
CHAPTER II
LITERATURE REVIEW

2.1 Background of Hydrogen

The current world’s energy supplies are mainly is based on fossil fuels 
(about 80% of the world energy demand) (Das and Veziroglu_2001 ). Fossil fuels 
have served as energy for transport and industry. However, the combustion of fossil 
fuels has negative effects on environment. พ-hen these fuels are burnt, their carbon 
recombines with oxygen from the air to form carbon dioxide (CO2 ), resulting in the 
carbon dioxide emission into the atmosphere, regarding the primary greenhouse gas 
that causes global warming. Furthermore, the combustion of fossil fuels at high 
temperatures and pressures of both internal combustion engines and electric power 
plants produces NOx. Carbon monoxide, volatile organic chemicals, and fine 
particulates are also found to occur under uncomplete combustion. When being 
released into the atmosphere, many of these compounds cause acid rain or react with 
sunlight to create ground-level smog. Moreover, the recent rise in oil and natural gas 
prices may further drive the current economy toward alternative energy sources.

2.1.1 Advantages of Hydrogen
Hydrogen is the cleanest fuel. When being used in a combustion 

engine, hydrogen burns to produce only water. Thus, hydrogen is regarded as a clean 
non-polluting fuel. Pure hydrogen produces only heat energy, water, and trace 
amounts of oxides of nitrogen when burnt with air. When being used in a fuel cell, 
hydrogen combines with oxygen to form water vapor. This reaction takes place at 
lower temperatures, and so the only waste product from a fuel cell is water.

Hydrogen is the safest among all fuels, partly because of how light it 
is as compared to other fuels. Gaseous hydrogen is fourteen times lighter than air and 
four times lighter than helium. In the event of an accidental release, it disperses 
rapidly upward into the atmosphere. Other fuels take longer to disperse or may spill 
onto the ground.
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Conventional fuels significantly produce greenhouse gases, especially 
carbon dioxide, which is thought to be responsible for changes in global climate. The 
long-term environmental benefits of using hydrogen as a fuel are enormous. 
Hydrogen fuel produces few pollutants when burnt, and none at all when used in a 
fuel cell. Hydrogen is a carbon-free fuel, and when being produced using renewable 
energy, the whole energy system can become carbon-neutral, or even carbon-free. 
So, hydrogen fuel can contribute to the reduction of greenhouse gas emissions and 
can reduce the production of many toxic pollutants.

The greatest advantage of hydrogen is that it can be produced by 
several production processes, using both renewable and traditional energy sources. 
The most common method of hydrogen production is by reforming fossil fuels, 
particularly natural gas. Electrolysis ไร another method of hydrogen production that 
uses electricity to split water into hydrogen and oxygen gases. One advantage of 
electrolysis is that one can perform electrolysis using renewable source so that the 
hydrogen produced is a renewable fuel.

2.1.2 Hydrogen Production Processes
Hydrogen is found on the earth almost only in combination with other 

elements, such as oxygen, carbon, and nitrogen. In order to use hydrogen, it must be 
separated from these compounds. There are many methods for producing hydrogen, 
as shown below.

2 .1 .2 .1  C o a l G a sifica tio n
The gasification of coal is one method that can produce 

hydrogen. First, the reaction of coal with oxygen and steam occurs under high 
pressures and temperatures to form synthesis gas, a mixture consisting primarily of 
carbon monoxide and hydrogen from the following reaction (unbalanced):

C H o.8 + O2 + H20  —* CO + C02 + H2 + other species (2.1 )

After the impurities are removed from the synthesis gas, the 
carbon monoxide in the gas mixture is reacted with steam via the water-gas shift 
reaction to produce additional hydrogen and carbon dioxide. Then, hydrogen will be 
removed by a separation process.



5

2 .1 .2 .2  P a r tia l  O x id a tio n  o f  M e th a n e  (P O X )
Partial oxidation is a process for converting natural gas into 

carbon monoxide and hydrogen (syngas), which can be further converted to higher 
alkanes or methanol (Deutschmann and Schmidt, 1998). The reaction of this process 
is:

CH4+ l/2 0 2-+ C 0  + 2H2 A H r = -36 kJ/mol (2.2)

This process is the exothermic reaction so it is easy to operate 
as compared to other processes as well as has a lower production cost.

2 .1 .2 .3  T h erm a l C ra c k in g  o f  M e th a n e
This is an alternative method to replace steam reforming 

process because of no carbon dioxide emission. This method requires a high reaction 
temperature about 2,000 ๐c  to "produce hydrogen. The reaction is shown below:

CH4 -+C + 2 H2 A H = +  75.6 kJ (2.3)

2 .1 .2 .4  E lec tro ly s is
Electrolysis of water may be the cleanest technology for 

hydrogen gas production (Kapdan and Kargi, 2006). It is a process for producing 
hydrogen by applying electric current into water. When two metal plates are placed 
in water in the presence of a catalyst and connected to a source of electricity, water is 
split into its chemical components - hydrogen and oxygen. Hydrogen bubbles will be 
collected on the negative plate (cathode) while oxygen bubbles gather on the positive 
plate (anode). There is no carbon dioxide given off during the process. The chemical 
reaction of water electrolysis is:

2H20  + energy -> 2H2 + <ว2 (2.4)

However, this method is not efficient when it comes to 
produce large amounts of hydrogen. This is because it is energy-intensive, and if
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using electricity generated from fossil fuels, carbon dioxide will be produced at an 
earlier stage in the process.

2 .1 .2 .5  T h e rm o c h e m ic a l P ro c e ss
The promising thermochemical process uses solar energy to 

heat water to around 1000 °c. Heat from high temperature solar process is used for 
driving an endothermic reversible reaction to produce hydrogen (Meyers, 2001).

H20  -> H2 + 0.5O2 (2.5)

2 .1 .2 .6  T h erm o ly s is  P ro c e ss
Thermolysis uses solar energy to heat water to more than 

2000 °c, causing the water to break down directly to hydrogen and oxygen 
(http://www.science.org.au/nova/111/11 lkey.htm).

2.1.2. 7 B io m a ss  G a sifica tio n
Biomass gasification involves heating biomass, such as crop 

waste, wood, and newspapers, with steam and oxygen to produce hydrogen under 
pressure and a controlled amount of oxygen (in a unit called a gasifier) to biomass 
(http://www.science.org.au/nova/lll/lllkey.htm). The biomass is broken apart 
chemically by the gasifier's heat, steam, and oxygen, setting into chemical reactions 
that produce a synthesis gas. or "syngas"—a mixture of primarily hydrogen and 
carbon monoxide. The carbon monoxide then reacts with water to form carbon 
dioxide and more hydrogen (water-gas shift reaction). Then,'adsorbers or special 
membranes are used to separate the hydrogen from this gas -stream. The produced 

-carbon dioxide will be taken by the plants while they are alive, so the overall effect 
on greenhouse gas release is reduced, as shown in the following reaction:

C6H!20 6 + 0 2 + H20  —» CO + C 02 + H2 + other species (2.6)

2 .1 .2 .8  P y ro ly s is
This is the thermochemical process that converts biomass into 

liquid, charcoal, and non-condensable gases, i.e. acetic acid, acetone, and methanol, 
by heating the biomass to about 400 ๐c  in the absence of air. The main gaseous

http://www.science.org.au/nova/111/11
http://www.science.org.au/nova/lll/lllkey.htm
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2 .1 .2 .9  B io lo g ic a l P ro cesses
Biological hydrogen production is an alternative method for 

hydrogen gas production. It is also known as “green technology” (Kapdan and Kargi, 
2006), using anaerobic and photosynthetic microorganisms to degrade carbohydrate- 
rich_and non-toxic raw materials, such as starch, into end products, i.e. volatile fatty 
acid, hydrogen, and carbon dioxide. These biological hydrogen production processes 
are operated at ambient temperatures and pressures, leading to be less-energy 
intensive, and environmentally friendly. There are two types of bio-hydrogen 
production: photosynthetic and dark fermentation (Vijayaraghavan and Soom, 2004).

- Bio-Photolysis of Water by Algae This is a direct method for 
producing hydrogen. It involves the absorption of light by two distinct 
photosynthetic systems operating in series: a water splitting and oxygen evolving 
system, and a second photosystem, which generates the reductant used for carbon 
dioxide reduction. In this coupled process, two photons (one per photosystem) are 
used for each electron removed from water and used in carbon dioxide reduction or 
hydrogen formation (Das and Veziroglu, 2001). Green and bluegreen algae will split 
water molecules to hydrogen and oxygen ions via photosynthesis. Then, the 
generated hydrogen ions are converted into hydrogen gas by hydrogenase enzyme 
(Kapdan and Kargi, 2006). However, the efficiency of hydrogen production by this 
process is low since the produced oxygen can inhibit the hydrogenase enzyme 
activity. Thus, during the light reaction, hydrogen evolution ceases due to an 
accumulation of oxygen (Vijayaraghavan and Soom, 2004).

- Dark Fermentation Process Hydrogen production through 
dark fermentation or anaerobic digestion process is considered as a sustainable 
hydrogen production method because it is pollution-free and less energy-intensive 
(Lee e t a l., 2008). This process is carried out by acidogenic bacteria with low cost 
substrates, which may be cultivated in pure cultures or can occur in uncharacterized 
mixed cultures selected from natural sources, such as anaerobically digested sewage 
sludge or soil (Vijayaraghavan and Soom, 2004). The dominant cultures for 
hydrogen production, and elimination of methanogens were obtained by heat

products from pyrolysis are hydrogen, carbon dioxide, carbon monoxide, and
hydrocarbon gases.
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treatment of biological sludge. Most of wastewaters especially from of food 
processing usually have high COD values with high carbohydrate contents and so 
they can be used for hydrogen production economically (Arooj e t a l., 2008). The 
major products are acetic, butyric, and propionic acids. Hydrogen is produced as an 
intermediate product during conversion of organic waste into organic acids, which 
are then used for methane generation (Kapdan and Kargi, 2006). Among the 
biohydrogen production techniques^, dark fermentation seems more feasible 
commercially due to attaining a much higher hydrogen production rate with a much 
lower production cost than other bio-hydrogenation systems if high organic strength 
wastewaters are (Lee et a l., 2008).

2.2 Ethanol Production in Thailand

Nowadays, fossil fuels have been imported to Thailand more than
200,000,000 Baht per year. Moreover, the price of fossil fuels including crude oil 
tends to increase. Therefore, ethanol industry is currently promoted in Thailand in 
order to reduce the amount of import crude oil. Ethanol can be produced from 
various materials including cassava, molasses, corn, and sugar cane. In addition, 
ethanol production can also help increasing the prices of these mentioned agricultural 
products. In Thailand, cassava is one of the most economical raw material for 
producing ethanol because a large quantity of cassava is produced (4,000,000 ton per 
year), which can yield ethanol approximately 2,000,000 ton per year 
(http://www.teenet.chula.ac.th/forum/allms 
g.asp?ID=901).

2.3 Ethanol Wastewater

Sapthip Lopburi Co., Ltd. is an ethanol production plant in Thailand. The 
capacity is about 200,000 liters per day. The process of ethanol production of the 
factory is shown in Figure 2.1. First, cassava roots or cassava chips are ground before 
mixing with water. The mixing solution is then hydrolyzed enzimatically before 
fermentation. After that, the fermention solution is fed into a distillation column to

http://www.teenet.chula.ac.th/forum/allms
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separate ethanol. The wastewater coming out at the bottom distillation column still 
contains high organic compound both in soluble and insoluble forms which is needed 
to be treated before discharging into the environment.
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Figure 2.1 Flow diagram of ethanol production process from cassava at Sapthip 
Lopburi Co., Ltd.

