
CHAPTER II 
LITERATURE REVIEW

2.1 Background of Hydrogen and methane
The global remand for energy has risen inexorably in the last many 

years in step with industrial development and population growth. The global energy 
is supplied by coal, oil, petroleum and natural gas products- the fossil fuel that 
formed long ago from remain plant and animal. However, these are non-renewable 
sources that will one day be exhausted. Moreover, the overwhelming scientific 
evidence is that use o f fossil fuels is causing the world’s climate to change, with 
potential disastrous effect. Hydrogen and methane have been preserved as fossil 
energy. Hydrogen is one o f two natural elements that combine to make water. 
Hydrogen is not an energy source, but an energy carrier because it takes a great deal 
o f energy to extract it from water. It is useful as a compact energy source in fuel cells 
and batteries. Methane, also called marsh gas, colorless, odorless gas that occurs 
abundantly in nature and a product o f the anaerobic bacterial decomposition o f 
vegetable matter under water. The decomposition o f sludge by anaerobic bacteria in 
sewage-treatment processes also produces a gas rich in methane. Since commercial 
natural gas is composed largely o f methane, their uses may for all practical purposes 
be considered identical. Because o f its abundance, low cost, ease o f handling, and 
cleanliness, such gas is widely used as a fuel in homes, commercial establishments, 
and factories. Methane is an important source o f hydrogen and some organic 
chemicals. Methane reacts with steam at high temperatures to yield carbon monoxide 
and hydrogen; the latter is used in the manufacture o f ammonia for fertilizers and 
explosives. Other valuable chemicals derived from methane include methanol, 
chloroform, carbon tetrachloride, and nitromethane. The incomplete combustion o f 
methane yields carbon black, which is widely used as a reinforcing agent in rubber 
used for automobile tires.
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2.2 Advantage of Hydrogen and Methane
2.2.1 Availability.

Hydrogen is available in the entire universe and in abundant 
quantities. Also, it is a renewable source of energy and does not get depleted with 
time. Hydrogen is found in water, and the three parts of our planet is made up o f 
water. So there is no question o f depletion when it comes to hydrogen. For methane 
availability, There are a lot o f methane production, but an alternative method o f 
obtaining methane is via biogas generated by the fermentation o f organic matter 
including manure, wastewater sludge, municipal solid waste (including landfills), or 
any other biodegradable feedstock, under anaerobic conditions. Rice fields also 
generate large amounts o f methane during plant growth. Methane hydrates/clathrates 
(ice-like combinations o f methane and water on the sea floor, found in vast 
quantities) are a potential future source o f methane.

2.2.2 Efficiency
According to Columbia University research, hydrogen fuel cells 

are twice as efficient as regular internal combustion engines, its high energy content 
(122 kj/g) which 2.8 times more energy than gasoline when compared with the same 
mass, and so produces more energy with less fuel. For methane efficiency, At about 
891 kj/mole, methane's heat of combustion is lower than any other hydrocarbon but 
the ratio o f the heat o f combustion (891 kj/mole) to the molecular mass (16 0 g/mole, 
o f which 12.0 g/mole is carbon) shows that methane, being the simplest hydrocarbon, 
produces more heat per mass unit (55.7 kJ/g) than other complex hydrocarbons.

2.2.3 Environmentally friendly
Conventional energy resources can significantly produce green

house gases, especially carbon dioxide, which is thought to be responsible for chang
es in global climate, but hydrogen burns in the air and leaves water vapor as residue. 
Water vapor has no environmental disadvantages as o f now. So, hydrogen fuel can 
contribute to reducing greenhouse gas emissions and can reduce the production of 
many toxic pollutants. Although methane produced naturally at high levels from 
large-scale agricultural facilities and municipal landfills is greenhouse gas, it has 
been successfully utilized to generate electricity. The use of methane reduces green
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house gas emission. Moreover, when methane burn to create energy, it releases 20% 
that less o f carbon dioxide in to the atmosphere than normal diesel or petrol vehicle

2.2.4 Harmless fuel
Hydrogen is the safest o f all fuels because it is fourteen times 

lighter than air and four times lighter than helium. In the event o f an accidental 
release, it disperses rapidly upward into the atmosphere while that other fuels take 
longer to disperse or may spill onto the ground. Methane is harmless gas by 
inhalation and it is not dangerous to touch unlike gas from petrol and diesel which 
can be very dangerous and even cause death. Additional, methane also doesn’t harm 
soil or nearest environment

2.2.5 Various sources.
Advantage of hydrogen and methane are that there are many ways 

to produce it, using both renewable and traditional energy sources. The most 
common method o f hydrogen production is by reforming fossil fuels, particularly 
natural gas. Electrolysis is another method o f hydrogen production that uses 
electricity to split water into hydrogen and oxygen gases. One advantage o f 
electrolysis is that one can perform electrolysis using renewable source so that the 
hydrogen produced is a renewable fuel. For methane production, methane is mainly 
produced by the process o f methanogenesis which is a form o f anaerobic respiration 
used by organisms that occupy landfill, ruminants (e.g., cattle), and the guts of 
termites. Methane could also be produced by a non-biological process called 
serpentinization involving water, carbon dioxide, and the mineral olivine

2.3 Hydrogen Production Processes
Hydrogen is produced mainly from fossil fuel, water and biomass. 

There are many methods for producing hydrogen.
2.3.1 Steam reforming o f natural gas

Steam reforming is a thermal process that consists o f two 
reactions as show below

C nH m +  n H 20 —» n C O +  (ท  +  ~ ~ ) H 2

c o  + h 2o ^ c o 2 + h 2
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The first reaction is that natural gas is reacted with high tempera
ture steam at in rang 700-1000 C'C. The product is synthesis gas that is a mixture of 
carbon monoxide and hydrogen. After that carbon monoxide are convert to carbon 
dioxide and hydrogen though water-gas shit reaction (Kothari et al., 2004) shown in 
equation 2. Steam reforming o f natural gas is the most basic and least expensive 
methods. At present, the most o f hydrogen (approximately 80% of global hydrogen 
production) is produced from this process.

