
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Background of Hydrogen

The world’s energy requirements are essentially dependent on fossil fuels 
(about 80 % of the present world energy demand), which are limited (Das and 
Veziroglu, 2001). Fossil fuels are not only the depleting energy source, but also their 
combustion releases many pollutants that have negative effects to the environment. 
Because fossil fuels contain carbon, their carbon will recombine with oxygen from 
the air to form carbon dioxide (CO2), which is the primary greenhouse gas that 
causes global warming, when they are burnt. Furthermore, combustion of fossil fuels 
at the high temperatures and pressures reached inside an internal combustion engine 
or in an electric power plant produces other toxic emissions. Carbon monoxide, 
nitrous oxide, volatile organic chemicals, and fine particulates are all components of 
air pollution attributable to the refining and combustion of fossil fuels. When 
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 drive the current economy tow'ard alternative energy sources. To keep 
away from these problems, hydrogen has received an increasing attention to be used 
as an alternative energy.

2.1.1 Advantages of Hydrogen
2.1.1.1 H ydrogen  is C lean Fuel.

Hydrogen is the cleanest fuel. When used in a combustion 
engine, hydrogen bums to produce only water. Thus, hydrogen is regarded as a clean 
non-polluting fuel. Pure hydrogen produces only heat energy, W'ater, and trace 
amounts of oxides of nitrogen when burnt. When 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 vapor.
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2 .1 .1 .2  H y d ro g e n  is H a rm le ss  F uel.
Hydrogen is the safest of all fuels, partly because of how light 

it is compared with 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.

2 .1 .1 .3  H y d ro g e n  is E n v iro n m e n ta lly  F rien d ly .
Conventional energy resources can 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 produced 
using renewable energy, the whole energy system can become carbon-neutral, or 
even carbon-free. So, hydrogen fuel can contribute to reducing greenhouse gas 
emissions and can reduce the production of many toxic pollutants.

2 .1 .1 .4  H y d ro g e n  ca n  H e lp  P r e v e n t th e  D e p le t io n  o f  F o s s il  F uels.
Hydrogen can be used in any applications, in which fossil

fuels are being used, such as a fuel in furnaces, internal combustion engines, turbines 
and jet engines, automobiles, buses, and airplanes. Nowadays, hydrogen can be 
directly used to generate electricity through fuel cells, which are mostly used in 
transportation section. Moreover, hydrogen and fuel cell technology have the 
potential to strengthen our national energy security by reducing our dependence on 
foreign oil.

2 .1 .1 .5  H y d ro g e n  ca n  be P r o d u c e d  f r o m  V a r io u s  So urces.
The greatest advantage of hydrogen is that there are many 

ways to produce it, using both renewable and traditional energy sources. The most 
common method of hydrogen production is by reforming fossil fuels, particularly 
natural gas. Electrolysis is 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.
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2.1 .1 .6  H ydrogen  is the M ost A bu nd an t E lem en t on  Earth.
Hydrogen is also the most abundant element on earth, but less 

than 1 % in the form of H2. Hydrogen is typically chemically attached to other atoms, 
such as carbon and oxygen, and most of hydrogen is bound as H20. Because of this, 
energy must be expended to separate these elements. To extract hydrogen from 
water, for example, about 2.3 gallons of water and 45 kilowatts-hours (kWh) of 
electricity are needed to make enough hydrogen to have an energy content equivalent 
to a gallon of gasoline. Direct thermal dissociation of H20  requires temperature more 
than 2,000°c and temperature high than 900°G with Pt/Ru catalyst.

2.1.2 Hydrogen Production Processés
There are many methods to generate hydrogen. They can be produced 

mainly from fossil fuels, water, and biomass (organic wastes and wastewater).
2.1.2 .1 H ydrogen  P roduction  fro m  F ossil F uels

Hydrogen is presently derived from natural gas, petroleum, 
and coal by various ways:

• Steam -M ethane R eform ing  (SM R)
Steam reforming, which is a thermal process, consists of

two reactions in a process:
The first reaction is the re fo rm in g  o f  na tu ra l gas. Natural 

gas, such as methane, is reacted with steam at high temperatures (750-800°C) to 
produce synthesis gas (syngas), which contains hydrogen (H2) and carbon monoxide 
(CO). This can be described by the following reaction.

CH4 + H20  (+ heat) -» CO + 3 H2 (2.1)

The second reaction is the sh ift reaction  (w ater ga s shift). 
In this step, carbon monoxide produced in the first reaction is reacted with high 
temperature steam to form hydrogen and carbon dioxide. This process occurs in two 
stages, consisting of a high temperature shift (HTS) at 350°c (662°F) and a low
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temperature shift (LTS) at 190-210°c (374-410°F). This can be described by the 
following reaction.

CO + H20  -> C02 + H2 (+ small amount of heat) (2.2)

• Therm al C racking o f  M ethane
Thermal cracking of natural gas, such as methane, is a 

high temperature process, which can replace stream reforming process because of 
no carbon dioxide emission. It requires high temperature about 2,000°c to produce 
60 % of hydrogen and 40 % of carbon black that is a pigment used in many dying 
processes (Kothari et a l., 2004). The reaction of this process is:

CH4 c  + 2H2 + 75.6 kJ (2.3)

• P artia l O xidation o f  M ethane  (POX)
Partial oxidation is a common process to convert natural 

gas into a synthesis gas (carbon dioxide and hydrogen), which can be converted to 
higher alkanes or methanol (Deutschmann and Schmidt, 1998). Because this 
process is the exothermic reaction, it can generate its own heat that is used as 
energy supply in the process itself. The reaction of this process is:

CH4 + '/2 O2 —> CO + 2 H2 A H r = -36 kJ/mol (2.4)

• C oal G asification
Coal gasification is the oldest method to produce 

hydrogen. It is a process to convert the coal in solid state to gaseous state at 
l,330°c. The gaseous coal is treated with steam and controlled amount of oxygen 
to produce hydrogen, carbon monoxide, and carbon dioxide. And then, carbon 
monoxide is reacted with steam to produce more hydrogen and carbon dioxide in 
the water gas shift reaction. The reactions are shown below as:
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Coal + O2 + H20  -» CO + C02 + H2 + Other species (2.5) 
CO + H20  -> C02 + HzO (2.6)

Coal gasification is expensive to produce hydrogen from 
coal as almost twice as from natural gas because of the low ratio of hydrogen to 
carbon; that is 4:1 in natural gas and 0.8:1 in carbon (or coal).

2.1 .2 .2  H ydrogen P roduction  fro m  W ater
Hydrogen can be produced from water by four types of

process:
• E lectrolysis

Electrolysis of water may be the cleanest technology for 
hydrogen gas production (Kapdan and Kargi, 2006). It is the process to separate the 
water molecules into their basic elements of hydrogen and oxygen by passing an 
electric current between two electrodes (cathode and anode) through water. 
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, and it can be results shown by the following chemical reaction:

2H20  + energy ->• 2H2 + 0 2 (2.7)

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

• Therm olysis o r D irect Therm al D ecom position
Thermolysis (or direct thermal decomposition) is a high

temperature process for hydrogen production by uses solar energy. When water is 
heated to a high temperature at 3,000 K (2,727°C), it can be decomposed into 
hydrogen and oxygen. This process has high efficiency, but it is normally not 
applied to produce hydrogen.
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• T herm ochem ica l P rocess
Thermochemical process is developed from thermolysis 

in order to mitigate the high temperature required. It uses solar energy to drive an 
endothermic reversible reaction that produces hydrogen (Meyers, 2001).