2.4 Wastewater Treatment

Wastewaters come from many sources including home, business, industry, 
and stormwater. They generally contain up to 99 percent water, plus solids and 
dissolved materials which are mostly biodegrable. The use of domestic wastewater 
for irrigation is greatly advantageous for many reasons, including water 
conservation, ease of disposal, nutrient utilization, and avoidance of surface water 
pollution. Nevertheless, it must be realized that although the soil is an excellent
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adsorbent for most soluble pollutants, domestic wastewater must be treated before it 
can be returned to the environment, lake, or streams to prevent the risk to both the 
public and environment. Moreover, most industrial wastewaters basically contain 
much higher both organic and inorganic substances as compared to domestic 
wastewater. It is a must to treat them before being discharge into any nearby public 
waterway.

2.4.1 Fundamental of Wastewater Treatment
To treat domestic wastewater or industrial wastewater containing low 

organic concentration, a wastewater treatment system basically consists of two 
sequential steps of primary treatment (physical removal of floatable and settleable 
solids) and secondary treatment (biological removal of dissolved organic 
compounds). The overall process of wastewater treatment is shown in Figure 2.2. For 
the mentioned two-step treatment processes, a preliminary treatment is normally 
employed in order to solve the damage problems to pumps derived from large sizes 
of solid object.

primary treatment secondary treatment
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Figure 2.2 Wastewater treatment process (www.water.me.vccs.edu).

2 .4 .1 .1  P re lim in a ry  T rea tm en t
The first step of preliminary treatment is designed to remove 

mostly floatable and settable solid of both organic and inorganic compounds. Firstly,

http://www.water.me.vccs.edu


w a s t e w a t e r  i s  s e n t  th r o u g h  a  b a r  s c r e e n ,  w h i c h  r e m o v e s  la r g e  s o l id  o b j e c t s ,  s u c h  a s  

s t o n e s ,  s t i c k s ,  w o o d e n  o b j e c t s ,  c a n s ,  a n d  p la s t ic  c o n t a in e r s  th a t c a n  p lu g  l in e s  o r  

b lo c k  ta n k  i n l e t s .  A f t e r  th a t , th e  w a s t e w a t e r  w i l l  s lo w l y  f l o w  d o w n  in t o  a  g r it  ta n k .  
T h is  a l l o w s  s a n d ,  g r a v e l ,  a n d  o th e r  h e a v y  m a te r ia l  p a r t ic le s  th a t a re  t o o  s m a ll  to  b e  

c a u g h t  b y  th e  b a r  s c r e e n  to  s e t t l e  a t th e  b o t t o m . A l l  th e  c o l l e c t e d  d e b r is  fr o m  th e  g r it  

ta n k  a n d  b a r  s c r e e n  a re  d i s p o s e d  o f  at a  s a n ita r y  la n d f i l l  o r  r e c y c le d .
2 .4 .1 .2  P r im a r y  T re a tm e n t

P r im a r y  tr e a tm e n t  i s  a  s e c o n d  s te p  in  w a s t e w a t e r  tr e a tm e n t . It 
i s  th e  p h y s ic a l  o p e r a t io n  th a t  a im s  fo r  th e  s e p a r a t io n  o f  s o l i d s  a n d  g r e a s e s  fr o m  

w a s t e w a t e r .  T h e  w a s t e w a t e r  f r o m  th e  p r e l im in a r y  tr e a tm e n t  f l o w s  in to  a n  o i l - t r a p e  

c h a m b e r  a n d  a  p r im a r y  s e t t l in g  ta n k  w h e r e  it  i s  h e ld  fo r  a  f e w  h o u r s . T h is  a l l o w s  o i l  

a n d  g r e a s e  to  f l o a t  a n d  s o l i d  p a r t ic le s  to  s e t t l e  to  th e  b o t t o m  o f  th e  s e d im e n t a t io n  

ta n k , r e s p e c t iv e ly .
2 .4 .1 .3  S e c o n d a r y  T re a tm e n t

S e c o n d a r y  tr e a tm e n t  b a s i c a l ly  is  a  b i o l o g i c a l  t r e a tm e n t  p r o c e s s  

th a t  th e  d i s s o l v e d  o r g a n ic  m a te r ia ls  in  w a s t e w a t e r  a re  r e m o v a l  a n a e r o b ic a l ly  b y  

m ic r o o r g a n is m s .  T h e  p a r t ia l ly  tr e a te d  w a s t e w a t e r  fr o m  th e  s e t t l in g  ta n k  f l o w s  b y  

g r a v it y  in to  a n  a e r a t io n  ta n k . H e r e , it i s  w e l l  m ix e d  w i t h  th e  m ic r o o r g a n is m s  to  

a c h i e v e  b o th  m i x i n g  a n d  o x y g e n  s u p p ly  b y  a e r a to r s . E x c e s s i v e  b i o l o g i c a l  g r o w th  

w a s h e s  o u t  a n d  i s  c o l l e c t e d  in  a  s e c o n d a r y  c la r if ie r .  T h e  s e t t le d  s lu d g e  i s  r e tu r n e d  to  

t h e  a e r a t io n  ta n k  in  o r d e r  to  k e e p  a  h ig h  m ic r o b ia l  c o n c e n t r a t io n  in  th e  s y s t e m .  T h e r e  

a re  b a s ic  th r e e  a e r o b ic  tr e a tm e n t  p r o c e s s e s  a s  f o l lo w s :

( 1 )  A c t iv a t e d  S lu d g e  P r o c e s s :  T h e  m ic r o o r g a n is m s  in  th e  

a e r a t io n  ta n k  w i l l  b r e a k  d o w n  o r g a n ic  m a t e r ia ls  u n d e r  s u f f ic i e n t  o x y g e n  s u p p ly .  
A f t e r  th a t , a l l  m i c r o o r g a n i s m s  a re  s e t t le d  in  a  s e d im e n t a t io n  ta n k . T h e n  th e  s e t t le d  

s o l i d s  “ a c t iv a t e d  s lu d g e ” a re  c o n t in u a l ly  r e c ir c u la t e d  b a c k  to  th e  a e r a t io n  b a s in  to  

in c r e a s e  th e  ra te  o f  o r g a n ic  d e c o m p o s i t io n .
( 2 )  T r ic k l in g  F ilte r s :  It i s  c o m p o s e d  o f  s t o n e  o r  p la s t ic  m e d ia  

( 3 - 1 0  ft d e e p )  t o  s u p p o r t  m ic r o b ia l  f i lm s .  W a s t e w a t e r  i s  s p r a y e d  o v e r  th e  m e d ia  w it h  

m ic r o b ia l  f i lm s .  T h e  m ic r o o r g a n is m s  w i l l  b r e a k  d o w n  th e  o r g a n ic  m a te r ia ls  in
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f l o w in g - d o w n  w a s t e w a t e r .  T h e  tr e a te d  w a s t e w a t e r  w i l l  d ra in  o u t  at th e  b o t t o m  a n d  is  

c o l l e c t e d  a n d  th e n  u n d e r g o e s  s e d im e n t a t io n .
( 3 )  L a g o o n s :  T h is  is  a  s im p l e  m e t h o d ,  w h i c h  i s  s l o w ,  c h e a p ,  

a n d  r e la t iv e ly  i n e f f i c i e n t ,  b u t c a n  b e  u s e d  f o r  v a r io u s  t y p e s  o f  w a s t e w a t e r .  
W a s t e w a t e r  is  h o ld  fo r  s e v e r a l  d a y s  to  s e v e r a l  m o n th s  to  a l l o w  th e  n a tu ra l  
d e g r a d a t io n . T h e y  r e ly  o n  th e  in te r a c t io n  o f  s u n l ig h t ,  a lg a e ,  m ic r o o r g a n is m s ,  a n d  

o x y g e n .
2 .4 .1 .4  T e r tia r y  T re a tm e n t

T h e  tr e a te d  w a s t e w a t e r  th a t  r e m a in s  i n f e c t e d  h a s  b e e n  tr e a te d  

b e f o r e  b e in g  r e le a s e d  in to  r e c e iv in g  w a te r s . T h e r e  a re  m a n y  m e t h o d s  a v a i la b le  to  k il l  
t h e s e  m ic r o o r g a n is m s ;  c h lo r in e  a n d  u l t r a v io le t  d i s in f e c t io n s  a re  th e  m o s t  w i d e l y  

u s e d .  D e c h lo r in a t io n  o c c u r s  in  th e  f in a l  w a s t e w a t e r  tr e a tm e n t  s te p . A  s o lu t io n  o f  

s o d iu m  b i s u l f i t e  i s  a d d e d  to  th e  c h lo r in a te d  e f f l u e n t  to  r e m o v e  r e s id u a l  c h lo r in e .  S o ,  
th e  tr e a te d  w a s t e w a t e r  ( n o w  c a l le d  f in a l  e f f l u e n t )  c a n  b e  s a f e l y  r e tu r n e d  to  th e  

e n v ir o n m e n t .
2 .4 .1 .5  S lu d g e  T re a tm e n t

O n e  o f  m a jo r  p r o b le m s  o f  a n a e r o b ic  t r e a tm e n t  p r o c e s s e s  is  to  

g e n e r a t e  a  la r g e  v o l u m e  o f  s lu d g e .  T o  r e d u c e  th e  d i s p o s a l  c o s t ,  th e  r e d u c t io n  o f  

s lu d g e  v o lu m e  h a s  to  b e  d o n e . B o t h  th e  s e t t le d  s lu d g e  fr o m  th e  p r im a r y  s e t t l in g  ta n k  

a n d  s e c o n d a r y  s e d im e n t a t io n  ta n k  are  c o n c e n t r a t e d  b e fo r e  f e d  in to  a  d ig e s t e r .  In  th e  

d i g e s t i o n  s t e p , th e  c o n c e n tr a t e d  s lu d g e  is  fu r th e r  d e c o m p o s e d  e ith e r  a e r o b ic a l ly  o r  

a n a e r o b ic a l ly .  T h is  s lu d g e  tr e a tm e n t  c a n  r e d u c e  9 0 %  o f  p a t h o g e n s  a n d  p r o d u c e  a  w e t  

s o i l - l i k e  m a te r ia l  c a l l e d  “ b i o s o l i d s ” th a t c o n t a in  9 5 - 9 7 %  w a te r .  T o  r e m o v e  s o m e  o f  

th is  w a t e r  a n d  r e d u c e  th e  v o lu m e  o f  th e  d ig e s t e r  s lu d g e ,  m e c h a n ic a l  e q u ip m e n t s ,  
s u c h  a s  a  f i l t e r  p r e s s ,  c e n t r i f u g e ,  a n d  b e lt  p r e s s  a r e  u s e d  to  s q u e e z e  w a te r  fr o m  th e  

b i o s o l i d s .  T h e  b i o s o l i d s  a re  th e n  s e n t  to  la n d f i l l s ,  in c in e r a te d , o r  b e n e f i c i a l l y  u s e d  a s  

a f e r t i l i z e r  o r  s o i l  a m e n d m e n t .
2 .4 .1 .6  A d v a n c e d  T re a tm e n t

A d v a n c e d  w a s t e w a t e r  tr e a tm e n t  r e fe r s  to  m e t h o d s  a n d  

p r o c e s s e s  th a t  c a n  r e m o v e  m o r e  c o n t a m in a n t s  f r o m  w a s t e w a t e r  th a t  c a n n o t  b e  ta k e n  

o u t  b y  c o n v e c t io n a l  p r o c e s s e s  (p r im a r y , a n d  s e c o n d a r y  t r e a tm e n ts ) .  In  s o m e  c a s e s ,  
a d v a n c e d  tr e a tm e n t  i s  a ls o  r e fe r r e d  t o  r e m o v e  n u tr ie n t  r e m o v a l  fr o m  w a s t e w a t e r .
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C h e m ic a l s  a re  s o m e t i m e s  a d d e d  d u r in g  th e  t r e a tm e n t  p r o c e s s  to  h e lp  s e t t le  o u t  o r  

s tr ip  o u t  p h o s p h o r u s  o r  n it r o g e n . S o m e  e x a m p le s  o f  n u tr ie n t  r e m o v a l  s y s t e m s  in c lu d e  

c o a g u la n t  a d d it io n  fo r  p h o s p h o r u s  r e m o v a l  a n d  a ir  s t r ip p in g  fo r  a m m o n ia  r e m o v a l .
2 .4 .2  In d u s tr ia l  W a s t e w a t e r  T r e a tm e n t

