, photo-fermentation, and
biophotolysis). Several studies have dealt with the advantages of integrating biological
systems or mixed cultures in enhancing Hz production (Melis & Melnicki, 2006;
Fakhimi et al., 2020).

Chlorophyll and phycobilin molecules in algae and cyanobacteria have
absorption maxima at 400-700 nm whereas bacteriochlorophylls in photosynthetic
bacteria have absorption maxima at 400-600 nm and 800-1100 nm which could
provide 25% additional energy of the solar spectrum to that of green algae or
cyanobacteria, therefore co-cultivating those microorganisms could enhance H:
production as a result of increasing the light conversion efficiency (Ghirardi et al.,
2009). Moreover, the integration of more than one biological system could enhance
the efficiency of the single system to produce Hz at a higher rate (Hay et al., 2013).
For example, H2 production enhanced to 12 moles H>/mol hexose by combining dark
and photo fermentation compared to 4 moles Hxmole hexose by dark fermentation
alone (Show et al., 2012). Co-culturing anaerobic bacteria (acidogenic bacteria) along
with photosynthetic bacteria helped to alleviate the accumulation of volatile fatty
acids by 40%, thus, enhancing H2 production (Chandra & Venkata Mohan, 2014). Up
to 2-fold improvement in Hz production yield was observed by a co-culture of Bacillus
sp. and Enterobacter sp. than by the individual strains (Patel et al., 2014). Based on
previous studies done on the potential of bacterial monocultures to produce hydrogen
in a co-culture, it has been concluded that pure monocultures produce low hydrogen
yield compared to mixed-culture systems (Qian et al., 2011; Masset et al., 2012; Wu et
al., 2012 X; Li et al., 2013; Patel et al., 2014; Pachapur et al., 2017; Xu et al., 2017).

13



The inactivation of hydrogenase activity is due to the presence of molecular
oxygen which is considered as one of the critical problems associated with hydrogen
production using algae and cyanobacteria. One of the recent strategies used to
overcome this problem, therefore, increasing the biohydrogen production yield is to
build a microbial consortium consisting of microalgae and aerobic bacterial species to
increase O, consumption rate (Javed et al., 2022). It has been investigated that the co-
culture facultative anaerobes with strict anaerobes solved the problem of O2 sensitivity
without the need of a reducing agent. A mixed culture of Clostridium butyricum and
Escherichia coli showed their applicability for stable H> production due to the
increase in substrate conversion efficiency (Seppald et al., 2011). In a batch study
using starch as a substrate, the capabilities of C.butyricum and Enterobactrer
aerogenes to produce Hx were tested. E.aerogenes was not able to produce Hz by
utilizing starch. However, C.butyricum was able to utilize starch to produce H: after a
lag time of 12 h. The addition of a reducing agent such as 0.1% L-cysteine reduced the
lag time to 5 h. Co-culturing E.aerogenes with C.butyricum led to a further reduction
in lag time to 2 h and the amount of H> was much higher than the amount of H>
produced when the reducing agent was added. E.aerogenes has the ability to consume
0., therefore, the anaerobic condition was obtained which result in improving H:

production without the need of a costly reducing agent (Yokoi et al., 1998).

Another advantage reported by Fakhimi et al. (2020) is that co-culturing these
microorganisms allow various photosynthetic and fermentative metabolites to be
exchanged which resulted in enhancing H2 production. Examples include carbon,
nitrogen, phosphorus, and sulfur, as well as growth stimulants like Vitamin B12 which
are essential for the support of algae—bacteria interactions.(Fakhimi et al., 2020).
Another study by Fakhimi et al. (2019) suggested that co-culturing bacterial strains
Pseudomonas putida, Escherichia coli, Rhizobium etli with the green alga
Chlamydomonas reinhardti resulted in an increase in Hz production by 60%. This was
more than the sum of respective monocultures as a result of the algal-bacterial
interaction which allows algal cells to consume the produced acetic acid resulted from

bacterial fermentation which in turn benefits both algal and bacterial H2 production.

14



Ban et al. (2018) studied the effect of cultivating Pseudomonas sp. strain D with
Chlamydomonas reinhardtii on Hz production. The oxygen content in the reactor’s
headspace and the dissolved oxygen was consumed for bacterial growth which helped
in creating anaerobic environment suitable for algal hydrogenase activity. Moreover,
the algal-bacterial interaction proved to slow chlorophyll content reduction, maintain
protein content and enhance starch accumulation, therefore, improving photolysis-

mediated hydrogen production in green algae.

Studies showed the effect of co-cultivating algae with other bacteria such as
Azotobacter, Bradyrhizobium, Pseudomonas, and Escherichia helps in improving
hydrogen production by regulating the oxygen content (S. Wu et al., 2012; Xu et al.,
2017). Another study reported that co-culturing Chlamydomonas reinhardtii with
bacterial strains pseudomonas sp, E.coli, and Rhizobium etli could slower acetic acid
uptake rate in the medium, therefore, lowering the oxygen accumulation rate and
sustaining hypoxia which supports the hydrogen production (Fakhimi, Tavakoli, et al.,
2019).

1.4.2 Effect of the culture conditions on H> production

Environmental conditions such as pH, temperature, light intensity, salinity, and
nutrient availability are some of the main factors that could affect the hydrogen
production rate and each microalgal species have different requirements for
optimal hydrogen production. Essential elements in the growth medium such as
carbon, sulfur, and nitrogen are important for cell growth and it has been reported
previously that their presence or absence in the growth medium affects the H2

production yield in some cyanobacterial strains (Dutta et al., 2005).

1.4.2.1pH
pH serves as one of the indirect indicators of algal growth (Zhou & Dunford,
2017). Also, it is an important factor to be considered in photobiological processes
that produce Hz, as each microorganism has its optimal pH that regulates its
metabolic pathway leading to H> production. Moreover, pH influences the

substrate utilization efficiency, synthesis of proteins, and the release of metabolic
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by-products. H. production usually occurs at the acidification stage of the
metabolic pathway (Kothari et al., 2012). Generally, Acidic pH enhances
biohydrogen production in bio photolytic and photo-fermentative processes (Mona
et al., 2020). Table 1 includes the optimal pH for H, production by different

bacterial and algal species (Melitos et al., 2021).

