2.1
2.1.1
(electron
donor) (electron acceptor)
(H)
(respiration) (aerobic respiration)
(<2 (terminal electron acceptor)
(anaerobic respiration)
2.1
2
(fermentation) 2

2.2 internal balanced



MUiijIGPfHj ' Ii ) MJJUJ fiv.

() Aerobic respiration

Organic compound

Proton
» _ Electro
ATP motive flow
force

Biosynthesis

()  Anaerobic respiration
Organic compound

Proton [\
ATP < potive  [Electron
force /' flow
| Biosynthesis
NO: s0.”
2,
(Madlgart et ai., 1997)
Organic compound(e donor)
intermediate Electrons
p
intermegiate-P
ADP --"l substrate-level
ATP phospharylation V
Oxidized organic compound Electron
(e acceptor) carriers

Reduced organic compound
(fermentation product)

2.2 ' (Madlgan et al,, 1997)



2.1.2
Organic matter — ----------- ) C- +COj+ 24+ - + 2
4
1 HYDROLYSIS
1 2
Acidogens
(extracellular enzyme) hydrolytic enzymes hydrolases
amylase
(lipids) lipase esterases

protease amino acid  lysine trypsin



2 ACIDOGENESIS

Acidogenic organisms

(fermentation) (volatile fatty acid)

[

Emden-Meyerhof Pathway

CeH2 6 - ¢ 2CHCOOH +2C02+4 2
CeH120f ------- * CH,CH2CH2COOH (butyric acid) + 2C02 + 2H2

CoH12 6 - » CHjCHjCOOH (propionic acid) + CHYCOOH + 2+ H2
6H,2 6 - ¢ CH3CH2CH2COOH (butyric acid) +2 2 +2 2

(long chain fatty acid)

p-oxidation
3 ACETOGENESIS
2
2
( )
2
Syntrobacter wolinii Syntrophomonas wolfei



CHXH2OH +< 2 e S
CHICHICOOH #2 2 v ,
CH3CHZ2CH2COOH + 2 2 --eeeeeeeeeee- ;

4 METHANOGENESIS

Fenchel (1995)

(M3 + 2H?2

CH3COOH +

2+ 3H2

2CHXCOO0H + 2H2

1) (C02)

(CO) (2
2) (-CH3)

(CHgOH) (CHINH3)
3) (CHgCOOH)
Gottschalk (1988)
1) Obligate chemollthotrophlc methanogens
C02+4H2 - CH4 + 2H

(HCOOH)



4HCOOH =~ - b 40 2 +4H2

C02+4H2  ---mme- ) CH4 + 2HD
4HCOOH = - ) CH4+3C02+2HD
4CO + 2HD  ---e- ) CH4 +3C0z

)

Hydrogenotrophic methanogens

2) Methylotrophlc  methanogens

CH-COOH  -meremeeeem- ) CH4+C02

Methanosarcrina barken

1 4
CHOH+ 2 - ) 02+
3CHOH+ - ) 3CH4+3 2

4CHOH - 4 3CH4 +C02+ 2HoO

HCHYIN + 6HN  orem ) 9CH4 + 3C0g + 4NH3

(Deuterium, )

CDsOH fermentation cd3n
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i 2.3
c MATE; Juoose HYDROLYSIS
rote ar(r]nna:id

1ACID EORMING BACTERIA 1 b

.acetic < pyrﬂ\ic ACDOGENESIS
1 1 - Ib
T I
butyric propionic
Y Y
butvne acid propionic acid
AcETOGENES
CH-.COOH 4H; [ 2||-|;0
I lic METHANE BACTERIAI H-ttilising > "\ : BACTERIA|
ol NETAE B I VETIANCEENESSS
eg Methanosarcrina. barkoni eg. Methenospirilium hunggtel
aL-qQo H 2E0

2.3 (Mosey, 982)



2. 3. (Acidogenic Bacteria)
obligate anaerobes facultative
obligate anaerobes
Clostridium
polysaccharides
Propionibacterium
(Fenchel, 1995  Madigan, 997)
2.1.32 (Acetogenic Bacteria)

2
1) Homoacetogenlc Bacteria
( ) Acetyl-CoA pathway
Acetobacterium woodii Clostridium aceticum
(autotrophic)
(Heterotrophic)

2C02+4 2 DUNLOPACkecleria». CH3COOH + 2H2
AGM NG heterotrophic bacteria 3CH3COOH



(Acidogenic Bacteria)

21 '

al, 1997)

Key chracterlstlcs

I. Ferment carbohydrates

Ferment cellulose

Ferment sugars, starch.
and pectin

Ferment sugars primarily
to acetic acid

Ferments only pentoses
or methylpentoses

. Ferment proteins or

amino acids

Ferments carbohydrates

or amino acids

. Purine fermenters

. Ethanol fermentation to

fatty acids

Clostridium

(Acetogeneic Bacteria)

2.1

Clostridium  (Medlgan et

Other characteristics

Fermentation products: acetate,lactate,
succinate, ethatnol, CCA, PL
Fermentation products: acetone, butanol.
ethanol, isopropanol, butyrate, acetate.
propionate, succinate, CO.,, 2;some fix

N )

Total synthesis of acetate from CO,;
cytochromes present in some species

Ring-shaped cells form left-handed, helical
chains: fermentation products: acetate.
propionate, -propanol, C02, 2
Fermentation products; acetate, other fatty
acids, NH3, CO,, sometimes FI2; some
also ferment sugars to butyrate and
acetate; may produce exotoxins

Ferments three-carbon compounds to
propionate, acetate and C 02

Fermentation products from glucose:
acetate, formate, small amounts of
isobutyrate and isovalerate

Ferments uric acid and other purines,
forming acetate, C02, NH3

Produces butyrate, caproate, and H,;
requires acetate as electron acceptor; does
riot use sugars, amino acids, or purines