In d u str ia l w a s t e w a t e r  u s u a l ly  c o n t a in s  p o l lu t a n t s  b o th  b io d e g r a d a b le  

a n d  n o n - b io d e g r a d a b le  m a te r ia ls  a s  w e l l  a s  in o r g a n ic  c o m p o u n d s  w i t h  h ig h  

c o n c e n t r a t io n s  a s  c o m p a r e d  to  d o m e s t i c  w a s t e w a t e r .  T h u s , th e  in d u s tr ia l  w a s t e w a t e r  

t r e a tm e n t  c a n  b e  d iv id e d  in to  2  m a jo r  ty p e s .
2 .4 .2 .1  P h y s ic a l /C h e m ic a l  T re a tm e n t

P h y s ic a l / c h e m ic a l  tr e a tm e n t  is  u s e d  to  trea t t h e  n o n -  

b io d e g r a d a b le  c o m p o u n d s  p r e s e n t  in  w a s t e w a t e r .  P h y s ic a l  p r o c e s s  o r  u s u a l ly  

r e m o v e s  s u s p e n d e d  s o l i d s ,  ra th e r  th a n  d i s s o lv e d  s o l i d s .  It c a n  b e  d iv id e d  in t o  t w o  

p r o c e s s e s ,  p a s s iv e  a n d  m e c h a n ic a l ly  a id e d . F o r  th e  p a s s i v e  p r o c e s s ,  it  a l l o w s  

s u s p e n d e d  p o l lu ta n t s  t o  s e t t l e  d o w n  o r  f lo a t  to  th e  t o p .  d e p e n d in g  o n  th e  d e n s i t y  o f  

s u s p e n d e d  p o l lu ta n ts .  O n  th e  o th e r  h a n d , th e  m e c h a n ic a l ly  a id e d  p r o c e s s  m a y  b e  

u s e d  w i t h  f lo c c u la t io n ,  f lo t a t io n ,  a n d /o r  f i l t r a t io n  t e c h n iq u e s .  C h e m ic a l  p r o c e s s e s  

u s u a l ly  tr a n s fo r m  d i s s o lv a b l e  m e ta l  o r  t o x ic  p o l lu t a n t s  in to  s o l id  o r  h a r m le s s  

c o m p o u n d s ,  r e s p e c t iv e ly .  D i s s o l v e d  m e ta l  p o l lu t a n t s  c a n  b e  p r e c ip i ta te d  in  s e t t le a b le  

f o r m s  b y  a d d in g  a n  a lk a l in e  s o lu t io n  w i t h  a n  o r g a n ic  c o a g u la n t  a id ,  l ik e  e le c t r o ly t e s ,  
to  h e lp  f lo c c u la t e  a n d  s e t t le  th e  p r e c ip ita te d  m e t a l s  h y d r o x id e s .  H ig h ly  t o x ic  

p o l lu t a n t s  c a n  b e  c o n v e r t e d  in to  h a r m le s s  c o m p o u n d s  b y  o x i d i z i n g  th e m  w it h  

c h lo r id e  o r  u s in g  o z o n e  to  d e s t r o y  o r g a n ic  c h e m ic a l s .
2 .4 .2 .2  B io lo g ic a l  T re a tm e n t

B i o l o g i c a l  tr e a tm e n t  is  c o m m o n l y  u s e d  to  trea t d o m e s t i c  o r  

c o m b in e d  d o m e s t i c  a n d  in d u s tr ia l  w a s te w a te r .  T h e  p r o c e s s  k e e p s  w a s t e w a t e r  u n d e r  

c o n t r o l le d  c o n d i t io n s ,  s o  th a t th e  c le a n s in g  r e a c t io n  is  c o m p le t e d  b e f o r e  b e in g  

d is c h a r g e d  in to  th e  e n v ir o n m e n t .  B i o l o g i c a l  t r e a tm e n t  c a n  b e  d iv id e d  in to  2  t y p e s ;
2 .4 .2 .2 .1  A e r o b ic  B io lo g ic a l  T re a tm e n t

A e r o b ic  tr e a tm e n t  s y s t e m s  r e q u ir e  o x y g e n  fo r  

m ic r o o r g a n is m s  to  d e c o m p o s e  th e  o r g a n ic  c o m p o u n d s  in  w a s t e w a t e r  to  h a r m le s s  

c o m p o n e n t s .  S o m e t im e s ,  a  w a s t e w a t e r  is  p r e tr e a te d  b e f o r e  it e n t e r s  th e  a e r o b ic  u n it .  
R e g a r d in g  th e  e c o n o m i c a l  p o in t  v i e w  a n d  to  m e e t  th e  e f f lu e n t  s ta n d a r d s , a e r o b ic
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tr e a tm e n t  p r o c e s s e s  a r e  a p p lie d  fo r  tr e a t in g  d o m e s t i c  w a s t e w a t e r  a n d  s e v e r a l  

in d u s tr ia l  w a s t e w a t e r s  h a v in g  d i lu t e  o r g a n ic  c o n t e n t s .
2 .4 .2 .2 .2  A n a e r o b ic  B io lo g ic a l  T re a tm e n t

In a n a e r o b ic  tr e a tm e n t ,  th e  b io l o g i c a l  d e c o m p o s i t i o n  

o f  o r g a n ic  c o m p o u n d s  p r e s e n t  in  w a s t e w a t e r  is  u n d e r g o n e  u n d e r  th e  a b s e n c e  o f  

d i s s o lv e d  o x y g e n .  T h e  a n a e r o b ic  tr e a tm e n t  o f  w a s t e w a t e r  h a s  n o w  e m e r g e d  a s  an  

e n e r g y  s a v in g  w a s t e w a t e r  tr e a tm e n t  t e c h n o lo g y .  O r g a n ic  c o m p o u n d s  are d e g r a d e d  to  

p r o d u c e  b io g a s .  D u e  to  in c r e a s in g  e n e r g y  c o s t  in  th e  a e r o b ic  tr e a tm e n t ,  th e  t e c h n iq u e  

o f  a n a e r o b ic  w a s t e w a t e r  tr e a tm e n t  h a s  g a in e d  s u b s t a n t ia l  im p o r ta n c e .  H o w e v e r ,  th e  

a n a e r o b ic  tr e a tm e n t  i s  l im i t e d  to  c o n c e n tr a t e d  o r g a n ic  w a s te w a te r .
T h e  c o m p a r is o n  o f  a e r o b ic  a n d  a n a e r o b ic  b i o l o g i c a l  

w a s t e w a t e r  tr e a tm e n ts  is  s h o w n  in  T a b le  2 .1 .
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Table 2.1 C o m p a r is o n  o f  a e r o b ic  a n d  a n a e r o b ic  b i o lo g ic a l  w a s t e w a t e r  tr e a tm e n ts

Aerobic treatment Anaerobic treatment
Start up - S h o r t  s ta r t -u p  p e r io d - L o n g  s ta r t-u p  p e r io d
Process -  I n te g r a te d  n i t r o g e n  a n d  

p h o s p h o r u s  r e m o v a l  p o s s i b l e
- P r o d u c t io n  o f  h ig h  e x c e s s  

s lu d g e  q u a n t i t ie s
- S m a ll  r e a c to r  v o lu m e  

n e c e s s a r y
- H ig h  n u tr ie n t  r e q u ir e m e n ts

-  N o  s ig n i f ic a n t  n i t r o g e n  o r  
p h o s p h o r u s  r e m o v a l ,  n u tr ie n ts  
r e m o v a l  d o n e  v ia  p o s t  
tr e a tm e n t

- V e r y  l i t t le  e x c e s s  s lu d g e  ( 5 -  
20% )

- L a r g e  r e a c to r  v o lu m e
- L o w  n u tr ie n t  r e q u ir e m e n ts

Carbon
balance

-  5 0 - 6 0 %  in c o r p o r a te d  in to  
C O 2 ; 4 0 - 5 0 %  in c o r p o r a te d  
in to  b io m a s s

- 9 5 %  c o n v e r t e d  to  b i o g a s ;  5 %  
in c o r p o r a te d  in to  m ic r o b ia l  
b io m a s s

Energy
balance -  6 0 %  o f  a v a i la b le  e n e r g y  is  

u s e d  in  n e w  b io m a s s ;  4 0 %  
lo s t  a s  p r o c e s s  h e a t

- 9 0 %  r e ta in e d  a s  C H 4 ,  3 -5 %  is  
l o s t  a s  h e a t , a n d  5 -7 %  is  u s e d  
in  n e w  b io m a s s  f o r m a t io n

Residuals -  E x c e s s  s lu d g e  p r o d u c t io n
-  N o  n e e d  fo r  p o s t - t r e a tm e n t

-  B i o g a s ,  a n d  n i t r o g e n  
m in e r a l iz e d  to  a m m o n ia .

- P o s t - t r e a tm e n t  r e q u ir e d  for  
r e m o v a l  o f  r e m a in in g  o r g a n ic  
m a tte r  a n d  m a lo d o r o u s  
c o m p o u n d s

Costs -  L o w  in v e s t m e n t  c o s t s
-  H ig h  o p e r a t in g  c o s t s  fo r  

a e r a t io n , a d d it io n a l  n u tr ie n t  
a n d  s lu d g e  r e m o v a l ,  a n d  
m a in te n a n c e

- M o d e r a t e  o r  h ig h  in v e s t m e n t
-  L o w  o p e r a t in g  c o s t s  d u e  to  l o w  

p o w e r  c o n s u m p t io n
- A d d i t io n a l  n u tr ie n ts  h a r d ly  

r e q u ir e d
State of 
development -  E s t a b l is h e d  t e c h n o lo g y - S t i l l  u n d e r  d e v e lo p m e n t  fo r  

s p e c i f i c  a p p l ic a t io n s

2 .4 .3  P a r a m e te r s  U s e d  in  W a s t e w a t e r  T r e a tm e n t
2 .4 .3 .1  T o ta l S o l id s  (TS)

T h e  te r m  o f  “ to ta l  s o l id s  ( T S ) ” r e fe r s  to  th e  r e s id u a l  le f t  in  a  

d r y in g  d is h  a f te r  e v a p o r a t io n  o f  a  s a m p le  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  o f  w a s t e w a t e r  s a m p le  i s  p la c e d  in  a  p o r c e la in  d i s h ,  th e  w a te r  is
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e v a p o r a te d  f r o m  t h e  d is h  o n  a  s te a m  b a th . T h e  d is h  is  th e n  tr a n sfe r r e d  to  a n  o v e n  a n d  

d r ie d  to  a  c o n s t a n t  w e ig h t  a t 1 0 3 - 1 0 5  ๐c .  T h e  to ta l r e s id u e  (o r  d r ie d  s o l i d s )  i s  e q u a l  

to  th e  w e ig h t  d i f f e r e n c e  b e t w e e n  th e  d is h  w it h  th e  w a s t e w a t e r  s a m p le  a fte r  d r y in g  

a n d  th e  e m p ty  d is h .  T h e  c o n c e n t r a t io n  o f  to ta l  s o l id s  i s  th e  w e ig h t  o f  d r ie d  s o l i d s  

d iv id e d  b y  th e  v o lu m e  o f  th e  s a m p le ,  u s u a l ly  e x p r e s s e d  in  m i l l ig r a m s  p e r  l ite r  (m g /1 ) .
2 . 4 3 . 2  T o ta l V o la tile  S o l id s  (T V S)

T o ta l  v o la t i l e  s o l i d s  ( T V S )  a re  d e t e r m in e d  w h e n  th e  T S  a re  

fu th e r  ig n ite d  a t 5 5 0 ± 5 0  ° c  in  a  fu r n a c e . T h e  r e s id u e  r e m a in in g  a f t e r  b u r n in g  is  

r e fe r r e d  to  a s  f i x e d  s o l i d s ,  a n d  th e  lo s s  o f  w e ig h t  u p o n  ig n i t io n  is  r e p o r te d  a s  v o la t i l e  

s o l i d s .  T h e  c o n c e n t r a t io n  o f  to ta l  v o la t i l e  s o l i d s  is  th e  w e i g h t  o f  d r ie d  s o l i d s  m in u s  

th e  w e ig h t  o f  f i x e d  s o l id s  d iv id e d  b y  th e  v o lu m e  o f  th e  o r ig in a l  w a s t e w a t e r  s a m p le .  
V o la t i l e  s o l id  c o n t e n t  a ls o  c a n  b e  e x p r e s s e d  a s  a p e r c e n ta g e  o f  th e  d ry  s o l id s  in  th e  

s a m p le .