Table 1: Optimum pH for biological H2 production in different studied algal and
bacterial species

Species Optimum pH

Chlamydomonas reinhardtii 7

Cyanobacterium Synechocystis and 6.8-8.3

Cyanobacterium Gleocapsa

Oleaginous microalgae 6.8
Clostridium species 5-6
Rhodopseudomonas palustris 6.7-7.2
Rhodobacter sphaeroids 6.8-7.2
Rhodobacter Capsulatus 7

1.4.2.2 Effect of carbon sources on H> production yield

Organic carbon substrates could influence H. production by influencing
nitrogenase activity (Neuer & Bothe, 1985). Sugar catabolism is important for
maintaining the enzymatic activity and can lead to an increase in NADH which is an
important substance for hydrogenase enzyme activity. For example, hexoses such as
fructose and glucose produce 2 NADH/mol of hexose as a result of the conversion to
pyruvate molecule. On the other hand, hexitol such as sorbitol and mannitol give 3
NADH/mol hexitol. Whereas hexonic and hexuronic acids (highly oxidized sugars)
give less than 2 NADH/mol (Clark, 1989).

Previous studies showed that cyanobacteria are able to use a wide range of

substrates to produce H>. And it can cause a variable effect on the hydrogen
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production yield of a specific microalgal strain (Yodsang et al., 2018). Various
cyanobacterial strains grown under photoheterotrophic conditions showed the
capability to use sugars as a reductant or source of carbon for H> production (Reddy
PM et al., 1996). Substrate or carbon source is an important factor that influences H.

production through dark fermentation (Silva et al., 2018).

Glucose was the optimum exogenous carbon source for H. production by a co-
culture of Chlorella vulgaris and activated sludge bacteria compared to different
sugars tested such as sorbitol and mannitol. Another study done on A.variabilis
reported an increase in hydrogen production after adding fructose, which suggests that
when fructose is metabolized, it serves as an additional source of reductant required
by the nitrogenase enzyme responsible for H» production in this strain leading to an

increase in the H. production rate (Reddy PM et al., 1996).

A study was done on a nitrogen-fixing unicellular cyanobacterium
Synechococcus sp. strain Miami BG 04351 1that showed a capability to produce
hydrogen using the intercellular glycogen which reduces with the reduction of
glycogen content but restored by the addition of external organic substrates which

worked effectively as electron donors enhancing H. production (Luo & Mitsui, 1994).

1.4.2.3 Effect of salinity on H> production yield

Guo et al. (2014) showed that fermentative hydrogen production is greatly
influenced by several factors such as initial pH, temperature, substrate concentration,
and salt concentration. It was reported that at different salt concentrations, the pH
value decreased from 6.9 to 6.1 as a result of VFAs accumulation which could further
affect the activity of Ho-producing microbes (Guo et al., 2014). Moreover, Zhang et al.
(2017) reported that salinity can affect substrate utilization as the adaptation
mechanism in a salty environment requires more energy. Therefore, the substrate
utilization efficiency should be increased with increasing salt concentration. High salt
concentration affects substrate metabolism, composition and the concentration of the
VFA accompanied by hydrogen production. For example, mixed-acid fermentation

was the fermentation type at a different salt concentration whereas at 0% salinity, it
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was mainly ethanol-type fermentation and there was also an increase in acetic acid
concentration with increasing salt concentration (Zhang et al., 2017). It has been
reported by (Hao et al., 2006) that in anaerobic fermentation with sucrose, by
increasing sodium ion concentration from 0-16,000 mg/L acetic acid concentration
increased from 109.4 to 267.7 mg/L.

Taikhao et al. (2013) Reported the effect of salt on Hz production, it was
concluded that salt concentration can significantly affect cyanobacterial growth and
therefore Hy evolution. It was indicated that freshwater cyanobacterial species show
different behavior than marine species in salt-containing medium. For example, higher
NaCl concentration affected negatively the growth rate of freshwater cyanobacteria
Anabaena doliolum. The freshwater cyanobacteria N.muscorum and A.variabilis SPU
003 produced more hydrogen in NaCl free medium than in NaCl containing medium
(Shah et al., 2001, 2003).

Other H>-producing microorganisms showed that their Hz production yield was
significantly affected when NaCl concentration increases. The Hz production yield of
Clostridium butyricum decreases when NaCl concentration exceeded 10.16 g/L. This
was explained by the fact that the cell consumes more energy for maintenance than for
a generation. This will shift the hydrogen production pathway by producing acetic
acid instead of butyric acid, leading to decreasing hydrogen production yield. Several
studies on bio-H. production concluded that higher salt concentration results in high
energy consumption, low substrate conversion, and cell lysis affecting the ability of
the cells to produce more H> (Lee et al., 2012). A study indicated the effect of the
presence of salts on anaerobic fermentation using waste sludge. Salt ions could cause
dehydration of the bacterial cells affecting the population and activity of the microbial

communities due to the increase in osmotic pressure (Chen et al., 2008).
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Chapter 2: Methods
2.1 Growth conditions of cyanobacterial strain

Cyanobacterial strain Phormidium keutzingianum (UTEX LB PS38) was
obtained from the culture collection unit at the University of Texas, Austin, USA. The
cyanobacterial strain was grown in a 1L Erlenmeyer flask at a temperature of 23°C
and supplied by the light of continuous intensity of 2350 lux. 25 mL of stock culture
was further transferred to an autoclaved 5L Schott bottle placed on a magnetic stirrer
to provide a continuous stirring at 200 rpm for homogenous mixing of air in the
culture. During the time of culturing, the purity of the strain was maintained and

microscopically checked to avoid contamination.

The strain was suspended in BG-11 medium using the recommended growth
medium recipe from UTEX which contained all of the necessary nutrients for
cyanobacterial growth such as Na*, K*, Mg?*, Ca®*, Mn?*, Zn?*, Cu?*, Co?" NOs™ ,
MoOs 2 , SO4?, Cl, and HPO 4 ions. In addition, 1 ml of BG-11 trace metal

solution was added to the growth medium.
2.2 Growth conditions of the ASB

The domestic activated sludge was obtained from the Al Saad wastewater
treatment plant in Al Ain city, UAE. The activated sludge contained a diverse
community of microorganisms, including bacteria, protozoa, filamentous bacteria,
algae, and fungi. The activated sludge was kept in a refrigerator in a non-transparent
container to prevent the microbial community, particularly algae, and fungi, from
altering its composition prior to use. In addition, the shelf life of activated sludge was
limited to one month to avoid the alteration of composition and characteristics of the
microbial community in the activated sludge. In this study a mixture of bacterial

strains present in activated sludge was used instead of pure bacterial strain.
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2.3 Preparation of co-culture

All the experiments in this study were conducted in duplicate, and all the
measurements such as gas compositions, organic carbon concentration, chlorophyll
content, and optical densities were obtained following the methodologies of
previously conducted studies that had a similar purpose of this study or dealt with

similar microorganisms in this study (Javed et al., 2022; Zafar et al., 2022).