Species

C. cellobioparum

¢. thermocellum

¢. butyricum

¢. acetobutylicum

¢. pasteurianum

¢. perfringens

¢. thermosulfurogenes
¢c. aceticum

¢. thermoaceticum

¢. formicoaceticum

¢. methylpentosum

c. sporogenes
c. tetani

¢. botulinum

¢. tetanomorphum
C. propionicum

¢. bifermentans

¢. acidurici

¢. kluyveri



2) H2-producing Acetogenlc Bacteria

L ( )

Synthrophomaonas Synthrophobacter
Y throphomonas wolfei 4 8

Syntrophobacter wolinii |

2. .33 (Methanogenesis Bacteria)

10

2.2

cytochromes
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quinones

methanogens

2.2 (Medlgan etal.,1 997 ;
Fenchel and Finlay,1995)

Carbon dioxide, C02 (with electrons derived from H2)
Formate, HCOO

Carbon monoxide, CO

Methanol, CH3OH
Methylamine, CH3NH,
Dimethylamine, (CHz)2NH:
Trimethylamine, (CH3),NH
Methylmercaptan, CH3SH
Dimethylsulfide, (CH3)2

Acetate, CH3COO

1

7 (Genus) ( short rods long rods)
(cocci) plate-shaped
(filamentous) 2.3

Nad"
FMN



2.3

Genus

Group i
Methanobacterium
Methanobrevibacter
Melhanosphaera
Group Il
Methanothermus
Group 1l
Methanococcus

Group IV
Methanomicrobium
Methanogenium
Melhanospirillum
Methanoplanus

Group V
Methanosarcina

Methanolobus

Methanoculleus
Methanohalobium

Methanococcoides
Methanohalophilus

Methanothrix
(Methanosaeta)

Group M1
Methanopyrus

Group VI
Methanopusculum

Morphology

Long rods
Short rods
Cocci

Rods

Irregular cocci

Short rods
Irregular cocci
Spirilla
Plate-shaped cells
occurring as thin
plates with sharp
edges

Large irregular cocci
in packets

[rreqular cocci

in aggregates
Irregular cocci
[rregular cocci

[rregular cocci
[rregular cocci

Long rods to filaments

Rods in chains

Irregular cocci

Gram

reaction

+0f-

Number

of species

(Medigan et al, 1997)

Substrates fr;

methanogenesis

H2+Co 2, formate
H2+C 02, formate
Methanol + H2 (both needed

Ho+C02:; can also reduce

H2+CO,, pyruvate + C02,
formate

H2+C00, formate
Ho+COj, formate
H2+C02, formate
H2+C 02, formate

Ho+ccx, methanol.

methylamines, acetate
Methanol, Methylamines

H2+COz, alcohols, formate
Methanol, methylamines;
halophilic

Methanol, methylamines
Methanol, methylamines.
methyl sulfides; halophile
Acetate

H2+C02: hyperthermophile.
growth at 110°c

H2+C02, formate, alcohols



methanofuran  methanopterin - coenzyme M coenzyme F43)
- coenzyme F40 HS-HTP
(7-mercaptoheptanoyl threonine phosphate)

2. 34 (Sulfate Reducing Bacteria, SRB)

1) (Incompletely
Oxidizing Sulfate Reducing Bacteria, |-SRB)

Desulfovibrio Desulfomonas Desulfotomaculum
Desulfobulbus 2

2) (Completely
Oxidizing Sulfate Reducing Bacteria, C-SRB)

Desulfococcus Desulfosarcrina Desulfonema



2.4

Compound Oxidation state
Organic  (R-SH) -2

Sulfide ( 2) -2
Elemental sulfur ( J) 0
Thiosulfate ( 2092 ) +2 (average per )
Tetrathionate (S40 &2 ) +2.5 (average per )
Sulfur dioxide (SO?) +

Sulfite (SOg2 ) +4

Sulfur trioxide (SO3) +

Sulfate (so/ ) +6

2 Acetate

Lactate Propionate

Pyruvate Butyrate

Ethanol and other alcohols Long-chain fatty acids
Fumarate Benzoate

Malate Indole

Choline Hexadecane
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2.5 (Gottschalk, 988)
growth with
Species Substrates utilized* * H2+C02  cytochromes
Group |
Desulfovibrio desulfuricans lactate, ethanol, malate ) C
Desulfovibrio vulgaris lactate, ethanol, malate + C
Desulfomonas pigra lactate C
Desulfotomaculum nigrificans  lactate, ethanol @ b
Desulfobulbus propionicus propionate - b, C
Group |l
Desulfotomaculum acetoxidans acetate + b
Desulfobacter postgatei acetate - h, ¢
Desulfococcus multivorans acetate, propionate, h, ¢
benzoate.
Desulfonema limicola fatty acids (C 1C 4) u h. c
formate, acetate, propionate.
Desulfosarcrina variabilis fatty acids (C 1C 13 + ND

acetate, propionate,

benzoate.

fatty acids (C1C14)
ND, not determined.

(1) Substrates utilized in the presence of sulfate;
(2) Group lorganisms require acetate for growth with H2+C02.



