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Huge amount of activated sewage sludge is being produced every year all over
the world in wastewater treatment plants that if treated properly, has the
potential to be used as inoculum and/or co-substrate for bio-hydrogen
production. Activated sewage sludge and lignocellulosic waste material e.g
rice straw have the potential to be used as a source for bio-hydrogen
production. Pretreatment of lignocellulosic waste materials is often suggested
by researchers to break the complex structure of these materials prior to dark
fermentation. Pretreatment methods are costly, complicated and not
environment-friendly due to high usage of acids, bases and energy. Therefore
in this study try to find a way for bio-hydrogen production using raw
materials. Batch bio-hydrogen production is carried out in serum bottles (150
mL) with maximum operation level of 120 mL and 30 mL headspace at
mesophilic conditions (35°C). Activated sewage sludge (ASS) collected from
inflow of a digestion tank in a wastewater treatment plant was used as the
inoculum and co-substrate. Rice straw (RS) was used as the substrate. In order
to achieve the highest bio-hydrogen yield and methanogens activity inhibition,
heat treatment of inoculum was optimized at different exposure time and
temperature ranges prior to the dark fermentation process. Three levels of time
were defined (30, 45 & 60 min) and three levels of temperature (80, 90 and 100
°C) were chosen to conduct the experiments. Collected data was analysed
using response surface methodology (RSM) as an analytical method. From the
results, it was observed that the heat treatment of inoculum at 100 °C for 60
minutes produced the highest bio-hydrogen yield of 14.22 NmL H»/g VS at
concentration of 70.97 % in total produced biogas. The triplicate batch tests
were conducted to verify the optimum condition introduced by RSM (100 °C
for 60 minutes), resulted in 14.10 + 0.2 NmL Hz/g VS at concentration of 69.45%
in biogas. Production of 0.073 NmL CHs/gVS at 0.17% concentration of total