Different inoculum ratios (Cyanobacteria: ASB) ratios such as 2:1, 1:1, and 1:2
were tested to study the effect of co-culturing cyanobacteria with activated sludge
bacteria on Oz content and total H> production. Glucose, sorbitol, and mannitol were
used as exogenous carbon substrates and added at a concentration of 10 g/L to each
inoculum including the positive controls (containing only culture of Phormidium
strain with the carbon substrate and growth medium). The harvested cyanobacteria
and activated sludge were collected in a falcon tube of 50 ml and centrifuged at 8000

rpm for ten minutes.

The obtained supernatant was disposed of, and the wet biomass was washed
with deionized water (DI), and then resuspended with an O,-deficient TAP medium. A
mixture of cyanobacteria and activated sludge were prepared at different mixing ratios
in 500 ml Schott bottles (reactors). After finding the optimum ratio using different
sugars. The effect of different salinities (0%,1% and 2%) 0, 10 and 20 g/L of NaCl

was tested following the same preparation method discussed above.
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2.4 Experimental setup

Magnetic stirrer plate

Figure 4: Experimental setup

As shown in Figure 4, the experiment was conducted using a set of eight glass
500 ml bottles (reactors) placed on a magnetic stirrer plate. Each reactor had two
ports, one for the gas measurement connected to the respirometer (AER-800 ) and the
second port for liquid sampling. The liquid samples were taken on daily basis for the
measurement of optical density, chlorophyll content, and total organic carbon (TOC)
concentration. Gases from respirometer were injected into Micro GC (490 Micro GC
system) for measuring the generated gas composition, separately from each reactor
through an automatic 16 valve actuator. The effect of each carbon substrate was
studied using three distinct cyanobacteria to ASB inoculum ratios — 2:1 v/v (300:200
mL), 1:1 v/v (250:250 mL), and 1:2 v/v (200:300 mL). Each ratio, including the

control, was performed in duplicates.

Nitrogen (N2) gas was purged in each reactor for ten minutes after the addition
of the inoculum and substrate to the reactor in order to create an anaerobic condition
essential for hydrogen production. The rubber stopper caps were used to seal the
reactors. The respirometer was used to measure the total volume (mL) of gases
produced in each reactor. Each reactor was subjected to continuous light for a
photoperiod of 24:0 h. In order to avoid the external mixing of atmospheric air, the

gases were then passed through a portable actuator with 16 valves to a Micro gas
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chromatography (GC) thermal conductivity detector (TCD) to determine their

composition.
2.5 Analytical method

AER-800, a Challenge Technology, Arkansas, 8-channel respirometer with
eight bottles and a magnetic stirrer plate, was used to measure the amount of gases
produced. A 16-port valve actuator (VICI) (1/16"”, Valco Instruments, Switzerland) is
used to switch between the reactors and prevent ambient air from mixing. Gas
chromatography was performed by a 490 Micro GC equipped with a thermal
conductivity detector (TCD) using argon as an inert gas carrier. The column
temperature and injector temperature was set at 80°C and 50°C, respectively. A
standard GC method was developed for the detection of methane (CHa), nitrogen (N>),
oxygen (O2), and hydrogen (H.), at retention times of 1.5, 1.8, 2.3, and 3.7 minutes,
respectively, using 20 m Molsieve 5A column. In a second column (10 m PoraPLOT
Q column), carbon dioxide (COz) was detected at a retention time of 1.0 minutes.
TOC analyzer (Analytik Jena multi N/C 2100) was used to measure the concentrations
of reducing sugar and organic carbon. Optical densities (OD) of the pure and co-
culture were measured at wavelengths of 620 and 400 nm for cyanobacteria and

bacterial strain, respectively.

To measure the chlorophyll content a sample of cyanobacteria and activated
sludge coculture (200 puL) was collected from the reactors every day and then
centrifuged at 8,000 rpm to get the pure co-culture pallet at the bottom of the
Eppendorf tube (2.5 mL). The pallets were resuspended in 800 uL. of 95% (v/v)
ethanol and stored in the refrigerator at 4°C for 24 h for the algal cells to rupture and
release the chlorophyll pigment. Then, the supernatant was collected from the
Eppendorf tube after centrifugation at 8,000 rpm for 10 min and used to determine the
optical density at 665 nm (Chl a absorption), 649 nm (Chl b absorption), and 750 nm
(turbidity correction). Chlorophyll concentration calculated based on the equation

given as

Chl = 5% X (Aessa- A7s0) + 22% X (Aesag- A7s0)
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Chapter 3: Results and Discussions

This section will present the main findings of this study and will answer the main
research question. For example, the effects of different exogenous carbon substrates on
H> production will be discussed in the following sections: 3.1 for glucose, 3.2 for
sorbitol and 3.3 for mannitol. Under these sections other important findings will be
presented such as the of impact of different mixing ratios (cyanobacteria: ASB) on the
cumulative gas production and other important experimental variables such as the
utilization of organic carbon content and the impact of exogenous carbon sources on
the growth of cyanobacteria or ASB that are involved in the mixture,

Other important objectives in this study is to study the impact of salinity and pH
change on Hz production. In section 3.4 the impact of the salinity on H> production as
an important factor that could influence H> production will be discussed. Then, section
3.5 will present the pH change throughout the experimentation period and how H>

production will be affected accordingly.

3.1 Glucose

Carbon sources are mostly utilized to support cell growth and product
formation (S. T. Yang, 2007). Most organisms utilize glucose as a carbon source for
metabolites, energy sources, and for biopolymers synthesis (Jeckelmann & Erni,
2020). Glucose has been used in various water quality applications. Glucose treatment
resulted in reducing harmful algal blooms by controlling the growth of Proteobacteria
and cyanobacteria. Introducing glucose to the water samples resulted in the inhibition
of cyanobacterial nutrient uptake and results in inhibiting their growth. Consequently,
the carbon source was readily available for proteobacteria which utilized the available
glucose to promote their growth (Vesper et al., 2022). Previous studies showed that
glucose addition enhanced the biological treatment of the wastewater by the reduction
of TOC, COD, and UV2s4 (N. Li et al., 2021).

In terms of biogas production, glucose is one of the preferred carbon substrates
for Hz production through fermentation. Several wastewater bacterial species such as

Enterobacter cloacae, Enterobacter aerogenes, and Clostridium butyricum produced
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H> by utilizing glucose as a carbon substrate (Rashid et al., 2013). Pairs of co-culture
C.butyricum and R sphaeriods , Klebsiella pneumoniae and Rhodospirillum rubrum
have been studied for H. production using glucose as a carbon source (Fang et al.,
2006).