2 .4 .3 .3  T o ta l S u s p e n d e d  S o l id s  (TSS)

T S S  r e fe r  to  th e  n o n - f i l t e r a b le  r e s id u e  th at is  r e ta in e d  o n  a  

g la s s - f ib e r  d i s k  a f te r  f i lt r a t io n  o f  a  s a m p le  o f  w a s te w a te r .  A  m e a s u r e d  p o r t io n  o f  a 

s a m p le  is  d r a w n  th r o u g h  a  g la s s - f ib e r  f i l t e r  b u t r e ta in e d  in  a  fu n n e l ,  b y  a p p ly in g  a 

v a c u u m  to  th e  s u c t io n  f la s k  u n d e r  th e  f i lt e r .  T h e  f i lt 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 in g  to  th e  s u r f a c e  is  tr a n sfe r r e d  fr o m  th e  f i lt r a t io n  a p p a r a tu s  to  a n  a lu m in u m  o r  

s t a in le s s  s t e e l  p la 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  at 1 0 3 - 1 0 5  ๐c  in  a n  o v e n ,  th e  f i l t e r  

w it h  th e  d r ie d  s u s p e n d e d  s o l i d s  is  w e ig h e d .  T h e  w e ig 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  

to  th e  d i f f e r e n c e  b e t w e e n  th is  w e ig h t  a n d  th e  o r ig in a l  w e i g h t  o f  th e  c le a n  f i lt e r . T h e  

c o n c e n t r a t io n  o f  to ta l  s u s p e n d e d  s o l id s  is  th e  w e ig h t  o f  th e  d ry  s o l i d s  d iv id e d  b y  th e  

v o lu m e  o f  th e  s a m p le  a n d  is  u s u a l ly  e x p r e s s e d  in  m i l l ig r a m s  p e r  l ite r  ( m g /L ) .

T S S  =

f  w e ig h t  o f  s im p le N 
a f te r  d r y in g , g  ,

f a r e  w e ig h t o f  f i l t e r   ̂
b e f o r e  u s e ,g

v o u m e o f  s a m p le ,  L
( 2 .7 )

2 .4 .3 .4  V o la tile  S u s p e n d e d  S o l id s  (V SS)
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v s s  a re  d e te r m in e d  b y  ig n i t in g  th e  TSS a n a ly s i s  a t 550+50 ๐c  
a f te r  p la c in g  t h e  f i l t e r  d is k  in  a  p o r c e la in  d is h . T h e  v o la t i l e  s u s p e n d e d  s o l i d s  (VSS) i s  

th e  w e i g h t  o f  d r y  s o l i d s  a f t e r  th e  550 °c  ig n i t io n  s te p  m in u s  th e  w e i g h t  o f  f i x e d  

s o l i d s  d iv id e d  b y  th e  v o lu m e  o f  th e  o r ig in a l  l iq u id  s a m p le .
2 .4 .3 .5  T o ta l D i s s o lv e d  S o l id s  (T D S )

T D S  a r e  th e  s o l id s  th a t  p a s s  th r o u g h  th e  g la s s - f ib e r  f i l t e r s  a n d  

a re  c a lc u la t e d  fr o m  th e  w e ig h t  d i f f e r e n c e  b e t w e e n  th e  to ta l and  s u s p e n d e d  s o l id s  

a n a ly s e s .  T o ta l  d i s s o lv e d  s o l i d s  ( T D S )  e q u a l  to ta l  s o l id s  ( T S )  m in u s  to ta l  s u s p e n d e d  

s o l i d s  ( T S S )  ( M e t c a l f  a n d  E d d y , 2 0 0 3 ) .

T D S  =  T S  -  T S S  (2.8)

2 .4 .3 .6  B io c h e m ic a l  O x y g e n  D e m a n d  (B O D )
B O D  is  th e  q u a n t ity  o f  o x y g e n  u s e d  b y  m ic r o o r g a n is m s  in  th e  

a e r o b ic  s t a b i l iz a t io n  o f  w a s t e w a t e r s  a n d  p o l lu t e d  w a te r s . T h e  s ta n d a r d  5 -d a y  B O D  

v a lu e  is  c o m m o n l y  u s e d  to  d e f in e  th e  s tr e n g th  o f  m u n ic ip a l  w a s t e w a t e r s  to  e v a lu a t e  

t h e  e f f i c i e n c y  o f  tr e a tm e n t  b y  m e a s u r in g  o x y g e n  d e m a n d  r e m a in in g  in  th e  e f f lu e n t ,  
a n d  to  d e t e r m in e  th e  a m o u n t  o f  o r g a n ic  p o l lu t io n  in  s u r f a c e  w a te r .

2 .4 .3 . 7 C h e m ic a l  O x y g e n  D e m a n d  (C O D )
C O D  is  a p a r a m e te r  fo r  m e a s u r in g  o x y g e n  d e m a n d  fo r  

o x id a t io n  o f  o r g a n ic  c o m p o u n d s  in  a  w a s t e w a t e r  s a m p le .  N e a r ly ,  a ll o r g a n ic  

c o m p o u n d s  c a n  b e  f u l ly  o x i d i z e d  to  c a r b o n  d io x id e  w i t h  a  s tr o n g  o x i d i z i n g  a g e n t  

u n d e r  a c id ic  c o n d i t io n s .  T h e r e  a re  m a n y  o x id iz in g  a g e n t s  th a t h a v e  b e e n  u s e d , s u c h  

a s  c e r ic  s u l f a t e ,  p o t a s s iu m  io d a t e ,  a n d  p o t a s s iu m  d ic h r o m a t e .  H o w e v e r ,  p o t a s s iu m  

d ic h r o m a t e  i s  s h o w n  to  b e  th e  m o s t  e f f e c t i v e .  It is  r e la t iv e ly  c h e a p , e a s y  to  p u r ify ,  
a n d  is  a b le  to  n e a r ly  c o m p l e t e ly  o x id iz e  a lm o s t  a ll  o r g a n ic  c o m p o u n d s .  In t h e s e  

m e t h o d s ,  a  f i x e d  v o lu m e  w i t h  a  k n o w n  e x c e s s  a m o u n t  o f  th e  o x id a n t  is  a d d e d  to  a 

s a m p le  o f  th e  s o lu t i o n  b e in g  a n a ly z e d . A f t e r  a  r e f lu x in g  d ig e s t io n  s t e p ,  th e  in it ia l  

c o n c e n t r a t io n  o f  o r g a n ic  s u b s t a n c e s  in  th e  s a m p le  i s  c a lc u la t e d  fr o m  a  t i t r im e tr ic  o r  

s p e c t r o p h o t o m e t r ic  d e te r m in a t io n .  T h e  m e a s u r e d  C O D  v a lu e  is  e x p r e s s e d  in  m g /L ,  
w h i c h  in d ic a t e s  th e  m a s s  o f  o x y g e n  c o n s u m e d  p e r  lite r  o f  s o lu t io n .
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2.5 Review of Anaerobic Fermentation Process

2 .5 .1  F u n d a m e n ta l  o f  A n a e r o b ic  F e r m e n t a t io n  P r o c e s s
T h e  o v e r a l l  c o n v e r s io n  p r o c e s s  o f  a n a e r o b ic  o r  d a rk  f e r m e n ta t io n  is  

o f t e n  d e s c r ib e d  a s  a  th r e e - s t a g e  p r o c e s s ,  w h ic h  o c c u r s  s im u l t a n e o u s ly  w i t h in  

a n a e r o b ic  d ig e s t e r s :  h y d r o ly s i s ,  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  ( M e t c a l f  a n d  

E d d y , 2 0 0 3 ) ,  a s  i l lu s tr a t e d  in  F ig u r e  2 .2 .

Figure 2 .3  O v e r a l l  p r o c e s s  o f  a n a e r o b ic  d e c o m p o s i t i o n ' o f  o r g a n ic  m a tte r  (Z e h n d e r ,  
1 9 8 2 ) .

2 .5 .7 .7  H yd ro ly s is
In  th e  First s te p  o f  h y d r o ly s i s ,  la r g e ,  c o m p l e x ,  a n d  in s o lu b le  

o r g a n ic s  (p r o t e in ,  p o ly s a c c h a r id e s ,  a n d  l ip id s )  w i l l  b e  b r o k e n  d o w n  e n z a m a t ic a l ly  

in t o  s m a ll  m o l e c u l e s  ( a m in o  a c id s ,  s u g a r s ,  a n d  fa tty  a c i d s )  th a t c a n  b e  tr a n sp o r te d  

in to  th e  m ic r o b ia l  c e l l s ,  m e t a b o l i z e d ,  a n d  fu r th e r  u s e d  b y  b a c te r ia  th a t p e r fo r m  

f e r m e n ta t io n .
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2 .5 .1 .2  A c id o g e n e s is
A c i d o g e n e s i s  is  a  s e c o n d  s te p . A t  t h is  s t e p , a m in o  a c id s ,  

s u g a r s ,  a n d  s o m e  fa t ty  a c id s  are  d e g r a d e d  fu r th e r , a s  s h o w n  in  F ig u r e  2 .2 .  O r g a n ic  

s u b s t r a te s  s e r v e  a s  b o th  th e  e le c t r o n  d o n o r s  a n d  a c c e p to r s .  T h e  p r in c ip a l  p r o d u c t s  o f  

th is  p r o c e s s  a re  a c e t a t e ,  h y d r o g e n , c a r b o n  d i o x id e ,  p r o p io n a t e ,  a n d  b u ty r a te . T h e  

p r o p io n a te  a n d  b u ty r a te  are  fu r th e r  fe r m e n te d  to  p r o d u c e  h y d r o g e n ,  c a r b o n  d io x id e ,  
a n d  a c e t a t e .  T h u s , th e  f in a l  p r o d u c ts  o f  f e r m e n t a t io n  ( a c e ta te ,  h y d r o g e n ,  a n d  c a r b o n  

d i o x id e )  a re  th e  p r e c u r s o r s  o f  m e th a n e  f o r m a t io n  ( m e t h a n o g e n e s i s ) .
2 .5 .1 .3  M e th a n o g e n e s is

T h is  is  th e  th ird  s t e p  o f  a n a e r o b ic  b i o l o g i c a l  t r e a tm e n t ,  
m e t h a n o g e n e s i s ,  c a r r ie d  o u t  b y  m e t h a n o g e n s .  F o r  m e th a n e  p r o d u c t io n ,  th e r e  a re  tw o  

g r o u p s  o f  m e t h a n o g e n ic  o r g a n is m s  i n v o lv e d .  T h e  f ir s t  g r o u p  IS a c e t o c la s t ic  

m e t h a n o g e n s .  It s p l i t s  a c e ta te  in to  c a r b o n  d i o x id e  a n d  m e th a n e . T h e  s e c o n d  g r o u p  is  

h y d r o g e n - u t i l i z in g  m e t h a n o g e n s .  It u s e s  h y d r o g e n  a s  th e  e le c t r o n  d o n o r  a n d  c a r b o n  

d i o x id e  a s  th e  e le c t r o n  a c c e p to r  fo r  p r o d u c in g  o f  m e th a n e . M o r e o v e r ,  b a c t e r ia  in  

te r m s  o f  a c e t o g e n s  a l s o  u s e  c a r b o n  d io x id e  to  o x i d i z e  h y d r o g e n  a n d  fo r m  a c e t i c  a c id ,  
f i o w e v e r .  th e  a c e t ic  a c id  w i l l  b e  c o n v e r t e d  to  m e th a n e  a r o u n d  7 2 % , w h i c h  h a s  th e  

n e g a t iv e  im p a c t  to  e n v ir o n m e n t .
2 .5 .2  C h a r a c t e r is t ic s  o f  W a s te w a te r