2.3.2 Coal gasification
The gasification o f coal is one method that can produce hydrogen. 

Coal with oxygen and steam under high pressures and temperatures to form synthesis 
gas, a mixture consisting primarily o f carbon monoxide and hydrogen from the 
following reaction (unbalanced):

CHo.8 + O2 + H20  —» CO + C 0 2 + H2 + other species 
Impurities will be removed from the synthesis gas and then the carbon monoxide as 

a product in this reaction reacts with steam via the water-gas shift reaction to provide 
additional hydrogen and carbon dioxide. Then, hydrogen will be removed from other 
gas by a separation process.

2.3.3 Thermal cracking o f natural gas
Hydrogen is produced from decomposition o f CH4 Methane is 

under high temperature, about 2,000 °C. This method is alternative production that 
more environmentally friendly than steam reforming process because o f no carbon 
dioxide. The reaction is shown below:

CH4 — c  + 2H2 + 75.6 kJ
2.3.4 Partial oxidation of methane (POX)

Partial oxidation that is the exothermic reaction so it is easy to 
operate when compared to other processes. This process is converting natural gas 
into carbon monoxide and hydrogen (syngas), which can be converted to higher 
alkanes or methanol (Deutschmann and Schmidt, 1998). The reaction o f this process 
is:

CH4 + 1/2 0 2 -►  CO + 2H2 A / / r = -36 kJ/mol
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2.3.5 Electrolysis
Electrolysis uses an electric current to split water into hydrogen at 

the cathode (+) and oxygen at the anode (-). If  renewable energy is used to produce 
electricity, which is used to split the water into hydrogen and oxygen, the hydrogen 
will be an even cleaner form of energy. The efficiency o f the electrolyzer is an 
important factor because the consumption o f energy makes up 80-90 % of the 
production costs at an electrolysis plant. The chemical reaction o f water electrolysis 
is:

2H20  + energy — 2H2 + 0 2

Disadvantages o f this method are that it needs to have a high 
temperature heat source at above 2,500 K for a reasonable degree o f dissociation 
possibility, recombination o f H2 and 0 2, or end up with an explosion. H2 from 
electrolysis is extremely pure, but expensive at the same time; being ten times more 
costly than from steam reforming of natural gas. Moreover, this method is not 
efficient when it comes to produce large amounts o f hydrogen.

2.3.6 Hydrogen production from biomass
Biomass such as agricultural and domestic wastes (Argun et al.,

2008), has been used as a carbon source which is a renewable sources for hydrogen 
production (Kapdan and Kargi, 2006). This process has been given attention due to 
operation under mild conditions. However, there are problems in biohydrogen 
production from wastes are the low rates and yields. Hydrogen production from 
biomass can be classified into two categories, which are thermochemical process and 
biological process

2.3.6.1 Thermochemical process
(1) Biomass pyrolysis

In this process, biomass is heated at a temperature and 
pressure of 650-800 K (377-527°C) and 0.1-0.5 MPa in the absence o f oxygen (or 
air) to convert biomass into liquid oils, solid charcoal, and gaseous compounds. 
Pyrolysis can be further classified into slow and fast pyrolysis. Slow pyrolysis is 
normally not considered to produce hydrogen because charcoal is the main product. 
Fast pyrolysis is a high temperature process. In the absence o f air, biomass is rapidly
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heated to form vapor and afterwards condensed to a dark brown mobile bio-liquid as 
follows:

Biomass + heat— ►  H2+C0 +C02+CH4+0 ther products

All solid, liquid, and gas phase can be found as the products o f this process. Solid 
products consist o f char, pure carbon, and other inert materials. Liquid products 
include tar and oils that remain in liquid form at room temperature. Gaseous products 
comprise hydrogen, methane, carbon monoxide, carbon dioxide, and others, 
depending on the organic nature of biomass. Methane and other hydrocarbon vapors 
produced can be steam-reformed for more hydrogen production. Moreover, water gas 
shift reaction can be applied to increase the hydrogen production. Besides the 
gaseous products, the oily products can also be processed to produce hydrogen.

(2) Biomass gasification
Gasification o f biomass under partial oxidation and high 

temperature (above 1,000 K) with steam and oxygen gives gas and charcoal. Finally, 
charcoal is reduced to H2, CH4, CO, CO2, and some hydrocarbons, as follow:

Biomass + heat + steam -----►  แ 2+ CFL + CO + C02 + hydrocarbon + char

The problem of biomass gasification is the production o f tar and ash; tar causes for
mation o f tar aerosols and polymerization to more complex structures, but ash causes 
deposition, sintering, slagging, fouling, and agglomeration. If  biomass has moisture 
content over than 35 %, the gasification can be done under the supercritical water 
condition with heating water to a temperature (674 K) and compressing it over its 
critical pressure (22 MPa). Then, the biomass is rapidly decomposed to small mole
cules and gases with no tar and ash formation.