H20  -> น 2 + 0.5<ว2 (2.8)

• Photolysis
Photolysis process occurs when water molecules absorb 

the sunlight and use the energy from it to separate water into hydrogen and oxygen 
in the presence of photocatalysts. This process can be divided into three kinds that 
are dependent on photocatalyst type.

(1) Biophotolysis Process
In biophotolysis process, hydrogen is produced from 

water by using sunlight and specialized microorganisms (photocatalyst), such as 
green algae and cyanobacteria. These microorganisms consume water and then 
produce hydrogen as a by-product of their natural metabolic processes, just like 
plants produce oxygen during photosynthesis.

(2) Photochemical Process
Photochemical process is similar to that of 

thermochemical cycles, which is to add a kind of photosensitive matter as an 
activator to increase the absorption of wave energy in sunlight. Hydrogen is then 
produced by photochemical reaction.

(3) Photoelectrochemical Process
Photoelectrochemical process uses sunlight and

specialized semiconductors (photocatalyst) that are called photoelectrochemical 
materials to produce hydrogen from water. In the photoelectrochemical (PEC) 
system, the semiconductor can directly split water molecules into hydrogen and 
oxygen by using light energy. Different semiconductor materials work at particular 
wavelengths of light and energy.
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2.1 .2 .3  H ydrogen P roduction  fr o m  B iom ass
Biomass is one of the most abundant renewable sources. It is 

formed by fixing and consuming carbon dioxide in the atmosphere during the 
process of plant photosynthesis (Ni et al., 2006). It can also be used as a carbon 
source, which facilitates waste recycling (Manish and Banerjee, 2007). In hydrogen 
production processes, carbon dioxide is produced as a by-product, which means that 
they result in a near-zero net release of greenhouse gas. Moreover, biomass is carbon 
neutral in its life cycle. At present, about 12 % of today’s world energy supply comes 
from biomass. A diverse array of biomass resources can be used to convert to energy 
(e.g. hydrogen, ethanol, and methane/biogas). They can be divided into four general 
categories:

(i) Energy crops: agricultural crops, industrial crops,
herbaceous energy crops, woody energy crops, and aquatic crops.

(ii) Forestry waste and residues: trees and shrub residues, 
logging residues, and mill wood waste.

(iii) Agricultural waste, wastewater, and residues: crop waste, 
animal waste, and wastewater from animal confinements.

(iv) Industrial waste and wastewater, municipal waste and 
wastewater: municipal solid waste (MSW), sewage sludge and industry waste.

The available hydrogen production processes from biomass 
have two general categories: thermochemical and biological processes.
Thermochemical processes can be divided into two types that are pyrolysis and 
gasification. Photo-fermentation and dark fermentation are the two types of 
biological processes.

• Therm ochem ica l P rocess  
(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 of oxygen 
(or air) to convert biomass into liquid, charcoal and non-condensable gases, acetic 
acid, acetone, and methanol. The main gaseous products from pyrolysis are 
hydrogen, carbon dioxide, carbon monoxide, and hydrocarbon gases. The reactions 
are shown below:
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Biomass + heat -> แ 2 + CO + c c >2 +CH4 + Other products (2.9)

(2) Biomass Gasification
The basic process of biomass gasification is to gasify 

biomass at a high temperature (above 1,000 K). It is partially oxidized in the 
presence of oxygen (or air) to form gas and charcoal as follows:

Biomass + heat + O2 + H2O-» แ 2 + CO + CO2 +CH4 + Light and heavy
+ hydrocarbons + charcoal (2.10)

The gas and hydrocarbons products can be converted 
into more hydrogen by steam reforming, and this process can be further improved 
by water gas shift reaction. Biomass gasification is available for biomass that has 
moisture content less than 35 %.

As mentioned above, the products from biomass 
gasification are mainly gases while pyrolysis aims to produce bio-oils and charcoal. 
Also, biomass gasification is more favorable for hydrogen production than 
pyrolysis (Ni et al., 2006).

• B io log ica l Process
Biological hydrogen production process is an alternative 

method for hydrogen gas production, also known as “green technology" (Kapdan 
and Kargi, 2006). This process uses microorganisms to decompose complex 
organic compounds in waste or wastewater, which are composed of carbohydrate- 
rich and non-toxic materials, to simple end-products, such as hydrogen, methane, 
carbon dioxide volatile fatty acids, and alcohols. Most of biological processes are 
operated at an ambient temperature (30-40°C) and normal pressure; hence, they are 
less energy-intensive and environmentally friendly (Das and Veziroglu, 2001). 
There are two types of biological processes: photo-fermentation and dark 
fermentation.

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

organic compounds to hydrogen as the product by photosynthetic bacteria. They
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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 of 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 derived from wastes and wastewaters (Fascetti et 
a l ,  1998). If photosynthetic bacteria are combined w ith 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 of anaerobic digestion process comprising only hydrolysis and 
acidogenesis (Bartacek et a l., 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 a l., 2007 and Vijayaraghavan and 
Soom, 2008). The advantages of dark fermentation are that fermentative bacteria 
are capable of 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 a l ,  2005). This decreases the energy demand, and the 
technology can be simpler (Bartacek et a l ,  2007). In addition, fermentative bacteria 
can have good growth rate for supply of microorganisms to the production system. 
From these several advantages, hydrogen production by dark fermentation is 
feasible for industrial application (Das and Veziroglu, 2001).
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2.2 Wastewater Treatment

Because several industries are developing in everyday, the quantity of waste 
generated also increases. Thus, they must remove pollutants before being released to 
the environment. The techniques used to remove the pollutants present in wastewater 
can be divided into biological, chemical, physical, and energetic ones. These 
different techniques are applied through many stages of wastewater treatment.

2.2.1 Classification of Wastewater Treatment
Wastewater treatment processes consist of two major steps: primary 

treatment processes (physical removal of floatable and settleable solids) and 
secondary treatment processes (biological removal of dissolved solids). These two 
steps can be divided to preliminary treatment, primary treatment, advanced primary 
treatment, secondary treatment) tertiary treatment, advanced treatment, and sludge 
treatment, as shown in Figure 2.J.

Stripping

Figure 2.1 Flow diagram of wastewater treatment processes.

2.2.1 .1 P relim inary Treatm ent
Preliminary treatment is the first step in wastewater treatment 

process. Gross solids, such as large objects, rags, sticks, floatable, grit, and grease, in 
wastewater are physically removed since they may cause maintenance or operational 
problems with the treatment operations, processes, and helping systems.