Previous studies on H2 production using heterocystous cyanobacteria depended
on the internal carbohydrate reserve (glycogen) as a source of energy or by providing
COz to support Hz production. However, many cyanobacterial strains couldn’t show
the optimum activity under these conditions due to limited amount of glycogen.
Therefore, the addition of an external carbon source (glucose) has been used to
improve the Hz production during anaerobic fermentation and to regulate the oxygen
concentration during photosynthetic growth activity. The study showed that the O
level was consistent over the incubation period. Glucose is consumed, and CO>
evolved as a result of glucose metabolism however CO2 was subsequently fixed by
photosynthesis and Oz was generated. Whereas, a specific level of O is required to
maintain nitrogenase activity which is supported by the oxidative metabolism of

carbohydrates in vegetative cells (Yeager et al., 2011).

3.1.1 Impact of mixing ratios

3.1.1.1 Cumulative gas production

The cumulative gas production was evaluated using co-cultures of
cyanobacteria and activated sludge supplemented with 10 g L™ glucose at three
different inoculum ratios 2:1, 1:1, and 1:2. The gas production lasted for 3 days in all
co-cultures. Cumulative gas production presented in Figure 5 for each mixing ratio
2:1, 1:1 and 1:2 was 2236, 2275, and 2232 ml L™, respectively. The evolved gas
mixture in all inoculum ratios was composed of Hz, O2, N2, and CO,. The maximum
H2 was produced in 1:1 ratio as 278 ml L™ followed by 1:2 and 2:1 ratio as 230 ml L™
and 212 ml L, respectively. On the other hand, the cumulative O> produced by 2:1,
1:1, and 1:2 ratios were 394, 451 and 351 ml L* respectively. The amount of N
produced in 2:1 ratio was 1592.8 ml L%, 1:1 ratio was1737 ml L), and 1:2 ratio
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(1162 ml L1). CO2 generated in 2:1 ratio was 81.3 ml L, whereas 1:1 ratio produced
the highest amount of CO, 101 ml L*and 1:2 ratio produced 86.5 ml L.

The results indicated that there was no significant difference in the amount of
the total produced gas by varying the inoculum ratio. In all glucose-supplemented co-
cultures, as shown in Table 2, N2 occupied 60% of the gas mixture accumulated in the
reactor’s headspace followed by Oz and Hz which make up to 15 and 8% of the total
cumulative gas. Whereas the least amount of 3% of CO2 was generated in total
cumulative gas. In addition, there was a significant correlation between the daily H:
and O2 concentrations as shown in Figure 6. On day 1, O> concentration was 20% in
2:1 and 16% in both 1:1 and 1:2 ratio. Oz concentration started to decline to reach
13% onday 3in 2:1, 14% in 1:1, and 15% in 1:2 ratio. In contrast, on the same days
(day 1 and day3), it was observed that there was a significant improvement in H»
concentration. Hz concentration was 1.5% in 2:1 and 9% in 1:1 and 9% in 1:2 ratio on
day 1. With the reduction in O2 concentration, Hz concentration increased to reach a
maximum concentration on day 3 of 12% in 2:1, 14% in 1:1, and 12% in 1:2 ratio.
This indicates that the reduction in O2 concentration contributed to enhancing H.

concentration.

Table 2: Cumulative gas production for different mixing ratios in glucose-
supplemented co-cultures

2:1 1:1 1:2
H> 212 (10%) 278 (10%) 230 (8%)
O; 394 (15%) 451 (17%) 351 (15%)
N2 1593 (62%) 1737 (65%) 1162 (52%)
CO2 81.3 (3%) 101 (3.8%) 86.5 (3.8%)
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Although previous studies showed that glucose has been used for fermentative
H> production using various wastewater bacterial species or microalgal species.
However, most of the conducted studies used pure bacterial cultures than mixed
cultures that combined activated sludge bacteria and cyanobacteria. One of the limited
studies showed that the microalgae Chlorella vulgaris when co-cultivated with
activated sludge bacteria produced 37% H: out of 3341 mL L™ of the total produced
gas using glucose as a substrate (Javed et al., 2022). In the current study, the
concentration of N2 (very high) and CO. (very low) suggested that microbial
competition between the involved microorganisms for the same substrate (glucose)
might be one of the reasons that led to the obvious differences in the proportions of
the total produced gas (Rafrafi et al., 2013). For example, glucose is one of the
preferred substrates for different wastewater bacterial species including denitrifying
bacteria responsible for producing Na. In this study, it is observed that glucose was
mainly utilized to catalyze denitrification. It has been reported that glucose is one of

the preferred carbon sources for several denitrifying bacteria (Rajta et al., 2020).

Thus, insufficient glucose was left for fermentative H> production as both H»
and CO- concentrations were relatively low compared to N2 concentration. Another
reason for the low Hz concentration could be the presence of Hz-consuming

microorganisms in the mixed culture that could utilize glucose to promote their
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growth and increase their abundance in the culture. In addition, the production of
other metabolites such as volatile fatty acids (VFAs) mainly acetic acid and butyric

acid might be the reason for low H> production (Kraemer & Bagley, 2007).
3.1.1.2 TOC concentration

The measurement of organic carbon content might be an indication of the
capability of microorganisms to metabolize organic content to support their growth or
to enhance different biological routes such as Hz production and denitrification. In this
study , a reduction in total organic carbon content in 2:1, 1:1, and 1:2 ratio was
observed. The initial TOC concentration in 2:1 and 1:1 ratio was 4.77 and 3.45 g/L
reaching a final concentration in both ratios of 1.98 g/L as shown in Figure 7.
However, the initial TOC concentration in 1:2 ratio was 3.57 g/L and the final
concentration was 3.32 g/L. Therefore, almost 58% and 42% of the TOC was
consumed in ratios 2:1 and 1:1 ratio, respectively. On the other hand, only 7% of the

TOC was utilized by 1:2 ratio at the end of the experimentation period.
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Figure 7: TOC concentration at different mixing ratios in glucose-supplemented co-
cultures

It can be observed from the results that 2:1 and 1:1 were the best-performing

ratios in carbon content utilization are 2:1 and 1:1 ratio. From those, 1:1 ratio

28



produced the largest amount of H> which could be related to the ability of both
cyanobacterial and bacterial cells to utilize the organic carbon for the production of
H>. Although 2:1 and 1:1 ratios consumed large amounts of carbon content; however,
the consumed amount was supporting other biological routes than Hz production
which could be the conversion of nitrate and nitrite into N2 gas based on the large
amount of N2 compared to the amount of the produced H2 and CO». A previous study
showed that 60% of the external carbon was consumed as an electron donor for
denitrification while 40% was consumed as a substrate for other metabolic activities
(Kraemer & Bagley, 2007).