A n a e r o b ic  fe r m e n ta t io n  p r o c e s s  is  e s p e c ia l l y  s u i t a b le  fo r  h ig h  s tr e n g th  

a n d  w a r m  te m p e r a tu r e  w a s t e w a t e r  to  p r o d u c e  b o th  h y d r o g e n  a n d  m e th a n e  

e c o n o m i c a l ly .  B e c a u s e  a e r a t io n  i s  n o t  r e q u ir e d , it c a n  o f f e r  c o s t  s a v in g  a n d  a  lo w  

a m o u n t  o f  p r o d u c e d  s lu d g e  fo r  d i s p o s a l  a s  c o m p a r e d  to  a ll  a e r o b ic  tr e a tm e n t  

p r o c e s s e s .  A n y  w a s t e w a t e r s  h a v in g  C O D  c o n c e n t r a t io n s  a p p r o x im a t e ly  h ig h e r  th a n
3 ,0 0 0  m g /L  c a n  b a s ic a l ly  c o n s id e r e d  to  b e  f e a s ib le  e c o n o m i c a l ly  fo r  a n a e r o b ic  

tr e a tm e n t .
2 .5 .2 .1  A d v a n ta g e s  a n d  D is a d v a n ta g e s

( 1 )  A d v a n t a g e s  o f  a n a e r o b ic  tr e a tm e n t
- L e s s  e n e r g y  r e q u ir e d
- L o w  p r o d u c t io n  o f  b i o s o l i d  t y p ic a l ly  1 /3  o r  1 /5  o f  

a e r o b ic  p r o c e s s
- F e w e r  n u tr ie n ts  r e q u ir e d
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- S m a l le r  r e a c to r  v o lu m e  r e q u ir e d
- E l im in a t io n  o f  o f f - g a s  a ir  p o l lu t io n
- E n e r g y  p r o d u c t io n  in s t e a d  o f  e n e r g y  c o n s u m p t io n
- H ig h e r  v o lu m e t r ic  l o a d in g
- I n c r e a s e d  r e s is t a n c e  to  o r g a n ic  s h o c k  lo a d s  

( 2 )  D i s a d v a n t a g e s  o f  a n a e r o b ic  tr e a tm e n t
-  G n e r a l ly  r e q u ir e  fu r th e r  tr e a tm e n t  w i t h  a n  a e r o b ic  

tr e a tm e n t  p r o c e s s  to  m e e t  d i s c h a r g e  r e q u ir e m e n ts
-  N o t  p o s s ib le  fo r  b io l o g i c a l  n it r o g e n  a n d  p h o s p h o r u s  

r e m o v a l
- M a y  r e q u ir e  a lk a lin ity  a d d it io n
- L o n g e r  s ta r t-u p  t im e  t o  d e v e lo p  n e c e s s a r y  b io m a s s  

in v e n to r y
- M a y  b e  m o r e  s u s c e p t ib le  to  u p s e t s  d u e  t o  t o x ic  

s u b s t a n c e s
- M u c h  m o r e  s e n s i t iv e  to  th e  a d v e r s e  e f f e c t  o f  l o w e r  

te m p e r a tu r e s  o n  r e a c t io n  r a te s
2 .5 .3  T y p e s  o f  A n a e r o b ic  T r e a tm e n t  P r o c e s s e s

A n a e r o b ic  tr e a tm e n t  is  an  e x c e l l e n t  o d o r - r e d u c in g  t e c h n iq u e .  It w i l l  

c o n v e r t  th e  d e g r a d a b le  s o l i d s  to  g a s  in  a ta n k  fo r  u s e  a s  a  f u e l .  I f  s u b s t a n t ia l  p o r t io n s  

o f  th e  s o l i d s  a re  d e g r a d e d  in  th e  d ig e s t e r ,  it w i l l  r e d u c e  o d o r  in  t h e  d ig e s t e d  l iq u id  

a n d  s o l i d  e f f lu e n t .  T h e r e  a re  s e v e r a l  ty p e s  o f  a n a e r o b ic  t r e a tm e n t  p r o c e s s e s  a s  

f o l lo w .
2 .5 .3 .1  A n a e r o b ic  S u s p e n d e d  G r o w th  T re a tm e n t P r o c e s s e s

T h e r e  a re  th r e e  b a s ic  ty p e s  o f  a n a e r o b ic  s u s p e n d e d  g r o w t h  

t r e a tm e n t  p r o c e s s e s  ( M e t c a l f  a n d  E d d y ,  2 0 0 3 ) .
( 1 )  C o m p le t e - m ix  p r o c e s s

F o r  th e  c o m p le t e - m ix  a n a e r o b ic  d ig e s t e r  a s  s h o w n  in  

F ig u r e  2 .4 ( a ) ,  th e  s o l id  r e te n t io n  t im e  a n d  h y d r a u lic  r e te n t io n  t im e  a re  e q u a l ,  m a y b e  

in  th e  r a n g e  o f  15  to  3 0  d . T h e  c o m p le t e - m ix  d ig e s t e r  w it h o u t  s lu d g e  r e c y c le  i s  m o r e  

s u i ta b le  f o r  w a s t e s  w i t h  h ig h  c o n c e n t r a t io n s  o f  s o l i d s  o r  e x t r e m e ly  h ig h  d i s s o l v e d  

o r g a n ic  c o n c e n t r a t io n s ,  w h e r e  it is  d i f f i c u l t  fo r  t h ic k e n in g  th e  e f f lu e n t  s o l id s .  O r g a n ic
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lo a d in g  r a te s  f o r  th is  p r o c e s s  a re  p r e s e n t  in  T a b le  2 .2 ,  a s  c o m p a r e d  to  a n a e r o b ic  

c o n t a c t  a n d  a n a e r o b ic  s e q u e n c in g  r e a c to r  p r o c e s s e s .

Table 2.2 T y p ic a l  o r g a n ic  lo a d in g  r a te s  fo r  a n a e r o b ic  s u s p e n d e d  g r o w t h  p r o c e s s e s  a t  

30 °c

Process Volumetric 
organic loading, 

kg COD/m2 3d

Hydraulic retention time
CO, d a y

C o m p l e t e - m i x 1 .0 - 5 .0 1 5 - 3 0
A n a e r o b ic  c o n t a c t 1.0 - 8 .0 0 ,5 - 5
A n a e r o b ic  s e q u e n c in g  b a tc h  r e a c to r 1 .2 - 2 .4 0 .2 5 - 0 .5 0

( 2 )  A n a e r o b ic  c o n t a c t  p r o c e s s
T h is  p r o c e s s ,  a s  s h o w n  in  F ig u r e  2 .4 ( b ) ,  c a n  o v e r c o m e  th e  

d i s a d v a n t a g e s  o f  a  c o m p l e t e - m ix  p r o c e s s  w it h o u t  r e c y c le .  S e p a r a te d  b io m a s s  i s  

r e tu r n e d  to  t h e  c o m p l e t e - m ix e d  o r  c o n t a c t  r e a c to r , s o  t h e  s o l id  r e te n t io n  t im e  ( S R T )  

i s  m u c h  l o n g e r  th a n  h y d r a u l ic  r e te n t io n  t im e  (x ) .  T h is  p r o c e s s  c a n  r e d u c e  d re  

a n a e r o b ic  r e a c to r  v o lu m e  b y  in c r e a s in g  S R T  w ith  a  s h o r t  X v a lu e .  G r a v ity  s e p a r a t io n  

i s  th e  m o s t  c o m m o n  a p p r o a c h  fo r  t h ic k e n in g  a n d  s o l id  s e p a r a t io n  p r io r  to  s lu d g e  

r e c y c le .  In  s o m e  c a s e s ,  g a s  f lo ta t io n  is  u s e d  fo r  s o l id  s e p a r a t io n  b y  d i s s o lv i n g  th e  

p r o c e s s  o f f - g a s  u n d e r  p r e s s u r e .  S in c e  th e  r e a c to r  s lu d g e  c o n t a in s  g a s  p r o d u c e d  in  th e  

a n a e r o b ic  p r o c e s s  a n d  g a s  p r o d u c t io n  c a n  c o n t in u e  in  th e  s e p a r a t io n  p r o c e s s ,  s o l i d -  

l iq u id  s e p a r a t io n  c a n  b e  in e f f ic i e n t  a n d  u n p r e d ic ta b le .
( 3 )  A n a e r o b ic  s e q u e n c in g  b a th  r e a c to r  ( A S B R )

T h is  r e a c to r , a s  s h o w n  in  F ig u r e  2 .3 ( c ) ,  i s  t y p ic a l ly  

o p e r a t e d  u n d e r  b a t c h - m o d e  f e e d in g  w it h  fo u r  d i f f e r e n t  s e q u e n c in g  p h a s e s ,  i n c lu d in g  

f e e d ,  r e a c t , s e t t l e ,  a n d  d e c a n t  or  e f f lu e n t  w ith d r a w a l .  T h e  c o m p l e t e ly  m i x e d  

c o n d i t io n  is  o n l y  d o n e  d u r in g  th e  r e a c t  p h a s e  to  p r o v id e  u n ifo r m  d is t r ib u t io n  o f  

s u b s tr a te  a n d  m ic r o b ia l  c e l l s .
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Sludge
(b)

Figure 2.4 A n a e r o b ic  s u s p e n d e d  g r o w th  p r o c e s s e s :  ( a )  c o m p le t e - m ix  p r o c e s s ,  ( b )  

a n a e r o b ic  c o n t a c t  p r o c e s s ,  a n d  ( c )  a n a e r o b ic  s e q u e n c in g  b a tc h  r e a c to r  p r o c e s s .

2 .5 .3 .2  A n a e r o b ic  S lu d g e  B la n k e t P r o c e s s e s
T h e s e  p r in c ip a l  t y p e s  o f  a n a e r o b ic  s lu d g e  b la n k e t  p r o c e s s e s  

in c lu d e  th e  o r ig in a l  u p f lo w  a n a e r o b ic  s lu d g e  b la n k e t  ( บ A S B )  p r o c e s s ,  a n a e r o b ic  

b a f f le d  r e a c to r  ( A B R ) ,  a n d  a n a e r o b ic  m ig r a t in g  b la n k e t  r e a c to r  ( A M B R ) .  A m o n g  

th e m , th e  U A S B  p r o c e s s  is  th e  m o s t  c o m m o n l y  u s e d , w i t h  o v e r  5 0 0  in s t a l la t io n s  

t r e a t in g  a  w id e  r a n g e  o f  in d u s tr ia l  w a s t e w a t e r s  ( M e t c a l f  a n d  E d d y , 2 0 0 3 ) .
( 1 ) U p f l o w  a n a e r o b ic  s lu d g e  b la n k e t  ( U A S B )

T h e  b a s ic  U A S B  r e a c to r  is  s h o w n  in  F ig u r e  2 .5 ( a ) .  T h e  

in f lu e n t  w a s t e w a t e r  is  d is t r ib u te d  at th e  b o t t o m  o f  th e  r e a c to r  a n d  t r a v e ls  in  a n  

u p f l o w  m o d e  th r o u g h  th e  s lu d g e  b la n k e t . T h e  in f lu e n t  d is t r ib u t io n  s y s t e m ,  th e  

e f f lu e n t  w ith d r a w a l  d e s ig n ,  a n d  th e  g a s - s o l id  s e p a r a to r  a re  th e  c r it ic a l  e l e m e n t s  o f  th e  

U A S B  r e a c to r  d e s i g n  a n d  o p e r a t io n .  M o d i f i c a t io n s  to  th e  b a s ic  U A S B  d e s i g n  in c lu d e  

a d d in g  a  s e t t l in g  ta n k , a s  s h o w n  in  F ig u r e  2 .5 ( b ) ,  o r  th e  u s e  o f  p a c k in g  m a te r ia l  a t th e  

to p  o f  th e  r e a c to r , a s  s h o w n  in  F ig u r e  2 .5 ( c ) .  T h e  k e y  fe a tu r e  o f  t h is  p r o c e s s  th a t  

a l l o w s  th e  u s e  o f  h ig h  v o lu m e t r ic  C O D  l o a d in g s  c o m p a r e d  w ith  o th e r  a n a e r o b ic
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p r o c e s s e s  is  th e  d e v e lo p m e n t  o f  a  d e n s e  g r a n u la te d  s lu d g e ,  d e p e n d in g  o n  th e  p r o p e r  

d e s ig n  a n d  o p e r a t io n ,  a n d  th e  c h a r a c te r is t ic  o f  w a s te w a te r .