13

2 .2 .1 .2  P r im a ry  T rea tm en t
T h is  i s  th e  f o l l o w i n g  s t e p  f r o m  p r e l im in a r y  s t e p ,  w h ic h  is  

p h y s ic a l  o p e r a t io n ,  u s u a l ly  s e d im e n t a t io n .  It i s  u s e d  t o  r e m o v e  a  p o r t io n  o f  th e  

s u s p e n d e d  s o l i d s  f r o m  th e  w a s t e w a t e r  b y  s e t t l in g  o r  f lo a t in g .
2 .2 .1 .3  A d v a n c e d  P r im a ry  T rea tm en t

In  a d v a n c e d  p r im a r y  t r e a tm e n t ,  c h e m ic a l s  a r e  a d d e d  in  

w a s t e w a t e r  t o  e n h a n c e  th e  r e m o v a l  o f  s u s p e n d e d  s o l i d s  a n d , t o  a  l e s s e r  e x t e n t ,  
d i s s o l v e d  s o l id s .

2 .2 .1 .4  S e c o n d a ry  T rea tm en t
T h e  s e c o n d a r y  t r e a tm e n t  i s  th é  p r o c e s s  fo r  r e m o v in g  o r  

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

tr e a tm e n t  p r o c e s s .  U s u a l ly ,  b i o l o g i c a l  t r e a tm e n t  i s  u s e d  t o  tr e a t  w a s t e w a t e r  in  th is  

s t e p  b e c a u s e  it  i s  th e  m o s t  e f f e c t i v e  t y p e  o f  tr e a tm e n t .  T h e  b a s i c  c h a r a c t e r is t ic  o f  th is  

p r o c e s s  is  th e  u s e  o f  b a c t e r ia  a n d  m ic r o o r g a n i s m s  t o  r e m o v e  a n d  s t a b i l iz 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  b y  a s s im i la t in g  t h e m . M ic r o o r g a n i s m s  a r e  u s e d  to  

o x i d i z e  ( i .e .  c o n v e r t )  d i s s o lv e d ,  s u s p e n d e d ,  a n d  c o l l o i d a l  o r g a n ic  m a t e r ia ls  in to  

s im p le  e n d - p r o d u c t s  a n d  a d d it io n a l  b i o m a s s  ( s t a b l e  s o l i d s  a n d  m o r e  

m ic r o o r g a n i s m s ) ,  a s  r e p r e s e n t e d  b y  th e  f o l l o w i n g  e q u a t io n  f o r  th e  a e r o b ic  b i o l o g i c a l  

o x id a t io n  o f  o r g a n ic  m a tte r .

3- microorganism
O r g a n ic  m a te r ia l  +  O2 +  N H 3 +  P Û 4 -----------—------- > N e w  c e l l s  +  c c >2 +  H 2O  ( 2 .1 1 )

F r o m  E q u a t io n  ( 2 .1 1 ) ,  t h e  o r g a n ic  m a t e r ia ls  s e r v e  a s  b o th  a n  

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

O x y g e n  ( O 2) ,  a m m o n ia  ( N H 3) ,  a n d  p h o s p h a t e  ( P O  4 ) a r e  u s e d  t o  r e p r e s e n t  th e  

n u tr ie n t s  n e e d e d  f o r  t h e  c o n v e r s i o n  o f  o r g a n ic  m a tte r  t o  s im p l e  e n d - p r o d u c t s  ( i .e .  
c a r b o n  d i o x id e  ( C O 2)  a n d  w a t e r ) .  T h e  te r m  s h o w n  o v e r  th e  d ir e c t io n a l  a r r o w  i s  u s e d  

t o  d e n o t e  th e  fa c t  th a t  m i c r o o r g a n i s m s  a re  n e e d e d  to  c a r r y  o u t  th e  o x id a t io n  p r o c e s s .  
T h e  te r m  n e w  c e l l s  r e p r e s e n t  t h e  b io m a s s  p r o d u c e d  a s  a  r e s u lt  o f  t h e  o x id a t io n  o f  th e  

o r g a n ic  m a tte r .



14

2 .2 .1 .5  T e r tia ry  T rea tm en t
A fte r  p r im ary  an d  s e c o n d a r y  tr e a tm e n ts  p r o c e s s , w a s te w a te r  

w ill  b e  sen t to  tertia ry  trea tm e n t p r o c e s s  to  r e m o v e  d is e a s e - c a u s in g  o r g a n is m s  from  
w a ste w a te r . T r ea ted  w a s te w a te r  ca n  b e  s te r il iz e d  b y  a d d in g  c h lo r in e  o r  b y  u s in g  
u ltr a v io le t  l ig h t. M o r e o v e r , th is  trea tm en t p r o c e s s  m a y  in c lu d e  p r o c e s s e s  to  r e m o v e  
n u tr ien ts, su c h  a s  n itro g en  an d  p h o sp h o r u s , and  c a r b o n  a d so r p tio n  to  r e m o v e  
c h e m ic a ls .

2 .2 .1 .6  A d v a n c e d  T rea tm en t
A d v a n c e d  trea tm en t is  n e c e s s a r y  in  s o m e  tr e a tm e n t s y s t e m s  to  

r e m o v e  n u tr ie n ts  from  w a s te w a te r . C h e m ic a ls  are s o m e t im e s  a d d e d  d u r in g  th e  
trea tm en t p r o c e s s  to  h e lp  s e t t le  o u t o r  strip  o u t p h o s p h o r u s  o r  n itr o g e n . S o m e  
e x a m p le s  o f  n u tr ien t r e m o v a l s y s te 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 sp h o r u s  
r e m o v a l an d  a ir  s tr ip p in g  fo r  a m m o n ia  r e m o v a l.

2 .2 .1 .7  S lu dg e  T rea tm en t
W a ste w a te r  trea tm en t p r o c e s s e s  g e n e r a te  s ig n if ic a n t  q u a n tit ie s  

o f  s lu d g e  fro m  su sp e n d e d  s o lid s  in th e  fe e d , b io m a s s  g e n e r a te d  b y  b io lo g ic a l  
p r o c e s s , a n d  p r e c ip ita te s  from  a d d ed  c h e m ic a ls ,  w h ic h  req u ire  th e  p r o c e s s e s  to  treat 
th em . S lu d g e  trea tm e n t p r o c e s s  is  to  s ta b i l iz e  th e  s lu d g e  a n d  r e d u c e  ord er , r e m o v e  
s o m e  o f  w a te r  an d  red u ce  v o lu m e , d e c o m p o s e  s o m e  o f  th e  o r g a n ic  m a tter  an d  red u ce  
v o lu m e , k ill  d is e a s e -c a u s in g  o r g a n is m s , a n d  d is in fe c t  th e  s lu d g e .

2 .2 .2  P a ra m eters  a b o u t W a ste w a te r
2 .2 .2 .1  T o ta l S o lid s  (TS)

T h e  term  to ta l s o l id s  re fer  to  th e  m a tter  r e m a in e d  a fter  a 
w a s te w a te r  s a m p le  is  e v a p o r a te d  and d r ied  at a  s p e c if ie d  te m p e r a tu r e  (1 0 3  to  1 0 5 °C ).  
T o ta l s o l id s  c o n s is t  o f  s u sp e n d e d  s o lid s  a n d  d is s o lv e d  s o lid .