3.1.1.3 Optical density and chlorophyll measurement

Optical density at a wavelength of A 620 nm (ODs20) measurement showed that
glucose supplementation can support the growth of the algal cells in all the tested
ratios. However, it can be observed from the algal growth behavior shown in Figure 8
(a) that the growth rate was higher on the first day of the experiment compared to the
second day. For example, the initial absorbances value in 2:1, 1:1 and 1:2 were 3.35,
6.1 and 6.85 respectively. On day 2 the absorbance values reached 8.1, 9 and 11.8.

after that the absorbance value on day 3 didn’t change and became almost stable.

Similarly, it can be observed based on the optical density at a wavelength of A
400 nm (ODao0) that the bacterial growth rate on the first day was higher than the day
after based on the bacterial growth behavior shown in Figure 8 (b) the initial
absorbances were 8.95, 6.1 and 6.85 2:1, 1:1 and 1:2 respectively. On the second day
of the experiment the absorbance value reached 13.25, 15.9 and 19.6 and after that the
growth behavior became constant. This can be attributed to the higher amount of O>
that was available to support bacterial growth on the first day compared to the days

after. When the amount of O started to decrease it affected the growth behavior.

Several studies showed that exogenous glucose can be used to enhance the
growth behavior of many algal and cyanobacterial species. Glucose is known to
support the heterotrophic growth of several chlorella species (Perez-Garcia et al.,

2010). The filamentous cyanobacteria Spirulina Plantensis showed the ability to
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metabolize glucose to enhance the production of biomass and photosynthetic pigments
(Marquez et al., 1993). Chlorella homosphaera microalgae and Arthrospira platensis
cyanobacteria were cultivated in a glucose-containing medium under mixotrophic
conditions which resulted in a biomass increase up to 2.8 and 3.5-fold respectively
(Margarites et al., 2017). Different monosaccharides and disaccharides such as
glucose, fructose, lactose and sucrose have been used for mixotrophic cultivation of
Spirulina Plantensis and showed different effective transport and assimilation
mechanisms (Chojnacka et al., 2003). Although glucose supported the growth of algal
and bacterial cells in this study; however, biomass productivity showed less support
for Hz production as the microbial consortia consist of various microorganisms that

could cause a shift in the metabolic pathways affecting the overall H> production.

Similarly, Chlorophyll measurements showed that there is a reduction in
chlorophyll content in 2:1 ratio from Day 0 to Day 2 from 2.8 ug/mL to 1.5 ug/mL as
shown in Figure 8 (c). After Day 2, chlorophyll content started to slightly increase
again till the end of the experimentation days reaching a final concentration of 2
ug/mL. On the other hand, the chlorophyll concentration in 1:1 ratio was almost stable
throughout the experimentation period where the initial concentration was 1.96 ug/mL
reaching a final concentration of 2 ug/mL. In 1:2 the chlorophyll content slightly
decreased from 1.1 ug/mL reaching a final concentration of 1.04 ug/mL at the end of
incubation period. It can be observed from the chlorophyll content in all the tested
ratios that one of the growth factors such as the non-saline environment was not
supporting the cyanobacterial cell’s growth and could be responsible for the reduction
in chlorophyll concentration as NaCl is one of the important salts for the growth of

Phormidium sp38.
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Figure 8: The growth behavior of cyanobacteria and bacteria at different
mixing ratios in glucose-supplemented co-cultures a) Absorbance at 620
nm b) Absorbance at 400 nm c¢) Chlorophyll content
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3.2 Sorbitol

Sorbitol is a naturally occurring sugar alcohol in some fruits such as apples,
apricots, and cherries and can be industrially produced by the hydrogenation of
glucose (Tiefenbacher, 2017). It is widely used in the food industry as a low-calorie
sweetener, humectant, texturizer, or softener and it has also been used as a starting
material for the production of many pharmaceuticals such as sorbose or ascorbic acid
(Gérard & Rabot, 2010). Furthermore, sorbitol can be used as a probiotic due to its
poor absorption in the small intestine, bacteria in the colon utilize it as a fermentation
substrate (Zarour et al., 2017). Limited studies showed that sorbitol has been used as a
carbon substrate for H, production. Therefore, the current study analyzed the impact

of utilizing sorbitol on H2 production.

3.2.1 Impact of mixing ratios
3.2.1.1 Cumulative gas production

When incubated under anaerobic conditions, sorbitol-supplemented co-cultures
produced a mixture of gases Hz, Oz, N2, and CO». Figure 9 represents the total volume
of the gas mixture and individual total volumes of gases accumulated in the reactor
headspace by the optimum ratio 2:1 throughout the experimentation period. The
maximum volume of the cumulative gas produced using 2:1 ratio is 2950 ml L
consisting mainly of H, (980 ml L), CO, (1014 ml L), N2 (663 ml L1), and
fractions of O, (166 ml L™?). It can be observed that Hz has the highest concentration
(33%) of the total accumulated gas. Followed by CO2 and N2 which are 34%% and
22% respectively of the total accumulated gases. Moreover, few amounts of O>

evolved in sorbitol-supplemented co-culture (5%) of the total cumulative gases.
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Figure 10: The relationship between the daily H2 and O> production, a) H> production
and b) Relative Oz concentration

There is an obvious correlation between the amount of produced H> and Oa.
The maximum H> production was obtained on the same days (Day 3 and Day 4) when
O2 concentration was at a minimum level as shown in Figure 10. This can be
explained by the symbiotic relationship between cyanobacteria and ASB which

worked significantly to uptake the produced O2 which may enhance the potential of
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the co-culture to produce more H» by maintaining the anaerobic condition required for
fermentative Hz production.

The O2 concentration started to again rise which might be due to photosynthetic
activity in the presence of light however H: started to decline again after the increase
in O2 concentration. It can be concluded from the results that sorbitol supplementation
could support fermentation more than photosynthesis which can be observed from the
amount of evolved H> which was produced simultaneously with a high amount of
CO>. On the other hand, the minor amount of O indicates either low photosynthetic

activity or the ability of the ASB to uptake O in the presence of sorbitol.

The metabolically engineered strain of E. coli (DJT135) showed the ability to
ferment different sugars and sugar derivatives including sorbitol to produce H». The
maximum H yield was 1.5 mol H, mol* (Ghosh & Hallenbeck, 2009). Another study
analyzed the potential of Enterobacter aerogenes strain (E.82005) to produce Hz in
batch cultures using different carbon substrates including sorbitol, the maximum yield

obtained was 1.6 mol mol sorbitol (Nakashimada et al., 2002).