2.6

26
(Widdle, 988)
-SRB, 4 4 4"t +-—* 4H.O+HS
C-SRB
C-SRB CH,C00-+5042 )  2HCOg +HS
C-SRB  4CH,CHXCO0 +7 Qa2 ~— 2HCOs +THS +H+
SR 4CHGCHXCOO +3 042 ——V 4CH-COO +4HCO3"
FIHS 41T
C-SRB 2CHs(CH) 200 +5S042 —* sHCOs +5HS +H+
-SRB 2CH2(CH2)2C00 +5042 —1 4CHICOO +Hs'+H*
C-SRB  2CH:CHOHCOO +3S0/ —4 6HCO3-+3HS +H+
-SRB 2CHTHOHC00'+5042 —* 2CH2CO0 +2HCOs
HHS +hf
C-SRB 4CEHSC00 + 55042+ Hi0 - ) 28HC03-
+ 5HS +9nT
-SRB 4CEHECO0 +3504Z +16HX -t 2CHICOO

+4HCO03 +3HS +9H
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2. 4
2. Al
)
(Hj-consuming bacteria)
fermentative 2
(H2-producing bacteria)
Syntrophy

2.4



2.4

2142

2.5

MO 1) HGW 5

tmiUfnruim'm J

Syntrophy (Fenchel and Finlay, 1995)

(mineralization)

2



2.5

hs, co?

ORGANIC POLYMERS
cellulose, proteins, etc

(Penche! et al,, 1995)

chd, COj

22



23

(Visser, 1994)

(MPB) (SRB)
. (AB)
1
1)
2
30%
(Hydrogenotrophic MPB ; H-MPB  Hydrogenotrophic SRB ; H-SRB)
70% (Acetotrophic MPB ;
A-MPB  Acetotrophic SRB ; A-SRB) 2
( 2.1)
2.7 (SRB)
(MPB)
Reaction AG (kJ/react.)
Hydrogen-consuming
By H-SRB : 4H2+ S04 +H —F HS +4HX -152.2
By H-MPB : 4H2 + HC03 +h' — >CH4 + 3HX -135.
Acetate-consuming
By A-SRB : CHyCOO + 4 * HS +2HCOg 47,

By A-MPB : CHICOO + 2 *CH4+ HCOg 31,0



)
(syntrophy)

(Incompletely Oxidizing-SRB)

(Banat ~ Nedwell, 984

24

AG®

(Completely ~ Oxidizing-SRB)

Visser, 994)



2.2

(electron  transfer)

60, + CoH1N06

(Oxidation-Reduction Reaction)

5C02+ 2 + Energy

25

12
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2., (Electron Carriers)
2
3
nicotinamide adenine dinucleotide (NAD) nicotinamide adenine dinucleotide
phosphate (NADP) flavin adenine dinucleotide (FAD)
1
( ) NAD
NADP (Nad" NADP)
1 2 1
( )
(H)
NADH NADPH
2

NAD +2H +2¢  I*) NADH (+ H insolution)
NADP +2H +2¢ <----) NADPH (+ H in solution)

FAD 2
FADH2

2 NAD NADP
2
NAD
NADP



NADH
FAD
acceptor)

2)

NADPPI

27

NAD+
2
FADH2 (teminal electron
NADFI NAD+
FAD
ATP
Reduced
organic matter
Organic matter
2.6 NAD
(Biosynthesis)
NADH NADP
NADPFI
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2.2.2 ) (Electron Transport System)
2
2
ATP NADH
2 ( )
ATP
( )
(electron affinity)
(27
ATP 3 NADH
ATP ! Oxidative
phosphorylation
4 1) NADH
2) riboflavin FMN FAD
3) iron-sulfur proteins 4) (cytochrome)
heme
quinones Coenzyme Q
NADH 2
flavoprotein flavoprotein
1

(29



ATP

2

T

-0.40

-0.30

-0.20

-0.10

0.0

10.10

.20

+0.30

+0.40

+0.50

+0.60

+0.70

+0.80

Substrates

L,
NAD /NADH

Flavoprotein
™

Iron-sulfur
proteins

Quinone
Cytochrome bel

Cytochrome ¢

Cytochrome aa3

(Medlgan et ai,, 199 7)

29



2.2.3

2231

(electron donor)

2.

8

(Mckane and Kangel, 1596 )

2 2e +2H

(electron acceptor)

30



(oxidation)
(reduction)

112 242 +2H -eeeeeeee +

Electron-donating halt reaction

12 2+ 0

Electron-accepting half reaction

2Ht + 2~ e ) H2

Formation of water

R — ) H2®

Net reaction

H2 s the electron donor
2 is the electron acceptor

2.9

" (half reaction)

31



2.2.3.2 (Reduction potential)

12< 2 + 28 + 2H+ —-eme- } HoO 0.81
2H++ 28 e ) H2 -0.421

M SVPKKRTIGHE 1 rdURRA]feiNIEMAIUM]  BficionRo Ty eSLigin Ui i /1,

-0.42
1/1202/H20 +0.82
2.10
2 AE'0
(AE'q) 2
2H+/H 2
Z “ -0.42 ) e fumarate/succinate
-0.02£J el : L %fumaratl ----------- ) succinatg'

fumarate/succinate
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fumarate/succinate NOg /N 02
(+0.42 ) 1/202/H2 (+0.82 )
succinate® + NOj - }  fumarate + NO2 + H20
succinate® + /202 - y  fumarate + H20
fumarate
( succinate)
succinate ( fumarate)
fumarate succinate
( )
2
Examples of reactions Couple £0' (V)
with H2 as e donor
-0.50
-0.40
Hj + fumarate - ) succinate -0.30
AG® = -86 kJ 020
.10
00
+0.10
+0.30
+0.40
+0.50
+0.60
H2+ 1120, -~ H,0 40,70
AG® = -7 K
+0.80
+0.90

2.0 - (Mediganetal, ss7)
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244 " (Oxidation-Redction Potential ; CRP)

3
(reference electrode) (inert metal
electrode)
71,
Ox + ne - N ST (OSSR (1)
Be sty il eaiajt faP i Vahau bRl iau i Redp, ko [fE +AV,
Ox + Redg —-—-*  Red + Ox-

(electron activity)