biogas in these tests indicated a very successful achievement in inhibition of
methanogens activity. The raw rice straw was also co-digested with heat-
treated inoculum (100 °C for 60 minutes) for bio-hydrogen production at
different operating process parameters. Three levels of volatile solids (VS) ratio
(2:1, 4:1 and 6:1) and three levels of initial pH (4, 4.75 and 5.5) were defined as
numerical variables. 4 categories of substrate size were tested to achieve the
objective aforesaid: “Intact RS” [20-30 mm], “Intact RS ,Fine RS [0.25-
0.5mm],Medium RS (0.5-2mm] and Large RS (2-20mm). Using RSM, the
highest bio-hydrogen yield of 14.70 NmL /g VS was recognized at the optimum
initial pH of 5.01 and VS ratio of 4.54 : 1 from the “Large RS” particles.
Triplicate batch tests were done to produce bio-hydrogen applying optimized
factors; these tests have average bio-hydrogen yield of 14.54 + 0.29 NmL /g VS.
By finding optimum VS ratio, pH and proper size of rice straw, we are able to
achieve higher yield of bio-hydrogen production compared to other works in
mesophilic conditions using mixed culture as inoculum and lignocellulosic
waste materials as substrate. The overall results in this study indicated that co-
digestion of raw rice straw as substrate and activated sewage sludge as both
co-substrate and inoculum is a feasible approach for bio-hydrogen production.
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Sejumlah besar enapcemar kumbahan teraktif yang dihasilkan setiap tahun di
seluruh dunia jika dirawat dengan betul mempunyai potensi untuk digunakan
sebagai inokulum / substrat bersama untuk penghasilan bio-hidrogen.
Enapcemar teraktif dan bahan buangan lignoselulosa contohnya jerami padi
mempunyai potensi untuk digunakan sebagai sumber untuk penghasilan bio-
hidrogen .Prarawatan bahan sisa lignoselulosa sering dicadangkan oleh
penyelidik untuk memecahkan struktur kompleks bahan-bahan tersebut
sebelum fermentasi gelap. Kaedah prarawatan adalah mahal, rumit dan tidak
mesra alam kerana penggunaan asid, bes dan tenaga yang tinggi. Oleh itu di
dalam kajian ini, percubaan dijalankan untuk mencari jalan untuk penghasilan
bio-hidrogen menggunakan bahan-bahan mentah. Dalam kajian ini,
penghasilan bio-hidrogen secara sesekelompok dijalankan dalam botol serum
(150 mL) dengan tahap operasi maksimum 120 mL dan 30 mL ruang kepala
pada keadaan mesofilik (35 © C). Enap cemar kumbahan teraktif (ASS) yang
dikumpul daripada aliran masuk tangki pencernaan dalam loji rawatan air
kumbahan di Ibaraki, Jepun telah digunakan sebagai inokulum dan substrat-
bersama. Jerami padi (RS) yang dituai dari ladang tempatan di Ibaraki, Jepun
telah digunakan sebagai substrat. Untuk mencapai hasil tertinggi bio-hidrogen,
perencatan aktiviti metanogen, rawatan haba inokulum telah dioptimumkan
pada masa pendedahan dan sela-suhu yang berbeza sebelum proses
fermentasi gelap. Tiga tahap masa telahditakrifkan (30, 45 & 60 min) dan tiga
tahap suhu (80, 90 dan 100 ° C) telah dipilih untuk menjalankan eksperimen.
Data yang diperolehi dianalisis dengan menggunakan kaedah tindakbalas
permukaan (RSM) sebagai satu kaedah analisis.Daripadakeputusan, dapat
diperhatikan bahawa rawatan haba inokulum pada suhu 100 ° C selama 60
minit menghasilkan bio-hidrogen yang tertinggi iaitu 14.22 mL H2 / g VS pada
kepekatan 70.97% daripada keseluruhan biogas dihasilkan. Tiga replikasi
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ujian sesekelompok telah dijalankan untuk mengesahkan keadaan optima
yang diperkenalkan oleh RSM (100 ° C selama 60 minit), memghasilkan 14.10 +
0.2 mL H2/ g VS pada kepekatan 69.45% dalam biogas. Pengeluaran 0.073
mLCH4 / gVS padakepekatan 0.17% daripada jumlah biogas dalam ujian ini
menunjukkan satu pencapaian yang baik dalam perencatan aktiviti
metanogen.Jerami padi mentah juga diurai bersama dengan inokulum terawat
haba (100 ° C selama 60 minit) untukpengeluaran bio-hidrogen pada parameter
proses operasi yang berbeza; nisbah pepejal meruap (VS) substrat terhadap
inokulum, pH awal dan saiz jerami padi .Tiga tahap nisbah VS (2: 1, 4: 1 dan 6:
1) dan tiga tahap pH awal (4, 475 dan 5.5) telah ditakrifkan sebagai
pembolehubah berangka. 4 kategori saiz sustrat telah diuji untuk mencapai
matlamat tersebut di atas.Jerami padi (RS) yang telah dipotong kepada
kepingan bersaiz 20-30 mm dari hujung atas hingga kebahagian bawah batang
telah dilabelkansebagai " RS Potong". Partikel jerami padi dengan saiz yang
kurang dari pada atau sama dengan 500 mikron telah dilabelkan sebagai "RS
Halus". Zarah jerami padi dengan saiz lebih dari 500 mikron dan kurang
daripada 2 mm telah dilabelkan sebagai "RS Sederhana".Zarah jerami padi
dengan saiz lebih daripada 2 mm dankurang daripada 20 mm telah dilabelkan
sebagai "RS Besar". hasil bio-hidrogen tertinggi dikenalpasti diperolehi
menggunakan RSM adalah 14.70 mL / g VS pada pH awal optimum 5.01,
nisbah VS pada 4.54: 1 dan menggunakan "RS besar". Tiga replikasi ujian
sesekelompok telah dilakukan untuk menghasilkan bio-hidrogen dengan
mengaplikasikan faktor yang dioptimumkan ini. Ujian ini menghasilkan
purata bio-hidrogen pada 14.54 +0.29 ml /g VS. Dengan mencari nisbah pH
optimum dan saiz jerami padi yang sesuai , penghasilan bio-hidrogen dapat
ditingkatkan berbanding penyelidikan yang lain dalam keadaan mesofilik
menggunakan kultur campuran sebagai inokulum dan bahan-bahan buangan
lignoselulosa sebagai substrat. Keseluruhan keputusan dalam kajian ini
menunjukkan bahawa menggunakan jerami padi mentah sebagai substrat
dengan enapcemar kumbahan teraktif sebagai substrat bersama dan inokulum
adalah pendekatan yang boleh dilaksanakan untuk penghasilan bio-hidrogen.
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CHAPTER 1

INTRODUCTION
1.1 Overview of the study

Nowadays, environmental problems and increasing energy demand of people
and industry push science and scientists to find a solution for energy shortage
and global warming. One category of the alternative energies is biofuel which
is popular because of its capacity to be produced from different kinds of
biomass and wastes (Demirbas 2010). Producing energy from biomass is not
just a key for energy shortage but a reliable solution to waste treatment and
decrease environmental pollution.