TS = TSS + TDS ( 2 . 1 2 )
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2 .2 .2 .2  T o ta l S u sp e n d e d  S o lid s  (TSS)
It re fers  to  th e  n o n filte r a b le  r e s id u e  re ta in e d  o n  a g la s s  fib er  

filte r , w ith  a s p e c if ic  p o r e  s iz e ,  a fter  filtra tio n  o f  a  s a m p le  o f  w a s te w a te r  at a  s p e c if ic  
tem p era tu r e  (1 0 3  to  1 0 5 °C ).

2 .2 .2 .3  D is s o lv e d  S o lid s  (DS)
T h e  s o lid s  th at ca n  p a ss  th ro u g h  th e  f i lte r  w ith  a  p o re  s iz e  o f  

2 .0  m ic r o n  or  s m a lle r . T h en , th e  filtra te  is  e v a p o r a te d  a n d  d r ied  at s p e c if ic  
tem p era tu r e  (1 0 3  to  1 0 5 °C ).

2 .2 .2 .4  T o ta l V o la tile  S o lid s  (TVS)
T o ta l v o la t i le  s o lid s  are th e  s o l id s  th at c a n  b e  v o la t i l iz e d  and  

burnt w h e n  th e  T S  are ig n ite d  (a b o u t 5 0 0 ° C ) .

T V S  =  T S  -  a sh  ( 2 .1 3 )

2.2.2.5  V o la tile  S u sp e n d e d  S o lid s  (VS,ร)
v ss  are d e term in ed  b y  ig n it in g  th e  TSS at 550±50°c a fter  

p la c in g  th e  f i lte r  d isk  in a  p o r c e la in  d ish .
2 .2 .2 .6  B io ch em ica l O xygen  D e m a n d  (B O D )

B O D  is  a  m e a su r in g  p a ra m eter  t o  d e te r m in e  th e  q u a n tity  o f  
o x y g e n  u se d  b y  m ic r o o r g a n ism s  in th e  a e r o b ic  s ta b il iz a t io n  o f  w a s te w a te r s  and  
p o llu te d  w a te r s . T h e  lim ita t io n s  o f  th e  B O D  te s t  are a s  f o l lo w s :  (1 )  a  h ig h  
c o n c e n tr a t io n  o f  a c c l im a te d  s e e d  b a cter ia  is req u ired , (2 )  p r e trea tm en t is  n e e d e d  
w h e n  d e a lin g  w ith  to x ic  w a s te , (3 )  o n ly  b io d e g r a d a b le  o r g a n ic s  are m ea su re d .

2.2.2.7 C h em ica l O xygen  D e m a n d  (C O D )
C O D  is  a m e th o d  for m e a su r in g  th e  c o n c e n tr a t io n  o f  o r g a n ic  

c o m p o u n d s  p r e se n t in  a  w a s te w a te r  sa m p le  u s in g  c h e m ic a l  o x id a t io n  r e a c tio n  w ith  
p o ta ss iu m  d ic h r o m a te  u n d er a c id ic  c o n d it io n . T h e  v a lu e  o f  C O D  is  c a lc u la te d  in 
te r m s  o f  o x y g e n  req u ired  for th is  c h e m ic a l  o x id a t io n  r e a c t io n . It p r e se n ts  both  
b io d e g r a d a b le  and  n o n -b io d e g r a d a b le  o r g a n ic s  in th e  sa m p le .
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2 .2 .2 .8  H y d ra u lic  R eten tio n  Tim e
T h e  h y d r a u lic  r e te n tio n  t im e  (H R T ) o r  t  (ta u ) is  a m e a su r e  o f  

th e  a v e r a g e  le n g th  o f  t im e  th at a s o lu b le  c o m p o u n d  r e m a in s  in a  b io r e a c to r . T h e  
th e o r e t ic a l  h y d r a u lic  r e te n tio n  t im e  is d e f in e d  as:

t = q (2 .12)

w h e r e  X =  H y d r a u lic  r e te n tio n  t im e , h 
V  =  V o lu m e  o f  rea c to r , m 3 
Q  =  V o lu m e tr ic  f lo w  rate, m 3/h

2.3 Anaerobic Biological Treatment

A n a e r o b ic  b io lo g ic a l  trea tm en t (o r  a n a e r o b ic  fe r m e n ta t io n )  is  th e  p r o c e ss  
th at d ig e s t s  th e  o r g a n ic  su b stra te  b y  m ic r o o r g a n ism s . T h e y  d e r iv e  e n e r g y  a n d  g ro w  
b y  m e ta b o l iz in g  o r g a n ic  m a ter ia l in an a b s e n c e  o f  o x y g e n  e n v ir o n m e n t . T h e  p ro d u cts  
o f  th is  p r o c e s s  are th e  s im p le  e n d -p r o d u c ts , e .g .  ca rb o n  d io x id e  a n d  m e th a n e .

2 .3 .1  P r o c e s s  D e s c r ip t io n
T h e r e  are th ree  b a s ic  s tep s  in v o lv e d  in  th is  p r o c e ss :

2 .3 .1 .1  H y d ro ly s is
H y d r o ly s is  is  th e  first s te p  fo r  m o s t  fe r m e n ta tio n  p r o c e s s e s ,  in 

w h ic h  p a rticu la r  m a ter ia l is  c o n v e r te d  to  s o lu b le  c o m p o u n d s  th at ca n  th en  be  
h y d r o ly z e d  fu rth er  to  s im p le  m o n o m e r s  th at are u se d  b y  b a c ter ia  th at p erfo rm  
fe r m e n ta tio n .

2 .3 .1 .2  A c id o g e n e s is
T h e  s e c o n d  s tep  is  a c id o g e n e s is  (a ls o  referred  to  as  

fe r m e n ta tio n ) . In th e  fe r m e n ta tio n  p r o c e s s , a m in o  a c id s , su g a rs , a n d  s o m e  fa tty  a c id s  
are d e g r a d ed  fu rth er. O r g a n ic  su b stra tes  s e r v e  a s  b oth  th e  e le c tr o n  d o n o r s  and  
a c c e p to r s . T h e  p r in c ip a l p r o d u c ts  o f  th is  p r o c e s s  are a c e ta te , h y d r o g e n , ca rb on  
d io x id e ,  p r o p io n a te , an d  b u ty ra te . T h e  p r o p io n a te  and  b u ty ra te  a re  fu rth er  ferm e n ted  
to  p r o d u c e  h y d r o g e n , ca rb on  d io x id e , and  a c e ta te . T h u s , th e  f in a l p r o d u c ts  o f
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fe r m e n ta tio n  (a c e ta te , h y d r o g e n , and  ca rb o n  d io x id e )  a re  th e  p r e c u r so r s  o f  m eth a n e  
fo rm a tio n  (ทาe th a n o g e n e s is ) .