3.2.1.2 TOC concentration

Figure 11 represents the changes in the concentration of TOC in sorbitol-
supplemented co-culture. It can be observed that there was an accumulation in the
TOC during the first days of the experiment. The accumulation of the TOC was least
observed in ratio 2:1 ratio; however, in 1:1 and 1:2 ratio it was increased reaching a
maximum TOC concentration of 6.73 g/L and 7.73 g/L, respectively. However, in 2:1
ratio, the initial TOC concentration was 4.4 g/L reaching a final concentration of 3.6
g/L at the end of the experimentation period. It can be concluded that the utilization of

the carbon content using the 2:1 ratio was better than the 1:1 and 1:2 ratios.
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Figure 11: TOC concentration at different mixing ratios in sorbitol-supplemented co-
cultures

3.2.1.3 Optical density and chlorophyll measurement

Absorbance at 620 nm and 400 nm and chlorophyll measurements were
obtained to examine the effect of the carbon source (sorbitol) on growth behavior.
ODeoo measurements shown in Figure 12 (a) indicated that sorbitol supplementation
did not show a significant increase in algal growth in all the tested ratios. For
example, in 2:1 ratio there was an increase in OD value on the first day of the
experiment then it started to decrease gradually from day 2 till the end of the
experiment. Also, the growth in 1:2 ratio there was a significant increase in growth
only from day 1 to day 2 then it became stable. However, ratio 1:1 showed better
growth compared to the other ratios which increased from day 1 till the last day of the
experiment. Based on the ODaoo Figure 12 (b), it can be observed that sorbitol
supplementation started to support bacterial growth in 2:1 and 1:2 ratio after day 2;
however, there was a decline in bacterial growth in 1:1 ratio indicating no bacterial
growth. In terms of chlorophyll content Figure 12 (c), there was an increase in 2:1 and
1:2 ratio from 0.6 ug/mL and 0.4 pug/mL reaching a maximum chlorophyli

concentration of 1.2 and 0.8 pug/mL, respectively. However, there was no significant
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change in chlorophyll content in ratio 1:1. Therefore, it can be concluded from the
growth behavior of cyanobacteria and bacteria in sorbitol supplemented medium that
sorbitol might not be one of the preferred carbon substrates that could support the
heterotrophic growth of the currently studied cyanobacteria or the microbial

community in the ASB.
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3.3 Mannitol

Mannitol is a polyol (sugar alcohol) and an isomer of the sugar alcohol
“sorbitol”(Hiremath et al., 2018). It is considered as one of the most commonly used
hyperosmotic agents. Many plants, algae, fungi, and bacteria naturally contain
mannitol, which is used for energy storage, fermentation, osmoregulation, scavenging
of reactive oxygen species, and pathogen defense. Commercial mannitol used in food
and medical industries is produced through either the chemical hydrogenation of
fructose or by extracting it from seaweed. Mannitol has many medical applications.
For intracranial hypertension treatment, and as a scavenging agent for free radicals

and reactive oxygen species.

Mannitol applications in water or wastewater quality or energy production are
rare in the literature. However, seaweed’s mannitol has been used in one of the
previously conducted studies as a substrate for H> production giving an optimal
specific Hz yield of 224.2 ml H2/g mannitol (Xia et al., 2015). Another study showed
the introduction of mannitol to a nitrogen-rich wastewater sample increases the
microbial abundance of the bacteria encoding nitrous oxide reductase genes, enhanced

dehydrogenase activity, and antioxidant enzymes (X. Zhang et al., 2016).

3.3.1 Impact of mixing ratios
3.3.1.1 Cumulative gas production

Co-cultures with three different mixing ratios 2:1,1:1 and 1:2 were supplemented with
mannitol as an exogenous carbon source. The gas production lasted for 3 days prior to
process inhibition. The total cumulative gas produced using 2:1, 1:1, and 1:2 ratio was
3297 mL L1, 3243 mL L, and 3063 mL L™, respectively, as shown in Figure 13. The
maximum amount of H> produced using 2:1 ratio as 561.7 mL L which was higher
than the amount produced using 1:1 and 1:2 ratio as 310 mL L and 278 mL L™,
respectively. Hz occupied 17% of the total accumulated gas in the reactor’s headspace
of 2:1 co-culture. Whereas 1:1 and 2:1 co-culture produced H> to be 9% of the total

accumulated gas using both ratios.
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Mannitol is more reduced sugar than glucose therefore it can provide more
reducing equivalents that might enhance H: production. It can be concluded that
mannitol was not fermented efficiently by the microorganisms in the culture resulting
in low CO: concentration and consequently low fermentative H2 production.
Although mannitol should give a higher H> yield however the higher yield is
attributed to the use of heat-pre-treated sludge. In contrast, the activated sludge in this
study was not treated therefore there might be a probability of the presence of Ha-
consuming microorganisms that could shift the metabolic pathway obtaining a lower

H> yield.
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3.3.1.2 TOC concentration

The concentration of the TOC of the mannitol-supplemented co-culture was
quantified throughout the experimentation period to evaluate the capability of the
involved microorganisms to utilize the TOC content in the culture medium for
different microbial activities. In all of the co-culture ratios, there was a reduction in
the TOC concentration and the microorganisms were able to degrade the carbon
content in 5 days period. The initial TOC concentrations in 2:1, 1:1, and 1:2 was
3.3,3.8, and 4.16 g/L respectively, as shown in Figure 14. Where the final TOC
concentration for all the tested ratios was 1.5 g/L. Thus, 2:1, 1:1 and 1:2 consumed
54.5%,60.5% and 64% respectively of the TOC content by the end of the
experimentation period. It can be concluded that the microorganisms in all co-cultures
were able to use mannitol as an exogenous carbon substrate to support their growth or
other microbial activities such as nutrient removal processes or in Hz production.
However, 2:1 ratio consumed more carbon content than 1:1 and 1:2 ratio. Therefore,
the co-culture with co-culturing ratio 1:2 consumed the highest amount of TOC based
on the higher number of heterotrophic bacteria present in the culture which relies on
the carbon content to support their growth. Moreover, based on the amount of
produced H: it can be assumed that the microbes in the culture might degrade part of

the carbon content to enhance H. production.
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3.3.1.3 Optical density and chlorophyll measurement

Optical density at absorbances 620 nm and 400 nm and chlorophyll
measurements were obtained to study the effect of mannitol on microbial growth.
Based on the ODeoo and chlorophyll content of all the tested ratios, it was observed
that the cyanobacterial cells can survive for a short period of time maximum of 2-3
days in all the tested ratios under heterotrophic conditions in the presence of mannitol.
The initial absorbance values at 620 nmin 2:1,1:1, and 1:2 was 1.5, 5, and 2,
respectively, as shown in Figure 15 a. The growth pattern was increased reaching a
maximum value on day 2 of 7.5,12.5, and 9.5. After day 2, a decline in absorbance
value was observed in all tested ratios reaching a final absorbance value equal to the

initial absorbance values.