, [T () 12 11 équh&brium constant, K) A

I
1
o
[{e>]
[}
<

pC

I
-
D
+
S
o
=
—

pc' = i iog K ( pc° ' ! 2.12)
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nc
(electron pressure)
pS
(pH)
eVoit  kJoule
glectron Mol £o
D Sy
0+ ¥4 02
0.75 D NG 12
s MO> 1w v
No3-  -NOF
6 N3
50
0.25" 4
2
75+
0-- 0+ FeOOH 3
-2 OH\S HS
10- 4 i/é(c)eHate 1
o /mtm:nol Syl
e A
o b il
Ht eHi
0.5 G 10 fglucose) Ve
2.11 pce (Alexander et al., 19ss)

| thon
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(Nernst equation)

b 1
T i) oA @f«)

AG (1)
Eu

-AG  RT 2.3RT ? 3RT
In K log K pS
4 F
2.3RT oS
r

23RT L1100 K + 10g (_121L
- g g({Red})‘
e+ 2RTy 1o (109

nF {Red}

(Nernst Equation) 25°C

Eu = Eu0+( 0.0531 3( log ('{{ng((j}})

(Eu)
Ag/AgCl KCl
Eh° Ag/AgCl

E° Ag/AqCl

E°=0.199
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2.3 (Upflow Anagrobic Sludge Blanket, UASB Process)

2.3.1

(Anaerobic
pond)

1972 Dr. Lettinga (Mosey, 1982)
beet sugar
(anaerobic
filter)
3 (1980 , 2530)
(upflow

anaerobic sludge blanket)
(granular or pellet)
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2.3.2

2
( 2.12)
1)
2)
3) (Sludge bed)
4) GSS (Gas-Solids Separator)

(high settling velocity)



2.3.3

212

(Christensen, Gerlck

Eblen, 1984)

39



40

2.3.3.
) (Teperaiure
2
- mesophilic 30 - 40° C
- Thermophilic 45 -55 C
) (M
-7 (McCarty, 1964
. 2530)
y o (elatle ftyaid VY (i)
200-400
1.
1500-2000 /. VFA 0.4
0.8
(NaHCOg)
4 ("utmert)

C:N:P:S 100:10:1:1



McCarty, 964
100:1.1:0.2

5 (o)

Nal k\ Mg caze

My

Cu2" >Cu" > Fe2' >Cd2" > Zn2"

BOD:N:P

Ca?2

(Antagonism)

Cl/

Na"

nh4"

41

10



NH3 Ao NH3

7.2
2.8
(1)

50-200
200-1000
1500-3000
>3000

50 - 100 /.

10,000 /.

H2

1.2
NH3
NH4"
NH3
(sol )
200/

42



2.3.3.2

load

mixing

(bed)

shock



2.3.4

2.9

Acidogenic

Acetogenic

Methanogenic

Methanosaeta
sohngenii
Methanosarcina
barken

2.9
q

(gCOD/

gvss.d)
[ " at 1.33-70.6
c,C,C; 6.2-17.1
2.6-116

H.ICO, 1.92-90
3.7-8.0

8.8-15

44

Mesophllic (Thaveesrl, 1994)

K
(mg COD/I)

22.5-630
12-500

11-421
4.8x10 S-0.6

30-45

320

A max
(d°>

7.2-30
0.13-1.2

0.08-0.7
0.05-4.07

0.11-0.16

0.44-0.6

2
2
b «

(<M (gVSSlgcoD)
6.1 0.14-0.1 7
0.01-0.027 0.025-0.047
0.004-0.037 0.01-0.054
0.088 0.017-0.054
0.02-0.03

0.04-0.05
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Pohland Ghost (197 Fang 1995)
2
2
(Lettinga
etal, 1991)
2.34.1
9
2
11 (complex wastewater)
(Ghosh etal, 1975 ; Bull etal, 1984)
Malasopina (1996)
Shin (1992)
35-65%
' 6.5 Lettinga (1991)

(2530) !
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(Cohen etal., 1982 ; Sutton et.al,
1983 ; Bull et.al., 1984 ; Aoki et.al., 1991 ; stadlbauer etal., 1994)

(anaerobic bulking)

(extracellular polymer) (Yoda et.al, 1989)

(Ohtsuki et.al., 1992 ; Alphenaar, 1994)

Lettinga (1991)

(Ghosh etal., 1975 ; Lettinga etal., 1986 ; Sayed et.al,
1993)
Endo G. Tohya Y. (1985)



Biological Nutrient Removal

2.3.4.2
Lettinga Hulshoff (1991)
(balancing tank)
Alexiou (1994)
]
(1982a. 1982b)
thermophilic mesophilic
5.8-6.2
etal, 1991)
)
Lettinga Hulshoff (1991)
6 24
20-40%
Alexiou

47

(Alexiou et.al., 1994)

Zoetemeyer
mesophilic

5 (Lettinga

(1994)



210

40%

6.0
5.8
4.8
45-4.7
7.0
6.0
4.5
4.0-5.0

6.5
4.5
5.9+40.3

5.0-5.5
6.2

30
30
30-32
37
37
45
35-37
35
18

35

36

35
35+2

24

12

24

4.1
3.4

9.6

7+2

12
12

50%

1,200 mgl/l

40-50%

60%
50%

23-28%
70%
20%

85%
67%

48

2.10

L 2540)

Zoetemeyer (1982a,
Alphenaar (1994)
Leltinga (1980)
Lwin (1996)

(1987)
Alexiou (1994)
Kozuchowska (1995)
Yoda (1997)
Romli (1994)
Sayed (1993)
Malaspina F. (1996)
Garcia P.A. (1991)
Stadlbauer (1994)
Cseh T. (1984)
Anderson (1994)
Zhang (1994)



2.4 (dyes)

2.4.1

Witt (

compound)

NHR, NR2, SOg

(intermediates)

2525)

(chromophores)