2 .3 .1 .3  M e th a n o g en s  s is
T h e  th ird  s tep , m e th a n o g e n e s is ,  is  ca rr ied  o u t b y  a g ro u p  o f  

o r g a n is m s  k n o w n  c o l le c t iv e ly  a s  m e th a n o g e n s . T w o  g r o u p s  o f  m e th a n o g e n ic  
o r g a n is m s  are in v o lv e d  in m e th a n e  p r o d u c tio n . T h e  first g r o u p , a c e t ic la s t ic  
m e th a n o g e n s , s p lit s  a c e ta te  in to  m e th a n e  a n d  ca rb o n  d io x id e .  T h e  se c o n d  gro u p , 
h y d r o g e n -u t i l iz in g  m e th a n o g e n s , u s e s  h y d r o g e n  a s  th e  e le c tr o n  d o n o r  an d  carb on  
d io x id e  a s  th e  e le c tr o n  a c c e p to r  to  p r o d u c e  m e th a n e . T h e  p r o c e s s  is s h o w n  in F ig u re
2 .2 .

Figure 2.2 S c h e m a t ic  r e p r e se n ta tio n  o f  a n a e r o b ic  b io lo g ic a l  tr ea tm e n t.

2 .3 .2  E f fe c ts  o f  T e m p era tu re
O n e  o f  th e  im p ortan t fa c to r s  c o n tr o ll in g  th e  a n a e r o b ic  b io lo g ic a l  

trea tm en t p r o c e s s  is  tem p era tu re . S u b stra te  d e g r a d a tio n , H 2 p r o d u c tio n , p rod u ct 
d is tr ib u tio n , a n d  b a c te r ia  g r o w th  are a ll a f fe c te d  b y  tem p era tu r e .

T h e r e  a re  tw o  m a in  tem p era tu r e  r a n g e s  fo r  a n a e r o b ic  b io lo g ic a l
trea tm e n t p r o c e s s .
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-  M e s o p h il ic  p r o c e s s  is  th e  m o s t  c o m m o n ly  u s e d  fo r  a n a ero b ic  
b io lo g ic a l  tr ea tm e n t p r o c e s s , in p a rticu lar  w a s te  s lu d g e  trea tm e n t. D e c o m p o s it io n  o f  
th e  v o la t i le  su s p e n d e d  s o lid s  (V S S )  is  a rou n d  40 %  o v e r  a r e te n tio n  t im e  o f  15 to  40 
d at a  tem p era tu r e  o f  30 to  40°c, w h ic h  req u ire s  la r g e r  d ig e s t io n  ta n k s . It is u su a lly  
m o r e  ro b u st th an  th e  th e r m o p h il ic  p r o c e s s , but th e b io g a s  p r o d u c tio n  te n d s  to  b e  le s s ,  
an d  a d d it io n a l s a n it iz a t io n  is  u s u a lly  req u ired .

- T h e r m o p h ilic  p r o c e s s  o p e r a te s  at a h ig h  tem p e r a tu r e . T h e  p r o c e ss  is  
h ea ted  to  55°c an d  h e ld  for a p e r io d  o f  12 to  14 d . T h e  m ic r o o r g a n ism  ra p id ly  b rea k s  
d o w n  o r g a n ic  m a tter  an d  p r o d u c e s  la r g e  v o lu m e s  o f  b io g a s . T h e  q u ic k  b r ea k d o w n  
m e a n s  th at th e d ig e s te r  v o lu m e  ca n  b e  sm a lle r  th an  in  o th e r  s y s t e m s .  T h e r m o p h ilic  
p r o c e s s e s  p r o v id e  h ig h e r  b io g a s  p r o d u c tio n , b u t th e  t e c h n o lo g y  is  m o r e  e x p e n s iv e ,  
m o r e  e n e r g y  is  n e e d e d , and  it is  n e c e s s a r y  to  h a v e  m o r e  r e f in e d  c o n tro l and  
in s tru m en ta tio n . G rea ter  in su la tio n  is  n e c e s s a r y  to  m a in ta in  th e  o p t im u m  tem p era tu re  
ra n g e . T h e s e  p r o c e s s e s  m a y  b e  m o re  s e n s i t iv e  to  u p se t  d u e  to  tem p era tu r e  v a r ia tio n s .  
H o w e v e r , th e s e  p r o c e s s e s  are m o re  e f f e c t iv e  in p a th o g e n  r e m o v a l.

2.3.3 Advantages and Disadvantages of Anaerobic Biological Treatment
2 .3 .3 .1  A d v a n ta g e s  o f  A n a e ro b ic  B io lo g ic a l T rea tm en t

A d v a n ta g e s  o f  a n a e r o b ic  trea tm e n t are n u m e r o u s  and  ca n  b e
su m m a r iz e d  a s  fo l lo w :

•  T h is  p r o c e s s  g e n e r a lly  c o n s u m e s  litt le  e n e r g y . A t  a m b ie n t  
tem p era tu r e , th e  e n e r g y  re q u ir e m e n ts  are in th e  r a n g e  0 .0 5 - 0 .1  k W h /m 3 ( 0 .1 8 - 0 .3 6  
M J /m 3), d e p e n d in g  o n  th e  n e ed  fo r  p u m p in g  a n d  r e c y c l in g  e f f lu e n t .

•  L e s s  b io lo g ic a l  s lu d g e  p r o d u c tio n
•  F e w e r  n u tr ien ts  req u ired
•  P r o v is io n  o f  e n e r g y  so u r c e  th ro u g h  m e th a n e  r e c o v e r y
•  S m a lle r  r ea c to r  v o lu m e  req u ired
•  E lim in a tio n  o f  o f f -g a s  a ir p o llu t io n
•  R a p id  r e s p o n s e  to su b stra te  a d d it io n  a fter  lo n g  p e r io d s

w ith o u t  fe e d
• Raw waste stabilization
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•  R e la t iv e ly  o d o r -fr e e  e n d -p r o d u c ts
•  M o d e r n  a n a e r o b ic  tr e a tm e n t ca n  h a n d le  v e r y  h ig h  lo a d s ,  

e x c e e d in g  v a lu e s  o f  30 g  C O D /L /d  at 30°c a n d  u p  to  50 g  C O D /L /d  a t 40°c for  
m e d iu m  s tr e n g th , m a in ly  s o lu b le  w a s te w a te r .

•  T h e  c o n s tr u c t io n  c o s t s  are r e la t iv e ly  lo w .
•  T h e  s p a c e  r e q u ir e m e n ts  o f  th is  p r o c e s s  are lo w e r  than

c o n v e n t io n a l  s y s t e m s .
D u r in g  a n a e r o b ic  b io lo g ic a l  tr ea tm e n t, b io d e g r a d a b le  

c o m p o u n d s  a re  e f f e c t iv e ly  r e m o v e d , le a v in g  a  n u m b e r  o f  r e d u c e d  c o m p o u n d s  in  th e  
e f f lu e n ts ,  a s  w e l l  a s  a m m o n iu m , o r g a n ic  N -c o m p o u n d s , s u lp h id e , o r g a n ic  P- 
c o m p o u n d s , a n d  p a th o g e n s . D e p e n d in g  on  th e  fu rth er  u s e , a c o m p le m e n ta r y  
tr e a tm e n t s tep  is  n e e d e d .

b e lo w :