Similarly, the ODaoo (absorbances at 400 nm) suggests that mannitol
supplementation could support the heterotrophic growth of the ASB to some extent.
As shown in Figure 15 b, there was an increase in growth behavior in all the tested
ratios. The initial absorbance values in 2:1, 1:1 and 1:2 were 1, 11, and 2.5
respectively. The increase in growth was observed reaching maximum absorbances of

16, 23.5 and 17.5 on day 2. After day 2, the growth behavior started to decline again
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to reach 9, 18 and 9.5. Based on the observations in OD400 measurements for both
cyanobacteria and ASB it can be concluded that mannitol led to the increase in their
biomass within a short period of time. However, a sudden decline that happened after
the second day might be due to several reasons such as the depletion of essential

nutrients or the reduction in pH value.

Similarly, In all the inoculum ratios, chlorophyll concentration started to rise
on the first day of the experiment in ratios 2:1 and 1:1 from 2.4 and 2.56 ug/mL
reaching a maximum concentration of 4.16 and 5.12 ug/mL then it started to decline
again till the end of the experiment reaching a final concentration of 1.96 and 2.22
ug/mL, respectively, as shown in Figure 15 c. However, in 1:2 ratio, the chlorophyll
concentration continues to increase after Day 2 till the last day of the experiment from
1.26 pg/mL to 3.36 ug/mL. The observed trend suggests that mannitol could support

the algal growth to some extent in all the tested ratios.
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3.4 Impact of salinity on H. production

Although salts are necessary to support life on earth, excessive salt
concentrations have a number of negative impacts, including the inhibition of
important biochemical machinery (Al-Saari et al., 2019). lonic strength is one the of
key factors affecting Hz generation and can either stimulate or hinder H2 production.
Low ionic strength may not affect H> production or perhaps be stimulatory. In
contrast, high ionic strength may cause cell lysis. Therefore, an optimum ionic
strength is necessary for optimized Hz production (Alshiyab et al., 2008). Sodium
(Na*), magnesium (Mg?*), zinc (Zn?*), and iron (Fe®*) are the most essential metal
ions affecting Hz production (Lin & Lay, 2005) .Na* is one of the key elements for
bacterial growth (Van Niel et al., 2003), substrate uptake, and the yield of
fermentative metabolites (Casey et al., 2013). Osmotic stress caused by high salinity
(> 1.2% w/v NaCl) inhibits the growth of gram-negative, non-halophilic bacteria,
which ultimately impacts their fermentative metabolism (Nakamura, 1977) . When
these microbes are exposed to high salt concentrations, they can experience both
osmotic stress and ion toxicity (Garcia et al., 1997). Although Na* ions are frequently
found in wastewater in low concentrations. However high Na* concentrations could

have an inhibitory effect on sewage and activated sludge treatment (Hao et al., 2006).

The optimum salt concentration for growing the cyanobacterial strain used in
the current study Phormidium keutzingianum is 1%. However, the behavior of this
cyanobacteria might differ during the anaerobic fermentation. Therefore, this section
will discuss the effect of different salt concentrations (0,10, and 20 g/L) on the total

gas and Hz production.

The effect of salinity on H> production was evaluated using different salt
concentrations 0,10 and 20 gnact L. Results shown Figure 16Error! Reference s
ource not found. indicated that the maximum gas production obtained by glucose-
supplemented co-cultures was 2275 ml L ! at O gnaet L. Further increase in salt
concentration led to the reduction of the total produced gas. The total produced gas
using salt concentrations of 10 and 20 g L* was 908 and 734 ml L™, respectively.

Therefore, the increase in salt concentration caused 64% and 71% reduction, in 10
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gnact Lt and 20 gnaci L respectively, in total produced gas. On the other hand, the
maximum cumulative gas produced by sorbitol-supplemented co-culture was 2950
mL Lt and 2856 mL L in non-saline conditions and at a salt concentration of 10
gnact Lt respectively. Further increase in salt concentration caused a reduction in
cumulative gas production as a salt concentration of 20 gnaci L™ produced a total gas
of 1900 ml L%, The reduction in cumulative gas production was also observed in
mannitol-supplemented co-cultures. The total amount of gas produced in non-saline
conditions was 3297 ml L™ a further increase in salt concentrations to 10 and 20 gnaci

L led to a reduction in the cumulative gas production 1664 ml L*and 1610 ml L.

In terms of Hz production, NaCl inhibits H. production by the glucose-
supplemented co-culture. However, sorbitol and mannitol-supplemented co-cultures
tolerated Hz production in NaCl containing medium. Sorbitol-supplemented co-culture
produced the maximum amount of H, produced by NaCl-free co-culture was 980 mi
L followed by 480 ml L** of H2 by the co-culture grown in 10 gnaat L. Further
increase in NaCl concentration led to a reduction in the cumulative produced H: as
176.8 ml L at 20 gnact L2, The addition of salt 10 gnact L™*and 20 gnaet L to the
sorbitol supplemented co-culture resulted in a 50% and 82% reduction in the amount
of the cumulative Hz, respectively. Mannitol supplemented co-culture produced 562
ml L in NaCl-free co-culture whereas the coculture with a salt concentration of 10
Onact L produced 470 ml L. Further increase in salt concentration led to a reduction
in the cumulative H2 as 333 ml L produced by co-culture using salt concentration of
20 gnact L.

The results suggest that the optimum salinity level for Hz production by the
currently studied co-cultures is 0% salinity whatever the type of substrate used
(glucose, sorbitol, or mannitol). However, the resistance of the microbes to the change
in the salinity level in sorbitol and mannitol-containing mediums was better than in
the glucose-containing medium according to the percent of the reduction in gas
production. A similar reduction in Hz production as a result of salt addition was
observed in previous investigations where it was studied the impact of salt added to a

fermentation medium for H> production (Alshiyab et al., 2008). The results found that
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the productivity of C.acetobutylicum decreased by 18% from 0 to 5 gnact L™ as a result
of the negative impact of salt addition on glucose degradation. Similarly, it was found
that the H production in heat-treated anaerobic mixed cultures decreased by 64%
when the salt concentration was increased from 0 to 8.4 gnaa L™ (Zheng et al., 2005).
Another study showed that the abundance of H.-producing species belonging to
genera Clostridium, Escherichia, and Enterobacter was significantly lowered at a salt
concentration above 9 gnact LY(Pierra et al., 2014). A reduction in Hz production of
mixed anaerobic culture consists of sewage sludge C.butyricum and C.acetobutylicum
as a result of increasing the concentration of NaCl from 0-30 g/L (Zheng et al., 2005).
Another study investigated the ability of the Clostridium butyricum TM-9A to
produce H: in the presence of various NaCl (2.0 — 20 g/L) concentrations (Pierra et al.,
2014). The optimum H; production of 61 mmol L was attained in the absence of
NaCl. With the increase in salt content up to 20 g/L (2%) there was a gradual
reduction in Hz production. Niel et al. (2003) inferred that the increase in the
concentration of NaCl in the fermentation medium led to the reduction in H»
production and proposed that this reduction is due to the increase in ionic strength in
the fermentation medium that could have an impact on the metabolic pathway of the

bacteria.
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3.5 The effect of pH changes on H2 production