(nitroso group) -NO ( =N-OH)
(nitro group) -N02 ( =NO.OH)
(azo group) -N=N-

(ethylene group) = (

(carbonyl group) '.0=0

(carbonyl-nitrogen group)  =NH
(sulfur group) ) =

(Auxochromes)
COOH

(chromagen)

(aminoazobenzene dyestuff)

49

-CH=N-

(aromatic

OH, NH2,
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N=N-(0) N=N- NH2

2.4.2 ( 1 2527)

2 w
(dyes) (pigments)

1)  Azo Colorants

. ) Aromatic Diazo Compound
- Diazotization and Diazo Compounds
- The Coupling Reaction

.2) Azo Compound
- Basic Dyes
- Acid Dyes
- Mordant and Premetallized Dyes
- Direct Dyes
- Azoic Dyes

N

Phenylmethane Dyes
Xantene Dyes

B~ w
—_— — ~— ~—

Indigoid Dyes

(Sa]

Polycyclicquinone (Anthraquinone, etc.) Dyes



5.1) Anthraquinone Group-Vat Dyes
- Acylamino Anthraquinones
- Condensation Products of Amino Anthraquinone and Cyanuric
Chloride
- Anthraquinone Acridones
- Benzanthrones
- Anthanthrones
- Pyranthone and Flavanthrone
- Anthrimides
- Carbazoles
- Sulfur-Containing Anthraquinone compounds
5.2) Naphthalenic Acid Group-Vat Dyes
5.3) Esters of Anthraquinone-Vat Dyes
5.4) Anthraquinonoid-Acid Dyes

) Sulfur Fusion Dyes
7)  Amine Oxidation Colorants
8)  Phthalocyanine Colorants
9)  Onium Dyes

10) Reactive Dyes

11) Pigments

(The Society of Dyers and Colourist)

1

1) (Basic dyes)
2) (Acid dyes)
3) (Mordant and premetallized dyes)
4) (Direct dyes)
5) (Disperse dyes)

) (Azoic dyes)
7) (Vat dyes)

) (Sulfur or sulphide dyes)



©
~

(Oxidation colorants)

10) (Onium dyes)
) (Reactive dyes)
12) 1 (Pigment-resin hinder system)
13) (Metallic dyes)
2.4.3
2.4.3.1
(Substantivity)
4
1) (hydrogen bond)
2) (van de waals forces)
3) (ionic forces)
4) (covalent bond)
2
4

2.4.3.2



2.4.4 (reactive dyes)
2.4.4.

1884

(vinylsulphone)
(ICI)

Procion

2442

2443

(-S02Na)

53

50 .. 1952
(wool)

.. 1956

OH
Cross LIk compound

(Chromophore)
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(Bridging group) -NH-, -NHCO-, - ( 2-, -NHSOj-

-NCH3-
X (Reactive group)

heterocyclic  ring

heterocyclic ring

2.4.4.4 (Chromophore)

(Sumitomo Chemical Co..Ltd)

1) ' Unmetallised Azo

OCH,

S03Na
OH  NHOOCH:

OH NH

2.13

Pyrazoron type
(Yellow)

H-Acid type
(Red)

H-Acid type

XCHICH?
N20350CH2CH2) 23 *0 (Navy-Black)

Na03 MO

2.3

0S03Na

Unmetalltsed Azo



Na03S0CH2CH20 25

2. 4

2.15

2.16

Metal-Complex Azo

0—Cu—

55

(24

H-Acid type
(Red. Violet-Blue)

V/letal-Complex Azo

Anthraquinone

Phthalocyanine

[SOgNajm .
+

2.15

Anthraquinone

2.1

=4 (Turquoise Blue)

[SO2NH S02CH2CH20 S 0 3Nan

Phthalocyanine



5)
Bifunctional 2.
HO NH—
S03Na SOjNa
217
211

Chemical Class

Unmetallised azo 97
Metal-complex azo 2
Anthraguinone
Phthalocyanine
Miscellaneous 1
100

SO3Na Cl

%

100 100 100 100 100

Az0

S02CH2CH*0SOsNa

Blfunctlonal

211

(Shore, 1990)

63 20 6 97
3 11 % 43
5 34 3

21 42

2

100

(Red)

42
55

100

56

A0

%

66
15
10

100



Az0 (Unmetallised azo ~ Metal-complex azo) 81

Anthraquinone  Phthalocyanine

95
2.4.45 (Reactive group)
2
1) (halogen)
(Nucleophilic Substitution)
2.18
X
D-NH fx - O oy
R T e
(X=0"- cellulose)
2.18 Nucleophilic Substitution (Shore, 1995)



2 (vinylsulphone)
(Nucleophilic Addition)
2.19

0 0
D-A-CHZXHDSON — H D-"-CH=CHj + NaS04 + HD
1 !

hatoethwsulphone dye Vinylsulphone dye
dye chromophore)

0
D-Sl-CI;I:CHZ =% D-S-CH-CH2X +H) D— CHCHX

b 0
Vinylsulphone dye Transient species Hydrolysed dye (X = OH) or
YR / d dyyed flgre (Xy O( ceIIqu)se)

2. 9 Nucleophilic Addition (Shore, 1995)

Monofunctional 2) Bifunctional ( 2.12)

58



59

2. 2 (Shore, 995)

Monofunctlonal

Dichlorotriazine Procion MX (Zeneca)
Aminochlorotriazine Procion H (Zeneca)
Aminofluorotriazine Cibacron F (CGY)
Trichloropyrimidine Drimarene X ( )
Chlorodifluoropyrimidine Drimarene K ( )
Dichloroguinoxaline Levafix E (BAY)
Sulphatoethylsulphone Remazol (HOE)
Sulphatoethylsulphonamide Remazol D (HOE)
Blfunctional