Bio-hydrogen is known as the cleanest energy career, due to the product of its
combustion which is only water. As the word “bio-hydrogen” suggests, this
type of hydrogen is produced through some biological pathways. There are
two different biological pathways to produce bio-hydrogen. The first category
is “light-dependent” processes that can be either direct- or indirect-photolysis.
The second category is named “light-independent”. Dark fermentation, the
most applied process, is classified as a dark independent process (Show et al.,
2012). Compared to other biological pathways, dark fermentation has more
potential for producing bio-hydrogen and it is more desirable. Since dark
fermentation is not light dependent, there is no need to a vast area for
production process and it is faster and operationally easier as well
(Elsharnouby et al., 2013; Wang and Wan, 2009). On the other hand many
different types of waste materials can be used as substrate in dark fermentation
process (Chu et al., 2013; Gomez-Romero et al., 2014; Levin and Chahine, 2010;
Panagiotopoulos et al., 2013).

Agricultural lignocellulosic waste materials are a promising source for biofuel
production due to their abundance and low cost. Rice straw is one of the
lignocellulosic waste materials that can be used as substrate. Although
lignocellulosic materials are rich in carbon content, bio-hydrogen yield of
direct digestion of them is quite low. Table 1.1 shows several studies of bio-
hydrogen production from raw lignocellulosic waste materials in both
thermophilic and mesophilic conditions. In all of these studies, substrates are
raw and only size reductions in different levels is done. Bio-hydrogen yield is
reported in Normal condition (273.15 °K, 1013.25 hPa).

Lignocellulosic materials have complex structures made from cellulose,
hemicellulose, and lignin. Therefore, some scientists prefer pretreatments to



obtain higher bio-hydrogen yield. Many different pretreatment methods have
been used by researchers (Chang et al., 2011a; Lemée et al., 2012; Nasirian et al.,
2011) to break the complex structure of lignocellulosic materials. Pretreatment
methods are mostly classified as physical, biological, chemical and
physiochemical. All types of pretreatment are costly due to high usage of
energy and/or chemicals. Furthermore, Physical, chemical and physiochemical
pretreatment processes are not environment-friendly due to the fact that plenty
of energy, chemicals or both are used for these types of treatments (Agbor et
al., 2011). Therefore it seems reasonable to find a way for high yield
biohydrogen production from raw lignocellulosic waste material.

Biogas production is almost an ancient way to produce methane as an energy
source (Bond and Templeton, 2011). Nowadays biogas production technology
and recovery systems are well stablished. On the other hand, in some cases
shifting from biogas to bio-hydrogen is considered. One of the most important
reasons to replace bio-methane by bio-hydrogen is that bio-hydrogen is a
carbon emission free energy career (Meher Kotay and Das, 2008; Show et al.,
2012).

Table 1.1. Bio-hydrogen production from raw lignocellulosic materials

Substrate Inoculum T (°c) H> yield (NmLReferences
Hz/g VS)
Wheat straw Cow dung compost 36 1 (Fan et al., 2006b)
Corn straw Clostridium 35 9 (Li and Chen,
butyricum 2007)
Cornstalk Anaerobic sludge 36 3.16 (Zhang et al., 2007)
Wheat straw CSTR H2 sludge 36 6.4 (Nasirian et al.,
2011)
Rice straw Digested Sewage 55 16.57 (Kim et al.,, 2012)
sludge
Sugarcane bagasse C. thermocellum or T. 55 8.4 (Cheng and Zhu,
aotearoense 2013)

Equation 1.1 shows chemical formulation of methane combustion. Combustion
of one mole of methane releases one mole carbon dioxide and energy (Whiting
and Azapagic, 2014) while combustion of one mole hydrogen releases only one
mole water and energy. Equation 1.2 shows the chemical formulation of
hydrogen combustion (Nasirian 2010).



CHs + 202 — CO2+ 2H20 + energy Equation 1.1
Hz+ % O2— H20 + energy Equation 1.2

Although bio-hydrogen is a clean energy career, production of this gas rather
than bio-methane will be irrational if production processes pollute
environment more than bio-methane production and combustion processes.

Since bio-hydrogen is produced by certain bacteria, modifying bioreactor’s
environment condition for growth of organisms can significantly affect the
yield of bio-hydrogen production. Factors such as inoculum, substrate, VS
ratio, reactor type, nitrogen content, carbon content, temperature, pH etc... are
some of the most important and controllable environmental factors for bio-
hydrogen production (Wang and Wan, 2009).