The degree of substrate hydrolysis, hydrogenase activity, and metabolic
pathways are all generally impacted by pH, which is a crucial factor in fermentation
(Kim et al., 2011). Hence, variations in substrate and energy usage, protein synthesis,
the creation of different storage products, and metabolite levels all respond differently
to pH changes (Mu et al., 2006). The operational pH also influences the relative
amounts of microbial species in mixed anaerobic cultures (Cappai et al., 2014).
Extremely acidic or basic pH levels can have a negative impact on the activity of Ho-
producing bacteria. As ATP is needed to sustain cell neutrality rather than producing
H>. Hydrogenase activity can be inhibited by low pH (Mohd Yasin et al., 2011). In
fermentation metabolism, the pH drop is an indication of the VFA generation and the
buffering capacity of the system. The production of VFA affects the buffering
capacity of the system which further results in a decline in the pH of the system. A
drop in the pH related to the accumulation of organic acids could lead to the inhibition
of Hz production (Poggi-Varaldo & Oleszkiewicz, 1992).

It can be observed from the change in pH values in all co-cultures
supplemented with glucose, sorbitol or mannitol that the acidity of the system
increased throughout the experimentation period. For example, the initial pH in
glucose-supplemented co-cultures as shown in Figure 17 (a) was around 8 — 9
reaching a final pH value of 5. Similarly, the initial pH value in sorbitol-supplemented
co-cultures Figure 17 (b) was 7 and decreased gradually to reach a final pH value of 5
— 6. In addition, there was a gradual reduction in the pH values in all mannitol-
supplemented co-cultures Figure 17 (c) starting with a pH value of 8 —9 and ending

up with pH value of 5.5.

The reduction in the pH value was also observed in saline conditions Figure 17
(d),(e) and (f). For example, the initial pH values of the co-cultures grown in glucose,
sorbitol and mannitol-containing medium and in the presence of 10 g/L salt were 9, 7,
and 8 then pH values were reduced gradually to reach 7, 6, and 5.7. similarly, the
initial pH values in the similar co-cultures but grown in the presence of 20 g/L NaCl
were 8, 6.48 and 7.7. the final pH 6.1, 5.5, and 5.5. In contrast, it can be observed that
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the final pH value in saline conditions was higher than in non-saline conditions which
could be related to the inability of microbes to further degrade the carbon substrate

and produce more protons that lower the pH value.

The maximum H; production was obtained from day 1 to day 3 at a pH range
of 7.3 - 5.1 in glucose-supplemented co-cultures. Whereas in sorbitol-supplemented
the maximum H. production was obtained from day 3 to day 4 at a pH range of 7.3 —
5.1 Similarly the maximum H2 production in mannitol-supplemented coculture was
obtained from day2 -day3 at a pH range 7-5. Therefore, it can be concluded from the
results that a pH value less than 6 could be considered as the inhibitive pH level of Ha
production. The acidification of the system is attributed to the accumulation of volatile
fatty acids in the system throughout the experimentation period. Acid accumulation
resulted in a pH drop and therefore inhibited H> production. At a pH level below 5,
bacteria cannot maintain their metabolic activity (Mohan et al., 2007). The average
optimum pH for fermentative Hz production reported in previous studies varies from 5
—6 (Jun et al., 2008). It has been demonstrated by a previous study that a pH less than
6 could reduce the chlorophyll content and inhibit microbial growth preventing the
microbial community from generating more electrons and protons necessary for H:

production. Another reason for stopping Hz production at low pH is the incapability of
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the bacterial partner in the co-culture to degrade the endogenous or exogenous carbon

required to provide more protons in acidic conditions.
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Chapter 4: Conclusion

This study aimed to study the impact of different coculturing ratios, exogenous
carbon substrates (glucose sorbitol and mannitol), and salinity on the biological H>
production by a co-culture consisting of the halophytic cyanobacterium Phormidium

keutzingianum and activated sludge bacteria.

It was found that there was a significant difference in the amount of cumulative
H. produced by different carbon supplementation. Sorbitol supplementation resulted
in the maximum amount of Hz (980 ml L) compared to other supplementations. The
results also indicated that the addition of salt (NaCl) negatively affected H:
production. By increasing the salinity level from 0-2%, the amount of Hz produced by
sorbitol-supplemented co-culture was reduced from (980 ml Lt ml) to (176 ml L).
Therefore, based on the obtained results, it can be concluded that sorbitol could be one
of the optimum sugar substrates for biological H> production by the studied
algal/bacterial co-cultures. On the other hand, the addition of salt causes a negative
effect on the ability of the microorganisms to produce H». Therefore, a non-saline
environment is a suitable environment for H, production for the currently studied

microorganisms.

Establishing a microbial consortium consisting of cyanobacteria and activated
sludge bacteria could improve biological Hz production via biophotolysis. Moreover,
as a result of the symbiosis between microalgae and activated sludge bacteria, the
developed microbial consortia can produce H> as a valuable by-product from
wastewater. Therefore, this study can contribute to making H2 production and
wastewater treatment processes more sustainable and environmentally friendly.
Although different carbon sources showed a significant difference in the amount of
the produced H.. However, further studies are required on the metabolic pathways of
different Hz-producing algal or bacterial species by utilizing different organic
substrates. In addition, studying the effect of stress conditions such as salinity on H>
production and finding possible ways to maximize H> production in such conditions

could contribute to alleviating the cost of biological H2 production.
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This study aimed to produce biohydrogen using a co-culture consisting of halophytic
cyanobacterium Phormidium Keutzingianum and activated sludge bacteria using
different exogenous carbon substrates such as glucose, sorbitol, and mannitol and
using different salt concentrations. The co-culture was able to produce a maximum of
1000 ml of hydrogen per one liter of the culture solution using sorbitol as carbon
substrate and at salt concentration of 0 g/L.
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