Bis(aminachlorotriazine)
Bis(aminonicotinotriazine)
Aminochlorotriazine-sulphatoethylsulphone
Aminofluorotriazine-sulphatoethylsulphone

Monofunctlonal

aminohalotriazine (

1

difiuoropyrimidine dicholroquinoxaline

of notional

Procion H-E (Zeneca)
Kayacelon React (KYK)
Sumifix Supra (NSK)
Cibacron ¢ (CGY)

dichlorotriazine



60

(1) Amfnofluorotrlazine (Clbacron F) (') Trichloropyrimldine (Proclon MX)
() Chlorodifluoropyrimidine (Drimarlne K) (') Dlchloroquinoxaline (Levaflx E)
Na0S0CHXHD 25

Cl Reactive Black 5

() Sulphatoethylsulphone (Remazol)

Cl Reactive Blue 19 S02CH2CH20S 0 3Na

() Suiphatoethylsulphonamlde (Remazol D)

2.20 Monofunctional (Shore, 1995)
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Blfunctlonal
2 1
2
ICI Procion H-E ' 1 aminochlorotriazine 2
monofunctional
bifunctional
monofuncitonal 2
] 2 .
' 2 ( 221)
"N S03w

Cl

() Bls(aminochlorotrlazine) (Procion HE)

Cl Reactive  Substituent X .
Red 120 chloro Procion Red H-E3B (Zeneca)
Red 221 nicotino Kayacelon React Red CN-3B (KYK)

(1) Bls(amlnonlcotinotrlazine) (Kayacelon React)

2.21 Blfunctlonal
(Shore, 199 5)
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2) 2 ' Sumifix
Supra aminochlorotriazine sulphatoethylsulphone
2
sulphatoethylsulphone aminochlorotriazine
sulphatoethylsulphone

988 Ciba-Geigy Cibacron C
aminofluorotriazine aliphatic sulphatoethylsulphone (  2.22 )
aminofluorotriazine
Cibacron C
2
a

(') Aminochiorotrlazine-sulphatoethylsulphone (Sumlflx Supra)

NH-R-S02CHCHD SO
D=dye chromophore ~ R=aliphetic group

(1) Aminofluorotrazine-sulphatoethylsulphone (Cibacron C)

2.22 Bifunctional
(Shore, 199 5)



244,

(Alkali-controllable reactive dyes)

40 60

63
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dichlorotriazine chlorodifluoropyrimidine
dichloroguinoxaline  vinylsulphone

2 (Salt-controllable reactive dyes)
80
trichloropyrimidine  aminochlorotriazine bis(aminochlorotriazine)
aminofluorotriazine (Cibacron F)
60
(batchwise)
3 ! (Temperature-controllable reactive
dyes)
2
80 100
Kayacelon
React ' , bis(aminonicotinotriazine)

2.4.5



245,

1) (Desizing)

(oxidising agent)

2) (Scouring)

3) (Bleaching)

(NaClO)

(H2?)

(enzyme agent)

(NaOH)

65



2452

2.24

(Mercerizing)

2.23

(Continuous dying process)

(Batchwise dying)

66



2.23



2.24

68



2.5

8,000

(Reife

7x105

(Dubrow et al., 1996)

(
Freeman, 1996)

(Meyer,

© 2525)

1981

69

(Colour Index)
Banal et al., 199 )

(Elliott, 1996)
(Uv)
- 2540)

- 2525)



10

25.1
' I
|
Porter ~ Snider (1976 Dubrow et al., 1996)
BODgo
BOD5 Shriver Dague (1978 Dubrow et al.,
1996)
10
31% 92%
Shaul (1986) 1 1
(adsorption)
5 1 70%
Goronszy (1992) Cyclic
Activated Sludge System (CASS) CASS
25-100 /. 5-

20



Marquez
Treatment)

(biomass)

2.5.2

1995)

Chung

(flavin)

FAD

11

Costa (1996) , PACT (Powder Activated Carbon

1,000 /.

2,500 /.

(2540)

13.5-21%  26-68%
67-75% 14-84%

(Carliell,
azoreductase
(1992 Munruk Tuntoolavest, 1997)
( 2.13)
azoreductase Chung
azoreductase
FAD FAD
NADPI FADFI2 (reduced flavin nucleotides) FADPI2

fadh?2
(Gingell  Walker, 1971 Carliell, 1995)



2.

3

azoreductase (
etal, 1992

Acidaminococcus fermentans
eE?I acter aerogene  (Enterobacter agrogene )

US.s
actermg%sf
acheron B r ilis
falotaomi rc(JJw
? cterium adolescentis

Vi I'IO sp.
|t 00aCter sp

én neX|Ie
c C|ostr|
utrl cum

sum
oro enes
Poco CUS catus ..
ﬁroc QCUS Taecalis
erichia coll
ferium aerofaciens
lforme
rum .
uso acterjum sp.
sbs ferjum rausmtzn
ella aerodenes
ctopaci|[us sp
ctonacillus catenaforme
eptococcus prevotll
tostregto 00CUS productus
neumoc CCUS sp.
eUSs )
rotegis vuI |s

Seugomo
SEuaomonas aeruglnosa

rocyanea
Ino ?ccus brorHu
Salm Bara
|m rium
hi P Senteriae (Type 1)
taphyloc ccu? aureus
ir g 000CCUS eca
. Taecalls var lloueraciens gEnter coccus faecaiis)
aeuurp nierococeus faecium
n]? CUS
eillonella'parvula

Munruk Tuntoolavest, 1997)

Chung

12



(

Brown

Hamburger (1987) 14
1 90%
C.l. Direct Yellow 12 (
2.25)  Cl. Acid Yellow 36 (  2.26)
Carliell (1996)
2.21
2.14) azoreductase
Haug (1991)
azoreductase
SO03Na NaOa
Direct Yellow 12
HsCoo—" y —nh2
1-Amino-4-ethoxybenzene 4-Amino-2-sulphobenzaldehyde
2.25 Cl. Direct rellow 12