2 .3 .3 .2  D isa d v a n ta g e s  o f  A n a e ro b ic  T rea tm en t P r o c e s s
T h e  d is a d v a n ta g e s  o f  a n a e r o b ic  trea tm e n t are s u m m a r iz e d

in v e n to r y
•  L o n g e r  s ta rt-u p  t im e  to  d e v e lo p  n e c e s s a r y  b io m a s s

•  M a y  req u ire  a lk a lin ity  a d d it io n
•  M a y  req u ire  fu rther tr e a tm e n t w ith  an  a e r o b ic  trea tm en t  

p r o c e s s  to  m e e t  d is c h a r g e  r eq u irem en ts
•  B io lo g ic a l  n itr o g e n  a n d  p h o s p h o r u s  r e m o v a l is  n o t

p o s s ib le .
•  M u c h  m o r e  s e n s it iv e  to  th e  a d v e r s e  e f f e c t  o f  lo w e r  

te m p e r a tu r e s  o n  r e a c t io n  ra tes
•  M a y  b e  m o re  s u s c e p t ib le  to  u p se t  d u e  to  t o x ic  s u b s ta n c e s
•  P o te n tia l fo r  p r o d u c tio n  o f  o d o r s  a n d  c o r r o s iv e  g a s e s

2 .3 .4  A n a e r o b ic  T r ea tm en t P r o c e s s e s
A n a e r o b ic  trea tm en t p r o c e s s e s  in c lu d e  a n a e r o b ic  su s p e n d e d  g r o w th , 

a n a e r o b ic  s lu d g e  b la n k e t, and  a tta ch ed  g ro w th  a n a e r o b ic  p r o c e s s e s :
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2 .3 .4 .1  A n a e ro b ic  S u sp e n d e d  G ro w th  P r o c e s s e s
A n a e r o b ic  s u sp e n d e d  g r o w th  p r o c e s s e s  are c la s s i f i e d  in th ree

ty p e s:
•  C o m p le te -M ix  P ro c e s s

In th e  c o m p le te -m ix  a n a e r o b ic  p r o c e s s ,  a s  s h o w n  in F ig u re  

2 .3 ( a ) ,  th e  h y d r a u lic  r e te n t io n  an d  s o lid  r e te n tio n  t im e s  are e q u a l (x  =  S R T ).  
G e n e r a lly , h y d r a u lic  r e te n tio n  t im e  m a y  b e  in th e  r a n g e  o f  15  to  3 0  d to  p r o v id e  
s u f f ic ie n t  s a fe ty  fa c to r s  fo r  o p e r a t io n  a n d  p r o c e s s  s ta b il ity . T h is  p r o c e s s  w ith o u t  
s lu d g e  r e c y c le  is  m o r e  s u ita b le  fo r  w a s te s  th at h a v e  h ig h  c o n c e n tr a t io n s  o f  s o l id s  or  
e x tr e m e ly  h ig h  d is s o lv e d  o r g a n ic  c o n c e n tr a t io n s , w h e r e  th ic k e n in g  th e  e f f lu e n t  s o lid s  
is  d if f ic u lt .  T y p ic a l  o r g a n ic  lo a d in g  ra tes fo r  th is  p r o c e s s  are p r e se n t  in T a b le  2 .1 ,  
c o m p a r e d  w ith  a n a e r o b ic  c o n ta c t  and  a n a e r o b ic  s e q u e n c in g  rea c to r  p r o c e s s e s .

(a) (b)
Sludge

Feed React Settle Decant

Figure 2.3 A n a e r o b ic  su 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 ta 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 tch  rea c to r  p r o c e ss .
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Table 2.1 T y p ic a l  o r g a n ic  lo a d in g  ra tes fo r  a n a e r o b ic  su s p e n d e d  g r o w th  p r o c e s s e s  at
30°c

Process
Volumetric 

organic loading, 
kg COD/m3d

Hydraulic retention time X, 
day

C o m p le te -m ix 1 .0 -5 .0 1 5 -3 0
A n a e r o b ic  c o n ta c t 1.0 -8 .0 0 .5 -5

A n a e r o b ic  s e q u e n c e  b a tch  reactor 1 .2 -2 .4 0 .2 5 - 0 .5 0

•  A n a e ro b ic  C o n ta c t P r o c e s s
T h e  a n a e r o b ic  c o n ta c t  p r o c e s s ,  a s  s h o w n  in F ig u r e  2 .3 (b ) ,  

o v e r c o m e s  th e  d is a d v a n ta g e s  o f  a  c o m p le te -m ix  p r o c e s s  w ith o u t  r e c y c le .  B io m a s s  is  
sep a ra te d  and  retu rn ed  to  th e  c o m p le te -m ix  o r  c o n ta c t  r e a c to r  s o  th a t th e  s o lid  

re te n tio n  t im e  (S R T ) is  lo n g e r  th an  h y d r a u lic  r e te n tio n  t im e  ( t) . T h e  a n a e r o b ic  

rea cto r  v o lu m e  ca n  b e  r e d u c e d  b y  se p a r a tin g  X a n d  S R T  v a lu e s .  G r a v ita tio n a l  
sep a ra tio n  is th e  m o s t  c o m m o n  a p p ro a ch  fo r  s o l id  se p a r a tio n  a n d  th ic k e n in g  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 se d  fo r  s o l id  s e p a r a tio n  b y  d is s o lv in g  
th e  p r o c e s s  o f f - g a s  u n d er  p r essu re , w h ic h  h a s  b e e n  u se d  in p la c e  o f  g r a v ita tio n a l  
se p a r a tio n . S in c e  th e  r e a c to r  s lu d g e  c o n ta 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  
and  g a s  p r o d u c tio n  ca n  c o n t in u e  in th e  sep a ra tio n  p r o c e s s ,  s o l id - l iq u id  se p a r a tio n  ca n  
b e in e f f ic ie n t  and  u n p r e d ic ta b le .

•  A n a e ro b ic  S eq u en c in g  B a tch  R e a c to r  P r o c e s s
T h e  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 ,  a s  s h o w n  

in F ig u re  2 .3 ( c ) ,  c a n  b e  c o n s id e r e d  a s u sp e n d e d  g r o w th  p r o c e s s  w ith  r e a c tio n  and  
s o lid - l iq u id  sep a ra tio n  in th e  s a m e  v e s s e l ,  m u c h  l ik e  th at fo r  a e r o b ic  s e q u e n c in g  
b a tch  r e a c to r  (S B R ) . T h e  o p e r a t io n  o f  A S B R  c o n s is t s  o f  fo u r  s te p s:  (1 )  f e e d in g , (2 )  
r e a c t in g , (3 )  s e t t l in g , an d  (4 )  d e c a n t in g . D u r in g  th e  r e a c t in g  p e r io d , in ter m itte n t  
m ix in g  fo r  a  f e w  m in u te s  e a c h  h ou r  is  d o n e  to  p r o v id e  u n ifo rm  d is tr ib u tio n  o f
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su b stra te  and  s o l id s .  T h e  o r g a n ic  lo a d in g  o f  th e  p r o c e s s  c a n  b e  c h a n g e d  b y  s e le c t in g  
h y d ra u lic  r e te n tio n  t im e s  fro m  6  to  2 4  h . A t  25°c, 9 2  to  9 8  %  C O D  r e m o v a l ca n  be  
a c h ie v e d  at v o lu m e tr ic  o r g a n ic  lo a d in g  o f  1 .2  to  2 .4  k g  C O D /m 3d.