1.2 Problem statement

Huge amount of wastewater is produced by urban areas every year.
Wastewater treatment technology is used to manage this waste progressively.
The volume of wastewater that produced by municipal and industrial units in
Malaysia in 2011 was 2.97 billion cubic meters (IWK, 2011) that leads to
production of activated sewage sludge (ASS) in most waste water treatment
plants.

A well-established technology in wastewater treatment plants for energy
production is methane production. Bio-methane is generated by digestion of
activated sewage sludge (treated wastewater). Activated sewage sludge is rich
with organic matters and the quantity of microorganism that is inhabitant in it
is quite high (Kacprzak et al., 2005). These two characteristics give activated
sewage sludge the potential to be used as both inoculum and co-substrate.
Although activated sewage sludge is rich in nitrogen content which is
necessary for microorganism activity, the yield of its bio-hydrogen production
is low. One of the main reasons for this low bio-hydrogen production is natural
existence of methanogen bacteria that consume hydrogen during the methane
production process (Chang et al., 2011b). Different treatment methods can
inhibit methanogens and increase yield of bio-hydrogen production using
activated sewage sludge (Kim 2013; Penteado et al., 2013). These methods
mostly are heat shock, alkali treatment, acid treatment, aeration, 2-
bromoethanesulfonic acid (BESA) addition, sonication and long chain fatty
acids (LCFA) addition (Chaganti et al., 2012).

Although a thermophilic fermentation process has higher yield of bio-
hydrogen production, due to its required operation temperature it has a higher
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demand of energy compared to a mesophilic process. During a thermophilic
fermentation process, temperature should be set to 40 - 80°C whereas for a
mesophilic condition it could be set to 20 - 40 °C. Abundant amount of
lignocellulosic materials and activated sewage sludge, huge and increasing rate
of energy demand are known as the challenges in the century. Methane emits
CO: to the atmosphere during its production and combustion processes.
Lignocellulosic waste material pretreatment methods have high cost and are
not environment-friendly ways of bio-hydrogen production. All these facts
lead us to find a way for optimization of bio-hydrogen production from raw
lignocellulosic waste materials and activated sewage sludge in mesophilic
condition.

1.3 Objectives

The main objective of this study is to improve bio-hydrogen production yield
in mesophilic condition using rice straw and activated sewage sludge. To
achieve this goal two sub-objectives are defined as:

1. To determine the optimum heat treatment condition of
activated sewage sludge as inoculum for bio-hydrogen
production in existence of rice straw in batch bioreactor
systems using “Response Surface Methodology (RSM)”.

2. To determine the optimum VS ratio of substrate to inoculum,
initial cultivation pH and substrate size for bio-hydrogen
production in mesophillic condition by co-digestion of raw rice
straw and sewage sludge in batch mode using Response
Surface Methodology (RSM).

1.4 Scope of the study

In this study, activated sewage sludge from a wastewater treatment plant in
Ibaraki, Japan, was collected as the Inoculum and co-substrate. Rice straw from
a local farm in Ibaraki due to its abundance in East Asia was chosen as the
substrate. Bio-hydrogen production using co-digestion of activated sewage
sludge and rice straw was conducted in batch mode in lab scales. The highest
yielding inoculum heat treatment condition for bio-hydrogen production in
selected range of time and temperature was determined. The optimum initial
cultivation pH and VSrs: VSass were assessed. Many different factors can affect
bio-hydrogen production but these factors were chosen due to their
importance, our time limitation and also limitation in number of running
experiments and facilities.



1.5 Thesis layout

This thesis is comprised of five chapters. Chapter 1, is an introduction to the
existing facts around the subject of energy shortage and potential of waste
materials as a source. It also briefly mentions some of the challenges of bio-
hydrogen production and suggests some promising solutions as research
objectives. In Chapter 2, a detail review of other related works, an expanded
explanation of problems and the benefit of suggested solution and methods are
presented. Chapter 3, demonstrates the methodology of the research. It also
explains materials’ characteristics and preparation for the experiments.
Chapter 4, presents the results of the experiments. It also discusses the effects
of heat treatment condition of activated sewage sludge, VS ratio and initial
cultivation pH on bio-hydrogen production. Suitable size of raw rice straw for
biological hydrogen production is also discussed. Chapter 5, concludes the
research and looks at the possible future works around the subject
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