Gas

(c)

Figure 2.5 S c h e m a t ic  o f  th e  U A S B  p r o c e s s  a n d  s o m e  m o d i f ic a t io n s :  ( a )  o r ig in a l  

U A S B  p r o c e s s ,  ( b )  U A S B  r e a c to r  w i t h  s e d im e n t a t io n  ta n k  a n d  s lu d g e  r e c y c le ,  a n d  

( c )  U A S B  r e a c to r  w i t h  in ter n a l p a c k in g  fo r  f i x e d - f i l m  a t ta c h e d  g r o w th , p la c e d  a b o v e  

th e  s lu d g e  b la n k e t .
( 2 )  A n a e r o b ic  b a f f le d  r e a c to r  ( A B R )

In  th e  A B R  p r o c e s s ,  a s  s h o w n  in  F ig u r e  2 .6 ( a ) ,  b a f f l e s  a re  

u s e d  to  d ir e c t  th e  H o w  o f  w a s t e w a t e r  in  an  u p f l o w  m o d e  t h r o u g h  a  s e r ie s  o f  s lu d g e  

b la n k e t  r e a c to r s .  T h e  s lu d g e  in  th e  r e a c to r  r is e s  a n d  f a l l s  w i t h  g a s  p r o d u c t io n  a n d  

f l o w s  b u t m o v e s  t h r o u g h  th e  r e a c to r  a t a  s l o w  ra te . V a r io u s  m o d i f i c a t io n s  h a v e  b e e n  

m a d e  to  th e  A B R  to  im p r o v e - p e r f o r m a n c e .  T h e  m o d i f i c a t io n s  in c lu d e :  ( 1 )  c h a n g e s  o f  

th e  b a f f le  d e s ig n ,  ( 2 )  h y b r id  r e a c to r s  w h e r e  a  s e t t le r  is  u s e d  to  c a p tu r e  a n d  retu rn  

s o l i d s ,  o r  ( 3 )  p a c k in g  is  u s e d  in  th e  u p p e r  p o r t io n  o f  e a c h  c h a m b e r  to  c a p tu r e  s o l id s .
A d v a n t a g e s  o f  th e  A B R  p r o c e s s  in c lu d e  th e  f o l lo w in g :
- L o n g  s o l i d  r e te n t io n  t im e  p o s s i b l e  w it h  a  l o w  h y d r a u l ic  

r e te n t io n  t im e
- N o  s p e c ia l  b io m a s s  c h a r a c t e r is t ic s  r e q u ir e d
- W a s t e w a t e r s  w ith  a  w i d e  v a r ie ty  o f  c o n s t i tu e n t  

c h a r a c t e r is t ic s  c a n  b e  trea te d
- S t a b le  to  s h o c k  lo a d s
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( 3 )  A n a e r o b ic  m ig r a t in g  b la n k e t  r e a c to r  ( A M B R )
T h e  A M B R  p r o c e s s  is  s im i la r  to  th e  A B R  w ith  th e  a d d e d  

fe a tu r e s  o f  m e c h a n ic a l  m ix in g  in  e a c h  s t a g e  a n d  a n  o p e r a t in g  a p p r o a c h  to  m a in ta in  

th e  s lu d g e  in  th e  s y s t e m  w ith o u t  r e s o r t in g  to  p a c k in g  o r  s e t t le r s  fo r  a d d it io n a l  s o l id  

c a p tu r e , a s  s h o w n  in  F ig u r e  2 .6 ( b ) .  In  th is  p r o c e s s ,  th e  f e e d  p o in t  is  c h a n g e d  

p e r io d ic a l ly  to  th e  e f f l u e n t  s id e ,  a n d  th e  e f f lu e n t  w ith d r a w a l  p o in t  i s  a l s o  c h a n g e d .  In  

th is  w a y ,  th e  s lu d g e  b la n k e t  r e m a in s  m o r e  u n ifo r m  in  th e  a n a e r o b ic  r e a c to r . T h e  f l o w  

i s  r e v e r s e d  w h e n  a  s ig n i f ic a n t  q u a n t ity  o f  s o l id s  a c c u m u la t e s  in  th e  la s t  s ta g e .

Gas Gas

Recycle

(a) (b)

Figure 2.6 S c h e m a t ic  o f  a lt e r n a t iv e  s lu d g e  b la n k e t  p r o c e s s e s :  (a )  a n a e r o b ic  b a t t le d  

r e a c to r  ( A B R )  a n d  (b )  a n a e r o b ic  m ig r a t in g  b la n k e t  r e a c to r  ( A M B R ) .

2 .5 .3 .3  A t ta c h e d  G r o w th  A n a e r o b ic  P r o c e s s e s
U p f l o w  a t ta c h e d  g r o w th  a n a e r o b ic  tr e a tm e n t  r e a c to r s  d i f f e r  b y  

th e  t y p e  o f  p a c k in g  m e d ia  u s e d  a n d  th e  d e g r e e  o f  b e d  e x p a n s io n .  T h is  a t ta c h e d  

.g r o w th  c a n  b e  c l a s s i f i e d  a s  f o l lo w i n g  d e t a i l s  ( M e t c a l f  a n d  E d d y , 2 0 0 3 ) .
( 1 )  U p f lo w  p a c k e d - b c d  a t ta c h e d  g r o w th  r e a c to r

F u l l - s c a le  u p f l o w  p a c k e d - b e d  a n a e r o b ic  f i l t e r s  a re  u s e d  in  

c y l in d r ic a l  o r  r e c ta n g u la r  ta n k s  a t w id t h s  a n d  d ia m e t e r s  r a n g in g  f r o m  2  to  8 m  a n d  

h e ig h t s  fr o m  3 to  13 m , a s  s h o w n  in  F ig u r e  2 .7 ( a ) .  T h e  m o s t  c o m m o n  p a c k in g  

m a te r ia ls  a re  c o r r u g a t e d  p la s t ic  c r o s s f l o w  o r  tu r b u la r  m o d u le s  a n d  p la s t ic  p a ll  r in g s .  
A  la r g e  p o r t io n  o f  th e  b io m a s s  r e s p o n s ib le  fo r  tr e a tm e n t  in  th e  u p f lo w  a t ta c h e d  

g r o w th  a n a e r o b ic  p r o c e s s e s  is  l o o s e l y  h e ld  in  th e  p a c k in g  v o id  s p a c e s  a n d  n o t  JUSI 

a t ta c h e d  to  th e  p a c k in g  m a te r ia l.  L o w  u p f l o w  v e l o c i t i e s  a re  g e n e r a l ly  u s e d  to  p r e v e n t
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w a s h in g  o u t  th e  b io m a s s .  O v e r  t im e , s o l i d s  a n d  b io m a s s  w i l l  a c c u m u la t e  in  th e  

p a c k in g  v o id  t o  c a u s e  p l u g g i n g  a n d  f l o w  s h o r t  c ir c u it in g .  A t  t h is  p o in t ,  s o l i d s  m u s t  

b e  r e m o v e d  b y  f l u s h in g  w i t h  a  h ig h  l iq u id  v e l o c i t y .
T h e  a d v a n t a g e s  o f  u p f l o w  a t ta c h e d  g r o w t h  a n a e r o b ic  

r e a c to r s  a re  h ig h  C O D  l o a d in g s ,  r e la t iv e ly  s m a ll  r e a c to r  v o lu m e s ,  a n d  o p e r a t io n a l  

s im p l ic i t y .  T h e  m a in  l im i t a t io n s  a re  th e  c o s t  o f  th e  p a c k in g  m a te r ia l ,  o p e r a t io n a l  

p r o b le m s ,  a n d  m a in t e n a n c e  a s s o c ia t e d  w i t h  s o l id  a c c u m u la t io n  arrd p o s s i b l e  p a c k in g  

p lu g g in g .  T h e  p r o c e s s  i s  b e s t  s u ite d  f o r  w a s t e w a t e r s  w it h  l o w  s u s p e n d e d  s o l i d  

c o n c e n t r a t io n s .
( 2 )  U p f l o w  a tta c h e d  g r o w t h  a n a e r o b ic  e x p a n d e d - b e d  r e a c to r

T h e  a n a e r o b ic  e x p a n d e d - b e d  r e a c to r  ( A E B R ) ,  a s  s h o w n  in
F ig u r e  2 .7 ( b ) ,  u s e s  s i l i c a  s a n d  w ith  a  d ia m e t e r  in  th e  r a n g e  o f  0 .2  to  0 .5  m m  a n d  

s p e c i f i c  g r a v it y  o f  2 .6 5  a s  th e  su p p o r t  p a r t ic le  to  p r o v id e  b io f i lm  g r o w t h .  T h e  s m a l le r  

p a r t ic le  p r o v id e s  a  g r e a te r  s u r f a c e  a r e a  p e r  u n it  v o lu m e .  W ith  s u c h  a  s m a ll  p a r t ic le  

s i z e  a n d  v o id  v o lu m e ,  th e  e x p a n d e d - b e d  o p e r a t io n  is  n e c e s s a r y  to  p r e v e n t  p lu g g i n g .  
B e c a u s e  th e  e x p a n d e d - b e d  s y s t e m  is  n o t  f u l ly  f lu id iz e d ,  s o m e  s o l i d s  a re  tr a p p e d , a n d  

s o m e  d e g r e e  o f  s o l id  d e g r a d a t io n  o c c u r s .  M o s t  a p p l ic a t io n s  fo r  th e  A H B R  tr e a tm e n t  

p r o c e s s  h a v e  b e e n  fo r  th e  tr e a tm e n t  o f  d o m e s t i c  w a s t e w a t e r .
( 3 )  A t t a c h e d  g r o w t h  A n a e r o b ic  f lu id iz e d - b e d  r e a c to r

T h is  a n a e r o b ic  f lu id iz e d - b e d  r e a c to r  ( A F B R ) ,  a s  s h o w n  in  

F ig u r e  2 .7 ( c ) ,  i s  s im i la r  in  p h y s ic a l  d e s i g n  to  th e  u p f l o w  e x p a n d e d - b e d  r e a c to r . T h e  

s u p p o r t  p a r t ic le  s iz e  is  s im i la r  to  th e  e x p a n d e d - b e d  r e a c to r , b u t th e  A F B R  is  o p e r a t e d  

a t h ig h e r  u p f l o w  l iq u id  v e l o c i t i e s  o f  a b o u t  2 0  m /h  t o  p r o v id e  a b o u t  1 0 0 %  b e d  

e x p a n s io n .  E f f lu e n t  r e c y c le  i s  u s e d  to  p r o v id e  a  s u f f ic i e n t  u p f lo w  v e l o c i t y .
T h e  a d v a n t a g e s  o f  th e  A F B R  p r o c e s s  in c lu d e  th e  a b i l i t y  to  

p r o v id e  a  h ig h  b io m a s s  c o n c e n t r a t io n  w i t h  a  r e la t iv e ly  h ig h  o r g a n ic  lo a d in g  r a te ,  
h ig h  m a s s  tr a n s fe r  c h a r a c t e r is t ic s ,  th e  a b i l i t y  to  h a n d le  s h o c k  lo a d s  a n d  m in im a l  

s p a c e  r e q u ir e m e n ts  b e c a u s e  o f  its  g o o d  m i x i n g  a n d  th e  d i lu t io n  w i t h  r e c y c le .
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Figure 2.7 U p t l o w  a n a e r o b ic  a t ta c h e d  g r o w t h  tr e a tm e n t  r e a c to r s :  (a )  a n a e r o b ic  

u p f l o w  p a c k e d - b e d  r e a c to r , ( b )  a n a e r o b ic  e x p a n d e d - b e d  r e a c to r , a n d  ( c )  a n a e r o b ic
f lu id iz e d - b e d  r e a c to r .