2 .3 .4 .2  A n a e ro b ic  S lu dge B la n k e t P ro c e s se s
T h is  p r o c e s s  u s e s  an a n a e r o b ic  p r o c e s s ,  w h ils t  fo r m in g  a 

b la n k e t o f  g ra n u lar  s lu d g e  and  b e in g  su s p e n d e d  in  th e  ta n k . T h e  k e y  fea tu re  o f  th is  
p r o c e s s  is  th at th e  a n a e r o b ic  s lu d g e  in h e r e n tly  h a s  su p e r io r  f lo c c u la t io n  a n d  se t t l in g  
c h a r a c te r is t ic s , w h ic h  fa v o r a b ly  p r o v id e  th e  p h y s ic a l  an d  c h e m ic a l  c o n d it io n s  for  
s lu d g e  f lo c c u la t io n . W h e n  th e s e  c o n d it io n s  are m e t , a  h ig h  s o l id  r e te n tio n  t im e  (at 
h ig h  H R T  lo a d in g s )  c a n  b e  a c h ie v e d , w ith  sep a ra tio n  o f  th e  g a s  fro m  th e  s lu d g e . O n e  
o f  th e  m o st n o ta b le  d e v e lo p m e n ts  in a n a e r o b ic  trea tm e n t p r o c e s s  t e c h n o lo g y  is  th e  
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 )  rea c to r . T h e  p r in c ip a l ty 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  (1 )  th e o r ig in a l U A S B  p r o c e s s  and  m o d if ic a t io n  o f  
th e  o r ig in a l d e s ig n , (2 )  th e  a n a e r o b ic  b a ff le d  rea c to r  (A B R ) ,  a n d  ( 3 )  th e  a n a e r o b ic  
m ig r a t in g  b la n k e t  rea c to r  (A M B R ) . O f  th e se  s lu d g e  b la n k e t p r o c e s s e s ,  th e  U A S B  is 
th e  m o s t  c o m m o n  u se d  p r o c e s s  fo r  trea tin g  a w id e  ra n g e  o f  in d u str ia l w a s te w a te r s .

•  U pflow  S lu dge  B la n k e t R e a c to r  P r o c e s s
T h e  b a s ic  U A S B  r e a c to r  is  illu str a ted  in  F ig u r e  2 .4 (a ) .  T h e  

in f lu e n t  w a s te w a te r  is  d is tr ib u ted  at b o tto m  o f  th e  U A S B  r e a c to r  a n d  tr a v e ls  in an  
u p f lo w  m o d e  th ro u g h  th e  s lu d g e  b la n k et. C r it ic a l e le m e n ts  o f  th e  U A S B  rea cto r  
d e s ig n  are th e  in f lu e n t  d is tr ib u tio n  s y s te m , th e  g a s - s o l id  sep a ra to r , a n d  th e  e f f lu e n t  
w ith d r a w a l d e s ig n . M o d if ic a t io n s  to  th e  b a s ic  U A S B  d e s ig n  in c lu d e  a d d in g  a  s e tt l in g  
ta n k , a s  s h o w n  in  F ig u r e  2 .4 (b ) , or th e  u se  o f  p a c k in g  m a te r ia l at th e  to p  o f  th e  
rea cto r , a s  s h o w n  in F ig u r e  2 .4 ( c ) .  B o th  m o d if ic a t io n s  a re  in te n d e d  to  p r o v id e  b e tter  
s o lid  ca p tu re  in th e  sy s te m  and  to  p r ev en t th e  lo s s  o f  la r g e  a m o u n ts  o f  th e  U A S B  
r e a c to r  s o lid  d u e  to  p r o c e s s  u p se ts  o r  c h a n g e s  in  th e  U A S B  s lu d g e  b la n k e t  
c h a r a c te r is t ic s  an d  d e n s ity .

T h e  k e y  fea tu re  o f  th e  U A S B  p r o c e s s  th at a l lo w s  th e  u s e  o f  
h ig h  v o lu m e tr ic  C O D  lo a d in g s  co m p a r e d  w ith  o th e r  a n a e r o b ic  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 ra n u la ted  s lu d g e .
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Figure 2.4 S c h e m a t ic  o f  th e  U A S B  p r o c e s s  and s o m e  m o d if ic a t io n s :  (a )  o r ig in a l 
p r o c e s s , (b )  U A S B  rea cto r  w ith  s e d im e n ta tio n  ta n k  an d  s lu d g e  r e c y c le ,  a n d  (c )  
U A S B  rea cto r  w ith  in tern a l p a c k in g  fo r  f ix e d - f ilm  a tta ch ed  g r o w th .

•  A n a e ro b ic  B a ffled  R e a c to r  P ro c e s s
In th e  a n a ero b ic  b a ff le d  rea c to r  p r o c e s s  (A B R ) ,  a s  s h o w n  

in  F ig u re  2 .5 (a ) ,  b a f f le s  are u s e d  to  d irec t th e  f lo w  o f  w a s te w a te r  in an  u p f lo w  m o d e  
th ro u g h  a s e r ie s  o f  s lu d g e  b la n k e t  rea c to rs . T h e  s lu d g e  in  th e  rea c to r  r is e s  and  fa l ls  
w ith  g a s  p r o d u c tio n  and  f lo w s  bu t m o v e s  th ro u g h  th e  r e a c to r  at a  s lo w  ra te . V a r io u s  
m o d if ic 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 fo r m a n c e . T h e  
m o d if ic a t io n s  in c lu d e :  (1 )  c h a n g e s  o f  th e  b a ff 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  
se tt le r  is  u se d  to  ca p tu re  and  return s o lid s , or (3 )  p a c k in g  is  u se d  in  th e  u p p e r  p o rtio n  
o f  e a c h  c h a m b e r  to  ca p tu re  s o lid s .

•  A n a e ro b ic  M ig ra tin g  B lan ket R e a c to r
T h e  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 )  p r o c e s s  

is  s im ila r  to  th e  A B R  w ith  th e  a d d ed  fea tu res  o f  m e c h a n ic a l  m ix in g  in  e a c h  s ta g e  a n d  
an o p e r a t in g  a p p ro a ch  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  re so r tin 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 lid  ca p tu re , a s  s h o w n  in  F ig u r e  2 .5 ( b ) .  In th e  
A M B R  p r o c e s s , th e  in flu e n t fe 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 lu e n t  s id e ,  
an d  th e  e f f lu e n t  w ith d r a w a l p o in t is  a ls 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  
re m a in s  m o re  u n ifo rm  in th e  a n a e r o b ic  reactor . T h e  f lo w  is  r e v e r se d  w h e n  a 
s ig n if ic a n t  q u a n tity  o f  s o l id s  a c c u m u la te s  in th e  la st s ta g e .
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Figure 2.5 S c h e m a t ic  o f  a lte r n a tiv 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 ff le d  
rea cto 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 .3 .4 .3  A tta c h e d  G ro w th  A n a e ro b ic  P ro c e s se s
A tta c h e d  g r o w th  a n a e r o b ic  trea tm e n t rea c to rs  d iffe r  b y  th e  

ty p e  o f  p a c k in g  u se d  and  th e  d e g r e e  o f  b ed  e x p a n s io n . T h ere  are th ree  ty p e s  o f  
a tta ch ed  g r o w th  p r o c e s se s :