2.3.6.2 Biological process
Biological process for hydrogen production, also known as 

“biohydrogen production”, uses microorganisms to decompose complex organic 
compounds in waste or wastewater to simple end products, such as hydrogen, 
methane, carbon dioxide volatile fatty acids, and alcohols (Kapdan et al, 2006). 
M ost o f biological processes are operated at an ambient temperature (30-40°C) and 
normal pressure, therefore, they are not energy intensive (Das et al, 2001). Moreover,
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they are very inexpensive and very simple perspective method (Bartacek et al,
2007). There are two types o f biological processes:

(1) Photo-fermentation
Photo-fermentation is the process to decompose organic 

compounds to hydrogen as the product by photosynthetic bacteria. They undergo 
anoxygenic photosynthesis with organic compounds or reduced sulfur compounds as 
electron donors. Some non-sulfur photosynthetic bacteria are potent hydrogen 
producers, utilizing organic acids, such as lactic, succinic and butyric acids, or 
alcohols as electron donors. Hydrogen production by photosynthetic bacteria is 
mediated by nitrogenase activity, although hydrogenases may be active for both 
hydrogen production and hydrogen uptake under some conditions. Photosynthetic 
bacteria are the most promising microbial system for biohydrogen production 
because o f their high theoretical conversion yields and lack of oxygen evolving 
activity, which causes problem of oxygen inactivation of different biological 
systems. Moreover, they have the ability to use wide spectrum of light and consume 
organic substrates derivable from wastes and wastewater treatment (Fascetti, 1998). 
If  photosynthetic bacteria are combined with fermentative bacteria, the fermentative 
bacteria could produce the small organic acids, which the photosynthetic bacteria 
could then use.

(2) Dark fermentation
Hydrogen production via dark fermentation is a special type 

o f anaerobic digestion process comprising only hydrolysis and acidogenesis 
(Bartacek et al., 2007). Fermentative bacteria producing hydrogen, carbon dioxide, 
and some simple organic compounds, e.g. volatile fatty acid (VFA) and alcohols, in 
the dark may be cultivated in pure culture or occur in uncharacterized mixed cultures 
selected from natural sources, such as anaerobic digested sewage sludge and soil 
(Bartacek et al, 2007 and Vijayaraghavan et al, 2008). The advantages o f dark 
fermentation are that fermentative bacteria are capable o f high hydrogen generation 
rate, and hydrogen is produced throughout the day and night at a constant rate since 
it does not depend on energy provided by sunlight (Vijayaraghavan et al, 2005). 
This decreases the energy demand, and the technology can be simpler (Bartacek et al,
2007). In addition, fermentative bacteria can have good growth rate for supply o f
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microorganisms to the production system (Das et a i, 2001). From these several 
advantages, hydrogen production by dark fermentation is feasible for industrial 
application (Das et a i, 2001).

2.4 Methane production process
2.4.1 Biomass

Methane can be produced from biomass through a process called 
anaerobic digestion. Anaerobic digestion involves using bacteria to decompose 
organic matter in the absence of oxygen. Vegetable solid wastes, leaves, grasses, 
woods, weeds, marine and freshwater biomass have been explored for their anaerobic 
digestion potential to methane (Gunaseelan, 1997). The first step, biomass are 
changed by acidogenicsis bacterial to produced volatile fatty acid such as acetic 
acid.propionic acid and then they degrades by methanogensis bacterial to methane in 
the second step that called methanogensis step

2.5 Anaerobic Fermentation
Anaerobic fermentation is a microbial process to converse carbona

ceous compounds and soluble inorganic substances containing oxygen under the 
absence o f dissolved oxygen. Anaerobic fermentation has three anaerobic 
decomposition processes. Three basic steps are involved in the overall anaerobic 
oxidation o f a waste

2.5.1 Decomposition o f carbonaceous compounds
There are 3 main sequential steps.
2.5.1.1 Hydrolysis

Large organic molecules are hydrolyzed to simple molecule 
by external enzymes release by bacteria.

2.5.1.2 Acetogenesis
In this step, it will change soluble organics into organic acids 

(volatile fatty acid, VF A) eg . butyrate, propionate, velerate, acetate. Some alcohol 
can be produced in this step. Moreover in this step can be produced hydrogen.
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2 .5 .1 .3  M e t h a n o g e n e s i s

I n  t h i s  p r o c e s s ,  o r g a n i c  a c i d s  ( v o l a t i l e  f a t t y  a c id ,  V P  A )  w i l l  

c h a n g e  i n t o  m e th a n e .  I n  t h i s  s te p  c a n  b e  p r o d u c e d  a b o u t  7 0 %  o f  m e th a n e .