( 4 )  D o w n f l o w  a t ta c h e d  g r o w th  p r o c e s s
T h e  d o w n f lo w  a t ta c h e d  g r o w t h  a n a e r o b ic  p r o c e s s e s ,  a s  

i l lu s tr a t e d  in  F ig u r e  2 .8 ,  h a v e  b e e n  a p p lie d  fo r  tr e a tm e n t  o f  h ig h - s t r e n g t h  

w a s t e w a t e r s  u s i n g  a v a r ie ty  o f  p a c k in g  m a te r ia ls ,  in c lu d in g  c in d e r  b lo c k ,  r a n d o m  

p la s t ic ,  a n d  tu b u la r  p la s t ic .  S y s t e m s  are d e s ig n e d  to  a l l o w  r e c ir c u la t io n  o f  th e  r e a c to r  

e f f lu e n t .
T h e  m a jo r  a d v a n t a g e s  fo r  th e  d o w n f lo w  a t ta c h e d  g r o w t h  

p r o c e s s , ' w h e r e  a  h ig h e r  v o id  s p a c e  p a c k in g  m a te r ia l is  u s e d ,  a re  a  s im p l e  in le t  f l o w  

d is t r ib u t io n  d e s i g n ,  a  h ig h  C O D  lo a d in g  r a te , a n d  a  s im p le  o p e r a t io n . H o w e v e r ,  th e  

p r o c e s s  h a s  t w o  m a in  d r a w b a c k s  o f  th e  h ig h  c o s t  o f  p a c k in g  m e d ia  a n d  c l o g g i n g  

p r o b le m  fr o m  th e  e x c e s s i v e  g r o w th .
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Figure 2 .8  D o w n f l o w  a t ta c h e d  g r o w th  a n a e r o b ic  tr e a tm e n t  r e a c to r .

2.6 Bio-ethanol Production

'  E th a n o l o r  e th y l  a l c o h o l ,  C H 3C H 2O I I ,  is  a  v o la t i l e ,  c le a r , c o l o r le s s ,  a n d  

f l a m m a b le  l iq u id  th a t is  th e  in t o x ic a t in g  a g e n t  in  l iq u o r s  a n d  is  a ls o  u s e d  a s  a fu e l o r  

s o lv e n t .  E th a n o l  is  th e  m o s t  im p o r ta n t  m e m b e r  o f  a  la r g e  g r o u p  o f  o r g a n ic  

c o m p o u n d s ,  w h i c h  a re  c a l le d  a lc o h o l .  T h e  h y d r o g e n  a to m  o f  th e  h y d r o x y l  g r o u p  c a n  

b e  r e p la c e d  b y  a n  a c t iv e  m e t a l ,  s u c h  a s  s o d iu m ,  p o t a s s iu m , a n d  c a lc iu m ,  to  fo r m  a  

m e ta l  e t h o x id e  ( e t h y la t e )  w i t h  th é  e v o lu t io n  o f  h y d r o g e n  g a s .
E th a n o l i s  o n e  o f  th e  r e n e w a b le  f u e l s  u s e d  fo r  r e d u c t io n  o f  n e g a t iv e  

e n v ir o n m e n t a l  im p a c t .  B i o - e t h a n o l ,  d e r iv e d  fr o m  b io m a s s ,  c a n  b e  u s e d  in  v a r io u s  

m e t h o d s  a s  a  tr a n s p o r ta t io n  f u e l .  It c a n  b e  u s e d  d ir e c t ly  in  v e h i c l e s  o r  b le n d e d  w ith  

g a s o l i n e .  A d d in g  b io - e t h a n o l  in  g a s o l in e  i s  a n  e f f e c t i v e  w a y  to  r e d u c e  th e  p e tr o le u m  

u s e d  a n d  a ls o  t o  r e d u c e  th e  e m i s s i o n  o f  g r e e n h o u s e  g a s .  H o w e v e r ,  t h e  m e th o d  fo r  

b io - e t h a n o l  p r o d u c t io n  is  r e la t iv e ly  c o m p l ic a t e d .

2 .6 .1  B io - e t h a n o l  F e e d s t o c k
B io - e t h a n o l  c a n  b e  p r o d u c e d  f r o m  s e v e r a l  a g r ic u ltu r a l  r a w  m a te r ia ls .  

It is  n e c e s s a r y  to  f in d  o u t  th e  c h e a p e s t  c a r b o h y d r a te  s o u r c e s  fo r  b io - e t h a n o l  

p r o d u c t io n .  T h e r e  a re  d i f f e r e n t  r a w  m a te r ia ls  th a t h a v e  b e e n  u s e d  in  t h e  m a n u fa c tu r e  

o f  e th a n o l  v ia  f e r m e n t a t io n  p r o c e s s e s ,  w h ic h  c a n  b e  d iv id e d  in to  th r e e  m a jo r  g r o u p s :  

( 1 )  s u c r o s e - c o n t a in in g  f e e d s t o c k s ,  ( 2 )  s ta r c h y  m a te r ia ls ,  a n d  ( 3 )  l i g n o c e l l u l o s i c  

b i o m a s s .  B a s e d  o n  e c o n o m i c a l  p o in t  v i e w ,  th e  m a in  f e e d s t o c k s  f o r  b io - e t h a n o l  

p r o d u c t io n  a re  c u r r e n t ly  s u g a r s  a n d  sta rch . H o w e v e r ,  t h e s e  f e e d s t o c k s  a re  l ik e ly  to  b e
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e x p e n s i v e  a n d  a l s o  c a n  d is tu r b  th e  f o o d  p r ic e s .  L i g n o c e l l u l o s i c  b io m a s s  is  an  

in t e r e s t in g  r a w  m a te r ia l  d u e  t o  i t s  l o w  c o s t  a n d  h ig h  a v a i la b i l i t y  a n d  b e l i e v e d  to  b e  an  

id e a l  r a w  m a te r ia l  f o r  b io - e t h a n o l  p r o d u c t io n  in  th e  fu tu re .
2 .6 .1 .1  S u c r o s e -c o n ta in in g  F e e d s to c k s

S u g a r  c a n e ,  s u g a r  b e e t ,  s w e e t  s o r g h u m , a n d  fr u it s  a re  th e  m o s t  

im p o r ta n t  f e e d s t o c k s  fo r  p r o d u c t io n  o f  b io - e t h a n o l .  T h e  c o n v e r s io n  o f  s u c r o s e  to  

e t h a n o l  is  e a s ie r  th a n  s ta r c h y  m a te r ia ls  b e c a u s e  d is a c c h a r id e  c a n  b e  b r o k e n  d o w n  

in to  e t h a n o l  d ir e c t ly ,  s o  th e  h y d r o ly s i s  o f  s u g a r  i s  n o t  r e q u ir e d .
2 .6 .1 .2  S ta rc h y  M a te r ia ls

C o r n , w h e a t ,  r ic e , p o t a t o e s ,  c a s s a v a ,  s w e e t  p o t a t o e s ,  a n d  

b a r le y  a re  th e  h ig h  y ie ld  f e e d s t o c k s  fo r  b io - e t h a n o l  p r o d u c t io n ,  e s p e c i a l l y  c o r n  a n d  

w h e a t .  In  o r d e r  to  p r o d u c e  e th a n o l ,  h y d r o ly s i s  is  r e q u ir e d  to  b r e a k  d o w n  

c a r b o h y d r a te  c h a in  in to  g l u c o s e  s y r u p  ( s i m p l e  f e r m e n ta b le  s u g a r s ) ,  w h i c h  is  th e n  

- c o n v e r t e d  to  e th a n o l  b y  y e a s t  w i t h  f e r m e n ta t io n  p r o c e s s .
2 .6 .1 .3  L ig n o c e l lu lo s ic  B io m a ss

B i o m a s s e s ,  s u c h  a s  w o o d ,  s tr a w , a n d  g r a s s e s ,  a re  a t tr a c t iv e  to  

p r o d u c e  b io - e t h a n o l .  L i g n o c e l l u l o s i c  b io m a s s  c o n s i s t s  o f  c e l l u l o s e ,  h e m ic e l l u l o s e ,  

l ig n in ,  e x t r a c t iv e s ,  a s h , a n d  o th e r  c o m p o n e n t s .  B e c a u s e  th e  s tr u c tu r e  o f  

l i g n o c e l l u l o s e  is  c o m p l e x ,  p r e tr e a tm e n t  s t e p  is  n e e d e d .  In  th e  h y d r o ly s i s  s te p ,  
c e l l u l o s e  is  e n z y m e t i c a l l y  d e g r a d e d  to  o b ta in  g lu c o s e  th a t is  f e r m e n te d  fu r th e r  b y  

y e a s t  to  fo r m  e t h a n o l .  B e c a u s e  th is  m e th o d  i s  m o r e  c o m p le x  th a n  u s i n g  c a n e  b e e t  o r  

■  c o r n  a s  f e e d s t o c k ,  it le a d s  to  a  h ig h e r  e th a n o l  p r o d u c t io n  c o s t .  H o w e v e r ,  
-  l i g n o c e l l u l o s i c  m a t e r ia ls  c o m e  fr o m  a g r ic u ltu r a l  o r  d o m e s t i c  w a s t e s .  T h e s e  o f f e r  h ig h  

p o s s i b i l i t y  fo r  b io - e t h a n o l  p r o d u c t io n  in  la r g e  s c a le .  S o ,  it i s  c o n s id e r e d  th at  

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

p r o d u c t io n  in  th e  fu tu r e .
2 .6 .2  B io - e t h a n o l  P r o d u c t io n

E t h a n o l  is  a  p r o d u c t  o f  f e r m e n ta t io n  p r o c e s s  b y  y e a s t .  F e r m e n t a t io n  

is  a  s e q u e n c e  o f  r e a c t io n s ,  w h i c h  r e le a s e  e n e r g y  fr o m  o r g a n ic  m o l e c u l e s  in  th e  

a b s e n c e  o f  o x y g e n .  In  th is  a p p l ic a t io n  o f  f e r m e n t a t io n ,  e n e r g y  is  o b t a in e d  w h e n  

s u g a r  i s  c h a n g e d  to  e th a n o l  a n d  c a r b o n  d io x id e .  A l l  b e v e r a g e  a lc o h o ls  a n d  m o r e  th a n  

h a l f  o f  in d u s tr ia l  e th a n o l  are m a d e  b y  th is  p r o c e s s .
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2 . 6.2 .1  B io -c h e m ic a l P ro d u c tio n  o f  E th a n o l b y  B io m a ss
T h is  b io - e t h a n o l  p r o c e s s  c o n s i s t s  o f  fo u r  m a jo r  u n its :  (1 )  

p r e tr e a tm e n t ,  ( 2 )  h y d r o ly s i s ,  ( 3 )  f e r m e n ta t io n , a n d  ( 4 )  p r o d u c t  s e p a r a t io n  o r  

d i s t i l l a t io n  (B a la t  a n d  B a la t , 2 0 0 9 ) ,  a s  s h o w n  in  F ig u r e  2 .8 .