•  U pflow  P a c k e d -B e d  R e a c to r
In th e  u p f lo w  p a c k e d -b e d  rea c to r , a s  s h o w n  in F ig u re  

2.6 (a ) ,  th e  p a c k in g  is  f ix e d , and th e  w a s te w a te r  f lo w s  u p  th ro u g h  th e  in ter stitia l 
s p a c e s  b e tw e e n  th e  p a c k in g  and  b io g r o w th . E f f lu e n t  r e c y c le  is  g e n e r a lly  n o t u se d  fo r  
th e  p a c k e d -b e d  rea c to r , e x c e p t  for  h ig h -s tr e n g th  w a s te w a te r s . W h ile  th e  first u p f lo w  
a n a e r o b ic  p a c k e d -b e d  p r o c e s s e s  c o n ta in e d  ro ck , a v a r ie ty  o f  d e s ig n s  e m p lo y in g  
sy n th e t ic  p la s t ic  p a c k in g  is  u se d  cu r r e n tly . 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  
for  tr e a tm e n t in th e  u p flow ' a tta 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 ly  h e ld  in th e  
p a c k in g  v o id  s p a c e s  an d  n o t ju s t  a tta ch ed  to  th e  p a c k in g  m a te r ia l. L o w  u p f lo w  
v e lo c i t i e s  are g e n e r a lly  u se d  to  p r e v e n t th e  w a s h o u t  o f  th e  b io m a s s . O v e r  t im e , s o l id s  
an d  b io m a s s  w i l l  a c c u m u la te  in th e  p a c k in g  to  c a u s e  p lu g g in g  a n d  f lo w  sh o rt-  
c ir c u it in g . A t th is  p o in t , s o l id s  m u st b e  r e m o v e d  b y  f lu s h in g  a n d  d r a in in g  th e  
p a c k in g .

A d v a n ta g e s  o f  u p f lo w  a tta c h e d  g r o w th  a n a e r o b ic  rea c to rs  
are h ig h  C O D  lo a d in g s , r e la t iv e ly  s m a ll  rea c to r  v o lu m e s , and  o p e r a t io n a l  s im p lic i ty .
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The main limitations are the cost of the packing material, operational problems, and 
maintenance associated with solid accumulation and possible packing plugging. The 
process is best suited for wastewaters with low suspended solid concentrations.

• Upflow A tta ch ed  G row th A na erob ic  E xp a n d ed -B ed  R eactor  
The anaerobic expanded-bed reactor (AEBR), as shown in

Figure 2.6(b), uses silica sand with a diameter in the range of 0.2 to 0.5 mm and 
specific gravity of 2.65 as the packing material to support biofilm growth. Recycle is 
used to provide upflow velocity, resulting in 20 % bed expansion. The smaller 
packing provides a greater surface area per unit volume, theoretically supporting a 
greater amount of biomass growth. The packing void fraction is about 50 % when 
expanded. With such a small packing and void volume, the expanded-bed operation 
is necessary to prevent plugging. Because the expanded-bed system is not fully 
fluidized, some solids are trapped, and some degree of solid degradation occurs.

• A tta ch ed  G row th A na erob ic  F h iid ized -B ed  R eactor  
Anaerobic fluidized-bed reactor (AFBR), as shown in

Figure 2.6(c), is similar in physical design to the upflow expanded-bed reactor. The 
packing size is similar to the expanded-bed reactor, but the AFBR is operated at 
higher upflow' liquid velocities of about 20 m/h to provide about 100 % bed 
expansion. Both fluidization and mixing of the packing material occurs in fluidized- 
bed system. Effluent recycle is used to provide sufficient upflow velocity.
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Figure 2.6 Upflow anaerobic attached growth treatment reactors: (a) anaerobic 
upflow packed-bed reactor, (b) anaerobic expanded-bed reactor, and (c) anaerobic 
fluidized-bed reactor.

The expanded- and fluidized-bed reactors have more 
surface area per reactor volume for biomass growth and better mass transfer than the 
upflow packed-bed reactor, but have lower solid capture.

• D ow nflow  A tta ch ed  G row th P rocess
The downflow attached growth anaerobic processes, as 

illustrated in Figure 2.7, have been applied for treatment of high-strength 
wastewaters using a variety of packing materials, including cinder block, random 
plastic, and tubular plastic. Systems are designed to allow recirculation of the reactor 
effluent.

Figure 2.7 Downflow attached growth anaerobic treatment reactor.
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2.4 Hydrogen Production from Wastewaters by Using Anaerobic Sequencing 
Batch Reactor

The industrial production of several carbohydrate-containing products 
results in the discharge of large quantities of high-strength liquid wastes. These 
wastes not only have a high organic content, but also they are carbohydrate-rich. 
Hence, they are suitable to be feedstock for biohydrogen production by an anaerobic 
treatment process. Many wastewaters have been treated by an anaerobic sequencing 
batch reactor.

- Wastewater from olive mills, which had an average COD:N:P ratio of 
about 900:5:17, was treated by using an anaerobic sequencing batch 
reactor. COD removal more than 80 % was achieved at 3 d hydraulic 
retention time and at an organic load about 5.3 kg COD/m3/d (Bashaar, 
2005).

- High-strength slaughterhouse wastewater, which contained between 30 
and 53 % of its chemical oxygen demand (COD) as suspended solids 
(SS), was treated in an anaerobic sequencing batch reactor operated at 30, 
25, and 20°c. The total COD was reduced by over 92 %, while average 
SS removal varied between 80 and 96 % (Masse and Masse, 2001).

- The biohydrogen production from dairy wastewater treatment in 
sequencing batch reactor (AnSBR) was found to be dependent on the 
organic loading rate applied. The optimum conditions for effective H2 
yield were acidophilic at pH 6. The results showed that COD removal 
efficiency was more than 50 % at operating organic loading rate less than 
4.7 kg COD/m3/d (Mohan e t a l., 2007).

- An anaerobic sequencing batch reactor was used for the hydrogen 
production from a glucose-containing wastewater operated at 37°c, a 
hydraulic reaction time (HRT) of 24 h, and different chemical oxygen 
demand (COD) loading rates from 10 to 50 kg m'3d_l without and with pH 
control at 5.5. The results showed that the optimum COD loading rate of 
40 kg ทา-3d'1 and pH 5.5 were found to provide 44 % H2 and 56 % CO2 
(Sreethawong et ah, 2010b).
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- The hydrogen production from a cassava wastewater using anaerobic 
sequencing batch reactors (ASBR) was studied, it was found that the 
operation at a COD loading rate of 30 kg/m3d and 6 cycles per day 
provided maximum hydrogen production performance in terms of specific 
hydrogen production rate (SHPR) and hydrogen yield (Sreethawong et 
a l., 2010a).
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