(Dubrow et al,, 1996)



Na03s H
Acid Yellow 36
+
3-Aminobenzene- .
sulphonic acid N-Phenyl-1,4-diaminobenzene
2.26 Cl. Acid thellow 3¢

(Dubrow et al., 1996)

Primary  Substrate

energy for cell growth
t>angd metabolism

methane* Nt efbctrons K electibn Jerfers { ;eg?clgglmerlectron
carbon dioxide @ nftrate , sulphcf

rooctiv# OX0 dy«*

Digested
sludge

2.21
(Carllell et al., 1996)

4



2. 4

Culture

Aeromonas hydrophila
var 2411

Aeromonas hydrophila
var 241$

Bacillus subtilis
110 13719

Bacillus subtillS
IFO 3002
Klebsiella pneumoniae
RS-13
Pseudomonas cepacia
13NA

Pseudomonas cepacia
13NA

Pseudomonas cepacia
13NA (immobilized
system)

Pseudomonas luteola

Pseudomonas stutzeri
Pseudomonas stutzeri

|AM 12097

treptomycctes
BW 130

Mixed hacterial
culture

al, 1996)

Dye and concentration

various azo dyes
(0.2 mmol/z)

various azo dyes
(10-100 ing/1)

2-earboxv 4'
dimethyleamino
benzene 10.045 mmole)

p-aminoazobenzene
(30 mg/1)

Methyl Red (MR)
(VX mof)

OM Acid Orange 12
<10 mg/y)

OM Acid Orange 20
(10 me4)

(.1 Avid Red 88
(37 mg/)

Orange |
(0.045 mmole)

p-aniinoazohen/ene
(10 mg/1)

Red 0 (100 mg/1)
RBB (100 mg/1)
RP2B 1100 mg/)
V2RP (UK) mg/1)
various azo dye

(0.1 mmol/l)
Orange 1

(0.045 mmole)
Orange |1

(0.043 mmole)
Azo-reactive Red 147

(130 mg/y)
Az0-copper Red 171

(150 mgly)
Anthraquinone Blue 114

(280 mgl))
Formazan Blue 200

(SO mg/)
Phthalocyanine Blue lib

(200 mg/y)
Mordant Yellow

(unknou )

Percent removal/

time
40-10091
(24 10
30-90%3
(24 11
11X

(20 mill

80-90*

(30 1
100%3

(24 1
b5

IN 1)
7%

(8 1)
94*

(8 1m
=901

(10 1

)-80'?

(K I R1)

374% (2 days)
03.297 (2 days)
92.4(71 (2 days)
88.0'r (2 days)
90%

('-20 min)
= 80*

(20 hi
=80%

(20 1
290%

(14 days)
73.0%

(14 days)
21.0%

(14 0a>M
7004

(14 days)
390

(14 da\ )+( 34
30%

(5 days)

Mechanism

azoreducta.se

(cell tree extrad)
azoreductase

(cell Irce extract)
azoreductase

(in growing cells)

azoreductase
azoreductase
azoreductase
azoreductase
azoreductase

azoreductase (cell
tree extract and
growing cells)

azoreductase

azoreductase
azoreductase
azoreductase
azoreduclase
azoreductase

(cellular extract)
azoreductase

(cell tree extract)
azoreductase

(cell tree extract)
adsorption

adsorption
adsorption
adsorption
adsorption

azoreductase

75

Banat et

Reference

Yatome el al. (1087)

|daka & Ogawa
(1978)

Yatome et al. (1001 )

tloritsu et al. (1977)

Wong & Yuen

1199(1)
Ogawa el al. (198b)

Yatome el al. (1001)
Ogawa <A Yatome
(1990)

Hull 9941

Yatome et al. (1990)

Yatome et al. (1001)

Zhou &
Zimmermann (1003)

tlaug et al. (1091 >
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11 /
2.5.3
Carllell (1994)
c.l. Reactive Red 141
Carliell
C.l. Reactive Red 141 5
Bardenpho (nutrient
removal)
Carliell
80%
70-97% ( 2.15) C.l. Reactive Yellow 95
column  chromatography
C.l. Reactive Red 141 4 3
NMR 1 2-aminonapthalene-1,5-disulphonic acid
2 1,7-diamino-8-naptho-3,6-disulphonic acid 3
p-diamino-benzene 4 NMR
cyanuric acid
Carliell
amine
Bardenpho
1 2 Cl.

Reactive Red 141
30



Carliell

2.15

Chemical Percentage

classification decolorisation

Reactive dye powders

Cl. Reactive Yellow 16 azo 80 to 90
Cl. reactive Red 1983 azo 85 to 90
C.l. Reactive Red 141 azo 85 to 90
C.l. Reactive Blue 38 phthalocyanine 40

C.l. Reactive Blue 21 phthalocyanine 85 t0 90
C.l. Reactive Blue 220 azo 90 to 95
C.l. Reactive Black 5 azo 80 to 85

Reactive dye solutions

C.l. Reactive Yellow 9b azo0 0

C.l. Reactive Orange 12 azo 90 to 95
C.l. Reactive Red 218 azo 90 to 95
C.l. Reactive Red 24 azo 90 to 97
C.l. Reactive Orange 13 azo 85 to 90
C.l. Reactive Brown 11 azo 90

* Blue PB metal complex 98

C.l. Reactive Blue 49 anthraquinone 710 10
C.l. Reactive Black 39 azo 70 to 75
* Black SG metal complex 75 to 80
C.l. Reactive Blue 72 phthalocyanine 25 t0 30

* No C.I. number available

Carliell (1995)
kinetic

Carliell

17

- 1994)