Figure 2.9 F lo w  c h a r t  fo r  th e  p r o d u c t io n  o f  b io - e t h a n o l  fr o m  l i g n o c e l l u l o s i c  

b i o m a s s  (B a la t  a n d  B a la t , 2 0 0 9 ) .

T h e  h y d r o ly s i s  p r o c e s s e s  o f  l i g n o c e l l u lo s i c  b i o m a s s  c a n  b e  

c l a s s i f i e d  in to  t w o  g r o u p s :
( 1 )  E n z y m a t ic  h y d r o ly s i s
( 2 )  A c id  h y d r o ly s i s ,  w h i c h  is  th e  o ld  m e th o d  fo r  c o n v e r t in g  

l i g n o c e l l u l o s i c  b io m a s s  in to  s u g a r s .  M o r e o v e r ,  a c id  h y d r o ly s i s  c a n  b e  d iv id e d  in to  

t w o  b a s ic  ty p e s :  d i lu t e  a n d  c o n c e n t r a t e d  a c id  h y d r o ly s i s .
A s  s h o w n  in  F ig u r e  2 .9 .  p r e - h y d r o ly s i s  i s  th e  f ir s t  s t e p  fo r  b io 

e t h a n o l  p r o d u c t io n . A  d i lu t e  s u l f u r ic  a c id  is  u s e d  fo r  h y d r o ly z in g  h e m ic e l l u l o s e  to  

x y l o s e  s u g a r . M e a n w h i l e ,  c e l l u l o s e  is  h y d r o ly z e d  to  g lu c o s e .  T h e  o b t a in e d  x y lo s e
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sugar and glucose will be further fermented in fermentation step by microorganisms,
such as yeast. The overall reaction in the fermentation process is shown as follows:

C 6H 120 6 - >  2 C 2 H 5O H  +  2 C O 2 ( 2 .9 )

T h e o r e t ic a l ly ,  1 k g  o f  g l u c o s e  w i l l  p r o d u c e  0 .5 1  k g  o f  b i o 
e th a n o l  a n d  0 .4 9  k g  o f  c a r b o n  d i o x id e .  P r a c t ic a lly ,  th e  a c tu a l  y i e ld  is  l e s s  th a n  1 0 0 %  

b e c a u s e  t h e  p a rt o f  g l u c o s e  is  u s e d  b y  m ic r o o r g a n is m s  fo r  g r o w t h  (B a la t  a n d  B a la t ,  
2 0 0 9 ) .

2 .6 .2 .2  E th a n o l F e r m e n ta tio n  fro m  M o la s s e s
M o la s s e s  is  a n  i n e x p e n s i v e  r a w  m a te r ia l  fo r  e th a n o l  

p r o d u c t io n . It i s  a  m ix t u r e  o f  m o n o s a c c h a r id e s  a n d  d is a c c h a r id e s  c o n t a in in g  a b o u t  

5 0 %  o f  s u g a r , w h ic h  c a n  b e  c l a s s i f i e d  in t o  m a n y  t y p e s  a s  f o l lo w s :
-  C a n e  m o l a s s e s  i s  a  b y -p r o d u c t  o f  th e  m a n u fa c tu r e  o r  r e f in in g  

o f  s u c r o s e  fr o m  s u g a r  c a n e .
-  B e e t  m o l a s s e s  is  a  b y -p r o d u c t  o f  th e  s u c r o s e  p r o d u c t io n  fr o m

su g a r  b e e t s .
-  C itr u s  m o l a s s e s  is  th e  p a r t ia l ly  d e h y d r a t e d  j u i c e s  o b t a in e d  

fr o m  th e  m a n u fa c tu r e  o f  d r ie d  c i tr u s  p u lp .
- S ta r c h  m o l a s s e s  i s  a b y -p r o d u c t  o f  d e x t r o s e  m a n u fa c tu r e  

fr o m  s ta r c h  d e r iv e d  f r o m  c o r n  o r  g r a in  s o r g h u m s , w h e r e  th e  s ta r c h  i s  h y d r o ly z e d  b y  

e n z y m e s  a n d /o r  a c id .
In th e  e th a n o l  p r o d u c t io n  p r o c e s s ,  a s  s h o w n  in  F ig u r e  2  1 ก. 

m o la s s e s  i s  d i lu te d  w i t h  w a te r  to  r e a c h  a  s u i ta b le  s u g a r  c o n c e n t r a t io n  a r o u n d  1 5 -  

16 % . A  s m a l l  q u a n t ity  o f  n i t r o g e n  s o u r c e s ,  s u c h  a s  u r e a , a m m o n iu m  p h o s p h a t e ,  a n d  

a m m o n iu m  s u lp h a t e ,  i s  a d d e d  a s  th e  n u tr ie n t  s u p p le m e n t  fo r  m ic r o o r g a n is m  g r o w th .  
It is  c o n c e r n e d  th a t a  m ic r o o r g a n is m  u s e d  fo r  e t h a n o l  p r o d u c t io n  m u s t  h a v e  a  h ig h  

to le r a n c e  fo r  p r o d u c e d  a lc o h o l  a n d  m u s t  p r o d u c e  h ig h  a m o u n t  o f  e th a n o l .  Y e a s t s ,  
p a r t ic u la r ly  S a c c h a ro m y c e s  c e re v is ia e , w h ic h  r e p r e s e n t  th e  b e s t  m ic r o o r g a n is m  u s e d  

in  th e  p r o d u c t io n  o f  e t h a n o l ,  a re  t h e n  a d d e d . Y e a s t  h a s  t w o  e n z y m e s  fo r  c o n v e r t in g  

th e  s a c c h a r id e s  to  e t h a n o l .  F ir s t ly ,  in v e r t a s e  w i l l  c o n v e r t  d i s s a c h a r id e s  ( s u c r o s e )  to  

m o n o s a c c h a r id e s  b y  c a t a ly t ic  h y d r o ly s i s  r e a c t io n , a n d  th e n  g l u c o s e  a n d  f r u c t o s e  a re
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c o n v e r te d  to  e th a n o l  a n d  c a r b o n  d i o x id e  b y  th e  z y m a s e  e n z y m e .  T h e  p H  i s  

m a in ta in e d  a t a b o u t  5 .0 .  T h e  f e r m e n t a t io n  s ta r ts  a n d  i s  a l l o w e d  to  p r o c e e d  fo r  a b o u t  

2 4 - 4 0  h at a b o u t  2 5 - 3 0  ° c .
M olasses

Y e a s t--------------
{ Saccharm yces
CO? 4 ----------------

4
4

— --------------- - *  4 -
ccrevisiae)

4 "

Fermënter1
Distilling 

Ethyl alcohol

H20

Nitrogen source
{Urea, ammonium sulphate, etc.) 

H2SC>4

Figure 2.10 E t h a n o l  p r o d u c t io n  fr o m  m o la s s e s .

2.7 Alcohol Distillation Process

D i s t i l l e r y  s lo p  o r  a lc o h o l  d i s t i l l e r y  w a s t e w a t e r  i s  th e  w a s t e w a t e r  fr o m  th e  

d is t i l la t io n  c o lu m n  o f  f e r m e n te d  s o lu t io n  u s e d  b o th  a s  in d u s tr ia l  a lc o h o l  a n d  fo r  

h u m a n  c o n s u m p t io n .  T h is  p r o c e s s  m o s t ly  u s e s  s u g a r  c a n e  m o la s s e s  a s  r a w  m a te r ia l  

a n d  c o n s i s t s  o f  f o u r  m a in  s t e p s ,  w h ic h  a re  f e e d  p r e p a r a t io n , f e r m e n t a t io n ,  d i s t i l l a t io n  

a n d  p a c k a g in g  ( S a t y a w a l i  e t a l ,  2 0 0 8 ) ,  a s  s h o w n  in  F ig u r e  2 .1 1 .  In  g e n e r a l ,  th e  

w a s t e w a t e r  f r o m  th is  p r o c e s s  is  c o n s id e r e d  to  b e  o n e  o f  th e  m o s t  p o l lu t in g  

w a s t e w a t e r s .  It h a s  h ig h  b io c h e m ic a l  a n d  c h e m ic a l  o x y g e n  d e m a n d s  ( B O D ,  C O D ) ,  
a n d  s u s p e n d e d  s o l id  ( S S ) .  It h a s - t h e  te m p e r a tu r e  in  th e  r a n g e  o f  7 0  8 0  °c, d ark  

b r o w n  c o lo r ,  a n d  h ig h  a c id  c o n t e n t  ( M o h a n a  et a l ,  2 0 0 9 ) .  I n t e r e s t in g ly ,  th e  d i s t i l l e r y  

w a s t e w a t e r  c o n t a in s  p o t a s s iu m , p h o s p h a t e s ,  a n d  s u lp h a t e s  in  h ig h  c o n c e n t r a t io n s ,  a s  

w e l l  a s  c a l c iu m ,  n i t r o g e n ,  ir o n , s o d iu m  a n d  c h lo r id e s  in c lu d in g  o th e r  tr a c e  e l e m e n t s  

( N a n d y  e t a l ,  2 0 0 2 ) .  S o ,  t h is  a lc o h o l  d i s t i l l e r y  w a s t e w a t e r  is  c o n s id e r e d  to  c a u s e  th e  

p r o b le m s  in  th e  tr e a tm e n t  a n d  d is p o s a l  in to  e n v ir o n m e n t .
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Figure 2.11 A l c o h o l  d i s t i l la t io n  p r o c e s s .

2.8 Objectives o f Study

♦  T o  i n v e s t ig a t e  th e  h y d r o g e n  p r o d u c t io n  fr o m  a lc o h o l  w a s t e w a t e r  u s in g  a n  

a n a e r o b ic  s e q u e n c in g  b a tc h  r e a c to r  ( A S B R )  u n d e r  t h e r m o p h i l i c  o p e r a t io n  a n d  at a 

c o n s t a n t  p H  o f  5 .5 .  B o th  n i t r o g e n  an d  p h o s p h a t e  u p ta k e s  t r a n s fo r m a t io n  w a s  a ls o  

s t u d ie d .

♦  T o  i n v e s t ig a t e  th e  e n h a n c e m e n t  o f  h y d r o g e n  p r o d u c t io n  fr o m  a lc o h o l  

w a s t e w a t e r  b y  a d d in g  f e r m e n ta t io n  r e s id u e  u s in g  a n  a n a e r o b ic  s e q u e n c in g  b a tc h  

r e a c to r  ( A S B R )  u n d e r  th e r m o p h il l ic  o p e r a t io n  ( 5 5  ° C )  a n d  a t a  c o n s t a n t  p H  o f  5 .5 .  
T h e  d ig e s t ib i l i t y  o f  th e  a d d e d  f e r m e n ta t io n  r e s id u e  w a s  a ls o  e v a lu a te d .

♦  T o  i n v e s t ig a t e  th e  s p o n t a n e o u s  h y d r o g e n  a n d  m e t h a n e  p r o d u c t io n  fr o m  

c a s s a v a  w a s t e w a t e r  b y  u s in g  a  t w o  s ta g e  u p f l o w  a n a e r o b ic  s lu d g e  b la n k e t  r e a c to r s  

( บ A S B )  s y s t e m  u n d e r  t h e r m o p h il l ic  o p e r a t io n  ( 5 5  ° C ) .  T h e  r e c y c le  r a t io  o f  th e  

e f f l u e n t  fr o m  th e  m e t h a n e  b io r e a c to r - to - th e  f e e d  f lo w  r a te  w a s  f ix e d  a t 1 : 1  a n d  th e  

p H  o f  th e  h y d r o g e n  U A S B  u n it  w a s  m a in ta in e d  c o n s ta n t  a t 5 .5
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