2.6 Common parameters in wastewater
2 .6 .1  T o ta l  a n d  s u s p e n d e d  s o l i d

T h e  t e r m  t o t a l  s o l id  ( T S )  r e f e r s  t o  t h e  r e s i d u e  l e f t  in  a  d r y i n g  d i s h  

a f t e r  e v a p o r a t i o n  o f  a  s a m p l e  o f  w a s t e w a t e r  a n d  s u b s e q u e n t  d r y in g  in  a n  o v e n .  A f t e r  

a  m e a s u r e d  v o l u m e  is  p l a c e d  in  a  p o r c e l a i n  d is h ,  t h e  w a t e r  is  e v a p o r a t e d  f r o m  t h e  

d i s h  o n  a  s t e a m  b a th .  T h e  d i s h  is  t h e n  t r a n s f e r r e d  to  a n  o v e n  a n d  d r i e d  t o  a  c o n s t a n t  

w e i g h t  a t  1 0 3 - 1 0 5 ° c .  T h e  t o t a l  r e s i d u e  ( o r  d r y  s o l i d s )  is  e q u a l  t o  t h e  d i f f e r e n c e  

b e t w e e n  t h e  c o o le d  w e i g h t  o f  t h e  d is h  a n d  t h e  o r i g i n a l  w e i g h t  o f  t h e  e m p t y  d i s h .  T h e  

c o n c e n t r a t i o n  o f  t o t a l  s o l i d s  is  t h e  w e i g h t  o f  d r y  s o l i d s  d i v i d e d  b y  t h e  v o l u m e  o f  t h e  

s a m p le ,  u s u a l l y  e x p r e s s e d  in  m i l l i g r a m s  p e r  l i te r .

2 . 6 .2  T o ta l  v o l a t i l e  s o l i d s  ( T V S )

T o ta l  v o l a t i l e  s o l i d s  ( T V S )  a r e  d e t e r m i n e d  b y  i g n i t i n g  t h e  d r y  s o l 

id s  a t  550±50°c in  a  f u r n a c e .  T h e  r e s i d u e  r e m a i n i n g  a f t e r  b u r n i n g  is  r e f e r r e d  t o  a s  

f i x e d  s o l i d s ,  a n d  t h e  l o s s  o f  w e i g h t  o n  i g n i t io n  is  r e p o r t e d  a s  v o l a t i l e  s o l i d s .  T h e  

c o n c e n t r a t i o n  o f  t o t a l  v o l a t i l e  s o l i d s  is  t h e  w e i g h t  o f  d r y  s o l i d s  m i n u s  t h e  w e i g h t  o f  

f i x e d  s o l i d s  d i v i d e d  b y  t h e  v o l u m e  o f  t h e  o r ig in a l  l i q u i d  s a m p le .  V o l a t i l e  s o l i d s  c o n 

t e n t  a l s o  c a n  b e  e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  d r y  s o l i d s  in  t h e  s a m p l e .

2 .6 .3  T o ta l  s u s p e n d e d  s o l i d s  ( T S S )

T o ta l  s u s p e n d e d  s o l i d s  ( T S S )  r e f e r  to  t h e  n o  f i l t e r a b l e  r e s i d u e  t h a t  

is  r e t a i n e d  o n  a  g l a s s - f i b e r  d i s k  a f t e r  f i l t r a t i o n  o f  a  s a m p l e  o f  w a s t e w a t e r .  

A  m e a s u r e d  p o r t i o n  o f  a  s a m p l e  i s  d r a w n  t h r o u g h  a  g l a s s - f i b e r  f i l t e r  b u t  r e t a i n e d  in  a  

f u n n e l ,  b y  a p p l y i n g  a  v a c u u m  t o  t h e  s u c t i o n  f l a s k  u n d e r  t h e  f i l t e r .  T h e  f i l t e r  w i t h  

d a m p  s u s p e n d e d  s o l i d s  a d h e r i n g  t o  t h e  s u r f a c e  is  t r a n s f e r r e d  f r o m  t h e  f i l t r a t i o n  

a p p a r a t u s  t o  a n  a l u m i n u m  o r  s ta in l e s s  s te e l  p l a n c h e t  a s  a  s u p p o r t .  A f t e r  d r y in g  a t  

1 0 3 - 1 0 5 ° c  in  a n  o v e n ,  t h e  f i l t e r  w i t h  t h e  d r y  s u s p e n d e d  s o l i d s  is  w e i g h e d .  T h e  

w e i g h t  o f  s u s p e n d e d  s o l i d s  is  e q u a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h i s  w e i g h t  a n d  t h e  

o r i g i n a l  w e i g h t  o f  t h e  c l e a n  f i l t e r .  T h e  c o n c e n t r a t i o n  o f  t o t a l  s u s p e n d e d  s o l i d s  i s  t h e
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w e i g h t  o f  t h e  d r y  s o l i d s  d i v i d e d  b y  t h e  v o l u m e  o f  t h e  s a m p l e  a n d  is  u s u a l l y  e x p r e s s e d  

in  m i l l i g r a m s  p e r  l i t e r .

2 .6 .4  V o l a t i l e  s u s p e n d e d  s o l i d s  ( V S S )

V o l a t i l e  s u s p e n d e d  s o l i d s  ( V S S )  a r e  d e t e r m i n e d  b y  i g n i t i n g  t h e  d r y  

s o l i d s  a t  550±50°c a f t e r  p l a c i n g  t h e  f i l t e r  d i s k  in  a  p o r c e l a i n  d is h .  T h e  c o n c e n t r a t i o n  

o f  v o l a t i l e  s u s p e n d e d  s o l i d s  is  t h e  w e i g h t  o f  d r y  s o l i d s  m i n u s  t h e  w e i g h t  o f  f i x e d  s o l 

id s  d i v i d e d  b y  t h e  v o l u m e  o f  t h e  o r i g i n a l  l iq u i d  s a m p l e .