Reaction time (h) required to
attain maximun decolorisation

45

4.5
4.5

4.5

23
32
32
50
23

55
7.5
50

1994
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1) kinetic c.l. Reactive Red 141
L 100 150 200 /.
2) C.l. Reactive Red 141
3) Cl. Reactive Red 141
2
Cl. Reactive Red
141
4) Cl. Reactive
Red 141 3 (1) C.l. Reactive
Red 141  (2) (3)
5) C.l. Reactive Red 141
Column chromatography NMR
) Cl. Reactive Red 141
Cl. Reactive Red 141 20
50 100 200 500 /. 2

C.l. Reactive Red 141
4
Carliell 1994

C.|. Reactive Red 141

C.l. Reactive Red 141
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denitrification
c.l. Reactive Red 141

Brown Laboureur (1983)

(absorb)
22
(magnetic stirrer)
35 + 1% 14 28 42
momoazo 4 diazo
poly-azo anthraquinone
Acid Blue 80
Brown Hamburger (1987) Brown
Laboureur 1983 ETAD (The Ecological and

Toxicological Association of the Dyestuffs Manufacturing Industry)

ETAD Ecological Subcommittee  Analytical Subcommittee
14 anthraquinone 1 phenoxazine 1
2 9
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00 /.
983 42
56
(aromatic amine)
yeild (amine)
(activated sludge) DOC
(dissolve organic carbon) 2
Brown Hamburger
1)
2)
3)
1983 Brown
lipophilic
sulphonated
Bhattacharya (1989) Acid Orange 10
Acid Orange 10 10-3,000 /.

2



2,000 3,000 /.

20-40%
10- 000 /.
2
1-18%
Orange 10
25 .

Rahman (1991)

Red B 600 /.

62

81

48-50%
90-95%
30-50%
Acid

Acid Orange 10

Rahman
factor analysis
Rahman
desizing
6
40cC
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Harmer Bishop ( 992) ' AO-7 (Acid Orange 7)
2
2 (intermediates)
Harmer
Bishop
AO-7 18-97 AO-7
2 ) bulk-phase 2)
-amino 2-napthol
sultanilic acid
AO-7 denitrification
Zaoyan (1992)
(RBC)
3
3
Zaoyan
Ghorpade Spencer (1993) 1 !
3 Acid Red 114 Acid Orange 51 Acid Orange 63
Pseudomonas Putida 3-chlorobenzoic acid
azoreductase

(-NH2) Ghorpade
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Randall (1993)
2
12 . 6 .
(HRT) (SRT) 30
12 .
6 . 55 60%
10%
(TOC)
Randall
Hi (1994) Red G RBB RP2B V2RP
Psuedomonas Luteola
28 °c 48 P. Luteola
2 Red G 37.4
RBB 93.2 RPB 92.4 V2RP 88
P. Luteola
P. Luteola Red G V2RP
23-76 Hu
Hu

TLC (thin layer chromatography)
3 Red G
P. Luteola
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Baughman Weber ( 994)
azo  anthraquinone

quinoline 4 Athens
05 . 2
4-7.2
azo  anthraquinone
quinoline Solvent Yellow 33
Disperse  Red 9 1-
aminoanthraquinone hydrogen-bonded anthrones
Disperse Red 11 1,4-diamino-2-hydroxyanthraquinone
2-3 anthraquinone
amino  alkylamino 1 4
2-3

az0 (Solvent Red 1)

Ganesh, Boardman Mlchelsen (1994)

Reactive Black 5 Navy 106 (
3 )
(batch)
1) vinylsulfone ~ hydroxyl
Reactive Black 5 2)

Navy 106

TCLP (toxicity characteristic leaching procedure)

vinylsulfone Reactive Black 5 1
ydrolyzed 3 .. Tols  LITT 07 Ny
06

(TOC)
hydrolyzed Reactive Black 5 Navy 106
1

hydrolyzed Reactive Black 5 Navy 106
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2 TCLP
Jlan (1994) _
3 3 Aeromones sp. H-1 - Alcaligenss sp.
H-2 ABOTONESsp. L1 Peeudomones sp. L-2
4 Peudononss sp. 6m-1 GM-26 -1 M- 3
2 2
BOD/COD

Knapp Newby (1995)

20 15 (incubation)
A3 7%
FAD
(%)
TLC
Bolls  Costridum
NIgam (1996)
( 5 )
05 /. _ _
2 Alcaligeres faecdlis — Conmranones
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2
8 9
67% 24 yeast extract 5 /.
1
Remazol Turquoise Blue G133
Oxspring (1996) Nigam ( 99 )
_ _ (upflow anaerobic filter)
Alcaligpnes feecalls — Conmramones acicoorars
(gravel) 0.125
0L/ Remazol Black B
48 .
(Nigam, 1996)
Carileil (1996) .
(primary digesters) USPW 1"/ Pinetown 1
1,340 3 3 3
151 48 3
( )
2
400
(2540)
¥ /



+ 20
42.8% §+2
29.2% space unit
Razo-Flores (1997)

Orange  (MOI) Azodisalicylate (ADS)

MO01 5-aminosalicylic acid (5-ASA)
Razo-Flores

5-ASA

ADS

5-ASA
(batch) ADS

87

2 ( 20+2)
2 Mordant
JA-phenylenediamine

5-ASA 2
Razo-Flores

FAD



	บทที่ 2 ทฤษฎีและแนวความคิด
	2.1 กระบวนการบำบัดแบบไร้อากาศ
	2.2 ปฏิกิริยาออกชิเดชัน-รีดักชัน
	2.3 ระบบยูเอเอสบี
	2.4 สีย้อม (dyes)
	2.5 การบำบัดน้ำเสียมีสีย้อมด้วยกระบวนการทางชีวภาพ