2 .6 .5  B i o c h e m i c a l  a n d  c h e m i c a l  o x y g e n  d e m a n d

2 .6 .5 .1  B i o c h e m i c a l  o x y g e n  d e m a n d

B i o c h e m i c a l  o x y g e n  d e m a n d  ( B O D )  is  a  m e a s u r e  o f  t h e  

a m o u n t  o f  o x y g e n  t h a t  is  r e q u i r e d  t o  o x i d i z e  t h e  o r g a n i c  m a t t e r  in  a  s a m p l e ,  t h r o u g h  

t h e  a c t i o n  o f  m i c r o o r g a n i s m s  c o n t a i n e d  in  t h e  s a m p l e  d u r in g  t h e  b i o l o g i c a l  r e a c t i o n .

2 .6 .5 .2  C h e m ic a l  o x y g e n  d e m a n d

C h e m ic a l  o x y g e n  d e m a n d  ( C O D )  is  a  m e a s u r e  o f  t h e  

o x y g e n  e q u iv a l e n t  o f  t h e  o r g a n ic  m a t t e r  in  w a s t e w a t e r  t h a t  c a n  b e  o x id i z e d  

c h e m ic a l ly  u s in g  d i c h r o m a t e  in  a n  a c id  s o lu t io n .  T h e  o r g a n ic  m a t t e r  is  c o n v e r t e d  in to  

c a r b o n  d i o x i d e  a n d  w a t e r .  C O D  v a lu e  p r e s e n t s  b o t h  b i o d e g r a d a b l e  a n d  

n o n - b i o d e g r a d a b l e  o r g a n i c  m a t t e r  in  t h e  s a m p le .

2 .6 .6  H y d r a u l i c  r e t e n t i o n  t im e

T h e  h y d r a u l i c  r e t e n t i o n  t im e  ( H R T )  o r  X ( t a u )  is  a  m e a s u r e  o f  t h e  

a v e r a g e  l e n g t h  o f  t im e  t h a t  a  s o lu b le  c o m p o u n d  r e m a i n s  in  a  b i o r e a c t o r .  T h e  t h e o r e t 

ic a l  h y d r a u l i c  r e t e n t i o n  t im e  is  d e f in e d  a s :

V
T -  —0

w h e r e  X =  H y d r a u l i c  r e t e n t i o n  t im e ,  h  

V  =  V o lu m e  o f  r e a c to r ,  m 3 

Q  =  V o l u m e t r i c  f l o w  r a t e ,  m 3/h

2.7 Two-Step Hydrogen and Methane Production
O n e  o f  t h e  s ig n i f i c a n t  p r o b le m s  in  t h e  f e r m e n t a t i v e  h y d r o g e n  

p r o d u c t i o n  p r o c e s s  is  t h a t  m o s t  o f  t h e  o r g a n ic  f r a c t i o n  o f  t h e  f e e d in g  w a s t e w a t e r
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r e m a in s  a s  s o lu b le  f e r m e n t a t i o n  p r o d u c t s .  T h u s ,  a  c o m p l e m e n t a r y  s t a g e  a f t e r  f e r m e n 

t a t i o n  w o u l d  b e  n e c e s s a r y  f o r  C O D  e l im in a t io n .  I t  i s  w e l l  k n o w n  t h a t  V F A  f o r m a t i o n  

d u r in g  a c i d o g e n e s i s  o f  t h e  o r g a n ic  m a t t e r  is  a c t u a l ly  t h e  p r e c u r s o r  t o  m e t h a n o g e n e -  

s is . T h e r e f o r e ,  t h e  h y d r o g e n  p r o d u c t i o n  p r o c e s s  c o u ld  b e  e f f i c ie n t ly  c o u p l e d  w i th  a  

s u b s e q u e n t  a n a e r o b i c  d ig e s t i o n  s t e p  w i th  th e  c o n v e r s i o n  o f  t h e  r e m a in in g  o r g a n ic  

c o n t e n t  t o  b io g a s  ( m a in ly  m e th a n e  a n d  c a r b o n  d io x id e ) .  A  t w o - s t a g e  a n a e r o b i c  

d ig e s t i o n  p r o c e s s ,  in  w h ic h  a c i d o g e n e s i s  a n d  m e t h a n o g e n e s i s  o c c u r  in  s e p a r a t e  

r e a c t o r s ,  m a y  o f f e r  s e v e r a l  a d v a n ta g e s  a s  s h o w n  in  T a b le  2 .1  in  o r d e r  t o  e n h a n c e  

h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  a n d  a c h ie v e  s ta b i l i z a t i o n  o f  t h e  t r e a t e d  w a s t e w a t e r  

p r i o r  t o  d is p o s a l .

T w o - s t a g e  a n a e r o b i c  d i g e s t i o n  is  a  p r o c e s s  c o n f i g u r a t i o n  u s i n g  t w o  s e p a r a t e  

r e a c to r s .  T h e  f i r s t  r e a c t o r  is  a c i d o g e n i c - s t a g e ,  w h i c h  is  m a i n t a i n e d  a t  a  l o w  p H  o r  

a l k a l in i ty  a n d  d e v e l o p s  a  h ig h  CO2 a n d  lo w  CH4 c o n te n t  in  t h e  g a s e o u s  p r o d u c t s .  

A c i d i f y i n g  o r g a n i s m s  d o m i n a t e  in  t h e  f i r s t  r e a c t o r ,  a n d  t h e  m a j o r  b i o c h e m i c a l  

r e a c t i o n  is  e n z y m a t i c  h y d r o l y s i s  a n d  f e r m e n t a t i o n .  A n o t h e r  o n e  is  m e t h a n o g e n i c -

s ta g e ,  w h i c h  is  m a i n t a i n e d  a t  p H  a r o u n d  7  a n d  h ig h  a l k a l in i ty ,  r e s u l t i n g  in  h ig h  

s p e c i f i c  m e t h a n o g e n i c  a c t iv i ty .

Table 2.1 T h e  a d v a n t a g e s  o f  t h e  t w o - s t a g e  s y s t e m  o v e r  t h e  o n e - s t a g e  s y s t e m  w h e n  

t r e a t i n g  t h e  s a m e  w a s t e  o r  w a s t e w a t e r

• H a v e  s h o r t  h y d r a u l i c  r e t e n t io n  t i m e  f o r  r a p i d l y  d e g r a d a b l e  w a s t e .

• H i g h e r  C O D  r e m o v a l  e f f i c i e n c y .

• H i g h e r  m e t h a n e  c o n c e n t r a t i o n  in  t h e  g a s e o u s  p r o d u c t s  b e c a u s e  t h e  s p e c i f i c  

a c t i v i t y  o f  m e t h a n o g e n i c  b a c t e r i a  in c r e a s e s .

• B e t t e r  p r o c e s s  r e l i a b i l i ty ,  r e s i l i e n c e ,  a n d  s t a b i l i t y ,  e s p e c i a l l y  w i t h  v a r i a b l e  

w a s t e  c o n d i t i o n s  a n d  r e a d i l y  d e g r a d a b l e  w a s t e ,  w h ic h  c a u s e s  u n s t a b l e  p e r 

f o r m a n c e  in  o n e - s t a g e  s y s te m .

• P h y s i c a l  s e p a r a t i o n  o f  th e  a c i d o g e n i c  a n d  m e t h a n o g e n i c  b a c t e r i a  f o r  m a x i 

m u m  h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  r a t e .

• T h e  a c id  p h a s e  a n d  m e th a n e  p h a s e  c a n  b e  s t a r t e d  m u c h  m o r e  e a s i ly  a n d  

q u i c k l y  t h a n  in  c o n v e n t i o n a l ,  s i n g l e - s t a g e  d ig e s t e r s .
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2.8 Related works on hydrogen and methane production from waste by 
using anaerobic fermentation

H e g u a n g  Z h u  ( 2 0 0 6 )  s tu d ie d  h y d r o g e n  a n d  m e th a n e  c o - p r o d u c t i o n  

f r o m  p o t a t o  w a s t e  b y  u s in g  t w o - s t a g e  p r o c e s s  o f  a n a e r o b i c  d ig e s t io n .  T h e  h y d r o g e n  

s t a g e  w a s  o p e r a t e d  in  c o n t i n u o u s  f l o w  u n d e r  a  p H  5 .5  a n d  a  H R T  o f  6  h . T h e  

m e t h a n e  s t a g e  w a s  o p e r a t e d  in  b o t h  c o n t i n u o u s  a n d  s e m i - c o n t in u o u s  f l o w  u n d e r  

H R T  3 0  h  a n d  9 0  h , r e s p e c t iv e ly ,  w i th  p H  c o n t r o l l e d  a t  7 . T h is  e x p e r i m e n t  r e s u l t  

s h o w e d  t h a t  t h e  m a x im u m  g a s  p r o d u c t i o n  r a t e  r e c o r d e d  f r o m  h y d r o g e n  r e a c t o r  w a s  

2 7 0  m l /h ,  w h ic h  w a s  o b s e r v e d  o n  D a y  17. T h e  h y d r o g e n  c o n c e n t r a t i o n  in  t h e  b io g a s  

w a s  4 5 %  o n  a v e r a g e .  T h is  r e s u l t  a l s o  f o u n d  t h a t  h y d r o g e n  p r o d u c t i o n  s t r o n g l y  r e l ie d  

o n  t h e  a d d i t i o n  o f  f r e s h  s u b s t r a t e  b e c a u s e  t h e  h y d r o g e n  p r o d u c t i o n  w a s  s t o p p e d  

c o m p l e t e l y  w i th in  1 h . a f t e r  t h e  f e e d  w a s  s to p p e d .  F o r  m e th a n e  p r o d u c t i o n ,  t h e  

m a x i m u m  m e th a n e  p r o d u c t i o n  w a s  1 8 7  m l /h  a n d  t h e  m e th a n e  c o n c e n t r a t i o n  in  th e  

g a s  p r o d u c t i o n  w a s  7 6 %  o n  a v e r a g e .  T h e  r e s u l t  i n d i c a t e d  t h a t  t h e  m e th a n e  

p r o d u c t i o n  w a s  t h e  m a in  c a u s e  f o r  t h e  C O D  r e d u c t i o n  d u e  t o  t h e  t o t a l  C O D  r e m o v a l  

r a t e  w a s  6 2 %  in  t h e  r e a c t o r

W e n lu  S o n g  ( 2 0 0 9 )  in v e s t i g a t e d  t h e  c o g e n e r a t i o n  h y d r o g e n  a n d  

m e t h a n e  f r o m  p r o te in - m ix e d  f o o d  w a s t e  b y  t w o - p h a s e  a n a e r o b i c  f e r m e n t a t i o n .  T h e  

r e s u l t  s h o w e d  t h a t  t h e  c o - f e r m e n t a t i o n  o f  s a c c h a r o m y c e s  c e r e v i s i a e  w i t h  h y d r o g e n  

b a c t e r i a l  p r o m o t e d  t h e  h y d r o g e n  y ie ld  f r o m  1 7 1 .9  m l / g - T V S  t o  1 8 6  m l / g - T V S  f r o m  

D M P  ( d e f a t t e d  m i lk  p o w d e r )  f e e d s t o c k  b e c a u s e  ร . c e r e v i s i a e  c a n  q u ic k ly  c o n s u m e  

t h e  t r a c e  a m o u n t  o f  o x y g e n  t o  c r e a t e  a n  a b s o l u t e  a n a e r o b i c  e n v i r o n m e n t  f o r  t h e  

g r o w t h  o f  C l o s t r id i u m  w h ic h  is  t h e  m a in  h y d r o g e n - p r o d u c i n g  b a c t e r i a .  T h e  r e s id u a l  

s o l u t i o n  f r o m  t h e  f i r s t  h y d r o g e n  p r o d u c i n g  s t a g e  w a s  r e u t i l i z e d  b y  m e t h a n o g e n  

c o m m u n i t y  t o  p r o d u c e  m e th a n e .  T h e  r e s id u a l  s o lu t io n  f r o m  D M P  w i th  S .c e r v i s i a e  

g iv e  a  m e th a n e  y ie ld  2 0 9 .7  m l / g - T V S  w h ic h  l o w e r  t h a n  t h e  m e th a n e  y ie ld  in  c o n t r o l  

c o n d i t i o n  w i t h o u t  p r e t r e a t m e n t  m e th a n o g e n  c o m m u n i t y  n o t  o n ly  r e u t i l i z e s  th e  

r e s id u a l  V F A s  t o  p r o d u c e  m e th a n e ,  b u t  a l s o  r e u t i l i z e s  t h e  r e s id u a l  p r o t e i n  a n  

p o l y p e p t i d e s  w h ic h  b a r e ly  e x i t s  in  r e s id u a l  f r o m  D M P  w i th  S .c e r v is i a e .
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Y o s h i y u k i  U e n o  ( 2 0 0 6 )  s tu d ie d  p r o d u c t i o n  o f  h y d r o g e n  a n d  m e th a n e  

f r o m  o r g a n i c  s o l id  w a s t e w a t e r  b y  p h a s e - s e p a r a t i o n  o f  a n a e r o b i c  p r o c e s s .  A c i d o g e n i c  

p r o c e s s  w a s  o p e r a t e d  e m p h a s iz in g  o n  e i t h e r  h y d r o g e n  p r o d u c t i o n ,  o r  s o lu b i l i z in g  

e f f i c ie n c y  o f  s o l id  m a te r ia l s .  I n  e i t h e r  e f f lu e n t  f r o m  h y d r o g e n o g e n i c ,  o r  s o lu b i l i z in g  

o p e r a t i o n ,  m a x im u m  a l lo w a b le  o r g a n i c  lo a d in g  r a t e  a c h ie v e d  a t  m e t h a n o g e n e s i s  w a s  

h ig h e r  t h a n  t h e  s in g le  m e th a n o g e n ic  p r o c e s s .  H y d r o g e n o g e n i c  o p e r a t i o n  w a s  m o r e  

s u i t a b l e  t o  c o m b in e  m e th a n o g e n ic  p r o c e s s  d u e  t o  r e t e n t i o n  t im e  o f  h y d r o g e n o g e n i c  

o p e r a t i o n  w a s  m u c h  s h o r t e r  t h a n  t h e  s o lu b i l i z in g  o p e r a t io n .  T h e  c o m b i n a t i o n  o f  

h y d r o g e n o g e n i c  o p e r a t i o n  in  a c i d o g e n i c  a n d  m e th a n o g e n ic  p r o c e s s  p r o d u c e d  

a p p r o x im a t e ly  4 4 2  m m o l  1 - r e a c to r 1 d a y '1 o f  m e th a n e  a n d  1 9 9  m m o l  1 - r e a c to r 1 d a y '1 

o f  h y d r o g e n  a t  2 5  h  o f  t o t a l  r e t e n t i o n  in d ic a t in g  8 2 %  o f  C O D  r e m o v a l  w i t h  9 6 %  o f  

vss d e c o m p o s i t i o n .

M i  J u n g  P a r k  ( 2 0 1 0 )  in v e s t i g a t e d  p r o d u c t i o n  o f  h y d r o g e n  a n d  

m e th a n e  f r o m  a  c o s t - e f f e c t i v e  b y p r o d u c t  o f  f o o d  in d u s t r i a l ,  m o la s s e s ,  b y  t w o - s t a g e  

a n a e r o b i c  d ig e s t i o n  p r o c e s s .  I n  t h e  f i r s t - s t a g e  h y d r o g e n i c  r e a c t o r  o p e r a t e d  a t  p H  5 .5

a n d  35 6 c. T h e  e x p e r i m e n t  r e s u l t  s h o w e d  t h a t  t h e  H R T  s ig n ig ic a n t ly  a f f e c t e d  t h e  

p r o d u c t i o n  r a t e  a n d  c o n t e n t  o f  h y d r o g e n  f r o m  t h e  h y d r o g e n i c  r e a c to r .  A s  H R T  w a s  

d e c r e a s e d  f r o m  2 4  h  t o  6  h , b io g a s  p r o d u c t i o n  r a t e  a n d  h y d r o g e n  c o n t e n t  in  b io g a s  

in c r e a s e .  T h u s ,  a  H R T  o f  6  h  w a s  d e t e r m i n e d  t o  b e  t h e  o p t i m u m  H R T  c o n d i t i o n  f o r  

c o n t i n u o u s  p r o d u c t i o n  o f  h y d r o g e n  f r o m  m o la s s e s .  T h e  h ig h e s t  p r o d u c t i o n  r a t e  o f  

h y d r o g e n  w a s  c a l c u l a t e d  a s  2 .8  L - H 2/ L - r e a c t o r / d .  I n  th i s  s tu d y ,  t h e  m a in  V F  A s  o f  t h e  

f i r s t - s t a g e  p r o c e s s  w e r e  f o u n d  t o  b e  a c e ta t e ,  b u ty r a t e ,  l a c t a t e  a n d  p r o p i o n a t e .  A t  lo n g  

H R T  a b o v e  8 h , a c e t a t e  a n d  b u t y r a t e  w e r e  t h e  m a in  c o m p o n e n t s  o f  V F A  g e n e r a t e d  

f r o m  a c i d o g e n e s i s  o f  m o la s s e s .  A s  t h e  H R T  w a s  d e c r e a s e d  f r o m  2 4  h . t o  5 h , l a c t a t e  

c o n c e n t r a t i o n  i n c r e a s e d  m o r e  t h a n  1 0 0  t im e s .  I n  t h e  p r e s e n c e  o f  a c e t a t e ,  l a c t a t e  is  

k n o w n  b e  f u r t h e r  d e g r a d e d  t o  h y d r o g e n  b y  C l o s t r id i u m  s p e c ie s .  T h u s  t h e  h ig h  c o n 

c e n t r a t i o n  o f  l a c t a t e  in  t h e  f i r s t - s t a g e  p r o c e s s  c o u ld  b e  c o n s id e r e d  a s  a n  i n d i c a t o r  o f  

in e f f ic ie n t  a c i d o g e n e s i s  o f  m o la s s e s .  C O D  r e m o v a l  e f f i c ie n c ie s  a l s o  d e c r e a s e d .  H e r e ,  

it s h o u l d  b e  n o te d  t h a t  t h e  a im  o f  t h e  f i r s t - s t a g e  p r o c e s s  w a s  t o  r e d u c e  b i o e n e r g y  in  

t h e  f o r m  o f  h y d r o g e n  w i t h o u t  c o n s i d e r a t i o n  o f  C O D  r e m o v a l  e f f i c ie n c y .  F o r  m e th a n e
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p r o d u c t i o n  in  t h e  s e c o n d - s t a t e  m e t h a n o g e n i c  p r o c e s s ,  a  s h o r t  H R T  o f  6  h  w a s  t h e  

o p t i m u m  c o n d i t i o n  f o r  t h e  s e c o n d - s t a g e  p r o c e s s  in  th i s  s tu d y  s in c e  t h e  m a in  a im  o f  

t h e  s e c o n d - s t a g e  p r o c e s s  w a s  t o  r e d u c e  f in a l  d i s c h a r g e  c o n c e n t r a t i o n  o f  C O D  a s  

m o r e  a s  p o s s ib le .  O v e r a l l  C o d  r e m o v a l  e f f i c ie n c y  o f  t w o -  s t a g e  p r o c e s s  w a s  7 9 .8 %  

w i th  p r o d u c t i o n  r a t e  o f  1 .4 8  L - C h L i /L - r e a c t o r /d  a t  t h e  H R T  o f  6  d .

H a i ju n  Y a n g  ( 2 0 0 6 )  s tu d i e d  c o n t i n u o u s  b io l o g ic a l  p r o d u c t i o n  u s in g  

w a s t e w a t e r  f r o m  c i t r i c  a c id  a s  r a w  m a te r ia l s .  U p w a r d  f lo w  a n a e r o b i c  s lu d g e  b l a n k e t  

( U A S B )  r e a c t o r  w i t h  a  w o r k in g  v o lu m e  5 0  m 3 w a s  u s e d  u n d e r  t h e  f o l lo w in g  

c o n d i t i o n :  T e m p e r a t u r e  a t  3 5 - 3 8 °  c, p H  a t  6.8-7.2. T h e  o p t i m u m  b io g a s  p r o d u c t i o n  

r a t e  o f  1 .9 5  m 3/ m 3r e a c t o r  d  a n d  t h e  o p t i m u m  h y d r o g e n  p r o d u c t i o n  r a t e  o f  0.72 
m 3H 2/ m 3r e a c t o r  d  w e r e  b o t h  o b ta i n e d  a s  12  h  o f  h y d r a u l i c  r e t e n t i o n  t im e  ( H R T ) .  

W h i le  t h e  H R T  w a s  l e s s  t h a n  12  h , b o t h  p a r a m e t e r  d e c l in e d  r a p i d ly  d u e  t o  t h e  l a r g e  

n u m b e r  o f  b a c t e r i a  w e r e  w a s h e d  o u t  o f  t h e  r e a c t o r  a n d  p H  v a l u e  d e c r e a s e  b e c a u s e  o f  

a n  i n c r e a s e  in  V F  A s .
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