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ABSTRACT

Heavy metal pollution problems have became one of the most
important environmental issues in Korea. This is because the metal
contaminants can cause serious toxic effects in biota in aquatic and
soil environments. Metal plating wastewater has been usually treated
by the physico- chemical methods such as chemical precipitation,
reverse osmosis and evaporation. Characteristics of the wastewater,
however, became increasingly complicated as the industry developed
and combined treatment of the wastewater for the small scale
factories became more common. Treatment of metal plating
wastewater requires more effective technologie in terms of
performance and economics that would be applied to the small scale
metal industries

The long term goal of this study was to develop a metal plating
wastewater treatment system that can be practically employed for the
small scale metal industries. The specific aims of this study were :
1) to find and optimize the growth conditions of sulfate reducing
bacterial consortia for an efficient removal, 2) to develop an anaerobic
process packed with a floating granular media, 3) to develop a
simultaneous removal process of heavy metals and nitrogen utilizing
sulfate reducing bacteria(SRB), sulfur denitrification bacteria(SDNB),

and heterotrophic denitrification bacteria(DNB).

To find effective treatment conditions for the electroplating

wastewater treatment by SRB, the bacteria activity, removal capacity



of heavy metals, and possibility of nitrogen removal were investigated
with respect to a wide range of COD/sulfate ratios in an anaerobic
continuous reactor. During the start-up period when COD/sulfate
ratios were gradually increased from 153 with the fixed COD
concentration of 500 mg/L as glucose, successful sulfate reduction
rate(above 95%) was achieved. Furthermore, in order to determine
the activities of SRB at varying COD/sulfate ratios, influent COD
concentrations were controlled to maintain COD/sulfate ratios at 0.18,
0.33, 0.5, 0.82, 1.2 after fixation of sulfate concentration of 2000 mg/L
in the feed electroplating wastewater. At the relatively low
values(0.18, 0.33) deficiency of organics in the feed affected the
activity of SRB. Sulfate reduction efficiency was 61% and 59%, at
the COD/sulfate ratio of 0.82 and 1.2, respectively. The further
increase of the ratio did not appear to increase the reduction
efficiency. Indicating sulfide inhibited the SRB's activity at the high
COD/sulfate ratios. From the results, economic COD/sulfate ratio
was determined to be 0.33 to reduce sulfate 2000 mg/L.

The amount of external carbon source supplied could be
determined on the basis of heavy metal concentration in the
wastewaters since sulfate reduction rate can be controlled by the
external carbon. Heavy metals were effectively removed by SRB at
above pH 6.4 regardless of metal species, but removal efficiency
decreased dramatically at pH 5.4 to decrease of SRB activity caused
by unfavorable pH condition. Consequently, at least, pH 5.4 or higher
was necessary for the neutralization of electroplating wastewaters to

maintain the stable activity of SRB.



In case of the heavy metal inhibition test in a nitrification reactor,
the results of Phase 1 showed about 20% inhibition, and maximum
inhibition up to 75% was observed at the later phase experiments.
The removal possibility of ammonium nitrogen(400mg/L) in
electroplating wastewaters was tested by utilizing a putative
symbiotic relationship of three different microorganisms. Nitrates of
high concentration effectively removed in a single anaerobic reactor
containing alkalinity of 3000mg/L(as CaCO3 and COD of 1000 (mg/L)
by the putative symbiotic relationship of SRB, SDNB, and DNB.

The results from this study will contribute to an understanding of
biological removal mechanism of heavy metals and nitrogen in the
electroplating wastewater and to development of this treatment

technologies in the future.
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Table 2.1 Characteristics of some wastewater sample from

J electroplating union in Pusan(45).

Content
(
COD 2333 248.5 383.8 258
SS 7,438 10,942 7,668 8,030
TDS 6,876 10,838 7,050 7,496
pH 2.7 24 8.5 2.7
Sulfate 2,660 1,523 1,450 2,307
Chloride 5,400 9,000 5,000 5,880
TKN 325 755 350 393.25
CN 4.3 6.2 277.0 454
Cr+6 285 - - 19.95
T-Cr 80.5 413.0 314 123.01
Cu 1229 56.2 227.3 128.5
Fe 674.3 1027.0 252.1 663.87
Ni 128.8 82.2 86.0 115.39
Zn 380.6 647.5 219.0 396.39
Pb 39 17 4.6 4.57
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(45). :

, 100cm2

(44,45,46).
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Fig. 2.1 Procedures of zinc plating(41,45).

2.2 (Sulfate Reducing Bacteria)



(18,19,37,40,43).

221 (Ecological Characteristics)
B
SO4- + organic matter - HS- + HOD + HCO3 --------- (2.1)
(19,37).
1) (Carbon Source)

H2 Formate, Lactate, Acetate, Propionate,

Butyrate, Higher Straight-chain Fatty Acids, Sugars

Table 2.2



(19,43).

Table 2.2 Stoichiometry of sulfate reducing reaction and methane producing reaction

where hydrogen and acetate are used as electron donors(43).

Reaction of
methan producion

Reaction of
sulfate reduing

COX4H2- CH42H20
G0=-135 kJ

CH3OOH - CH4&4CO2
G0=-28.5 kJ

SO4L2+4H2- H2S+2H20+20H -
G0=- 154 kJ

SOL2+CH3XOO0OH - HXS+2HCO3
G0=-43 kJ

2) (Sulfur Source)

(thiosulfate)

(19).

(sulfite)

SO + HD - SOL + HS- + H+ AGO = -21.9KJ ---(22)

4502 + H+ - 3S04 + HS-

Nielson(1991)

AGO = -2356KJ ---(2.3)



(2.2) (2.3)

(19).

3) (Dissolved Oxygen)

0.1-1.0 /¢

10 /¢

(ORP)

(19).

4) (ORP)

- 100mV

- 100mV (19).

5) (T emperature)

10T 2 - 39
Q1. 9-20C QD 34

- 10 -



28-32C 45C

(19).
6) pH
pH 7
pH 55 pH 9 . SRB pH
7.5-8 (19).
7 (Sulfide)
1000 /¢
SRB
(Ferredoxin, Cytochrome )
(19).
2.2.2
. Hilton  Oleszkiewicz(1998) HZS 200 /¢
(19). Y oda(1987)
(19).
COD/SO4

- 11 -



COD/S0O4 1.7
2.7 COD/SO4> 17
2.7
0.4 (6,19). MacCartney
Oleszkiewicz(1993)

COD/S0O4> 3.7

(Propionate) 16
COD/SO4
(19/43).
2.2.3 ( Metal interaction )
Table 24

Haas Polprasert(1994)
COD
SRB
cr( ) cr( ) SRB
(15,18,19,37).
Mueller  Steiner(1992)

- 12 -



Ni>Cu>Cd >Cr>Pb

(
, PH, ) (19)
Cr( ) Cr( )
(15,19).
SRB SEM  AVS
= ( , SEM: Simultaneously Extracted Metal, AVS:
Acid Volatile Sulfide) Cd SEM/AVS 1
Cds . SEM/AVS

(19).
Table 2.3 Solubility products for various metal sulfides

and hydroxides(19).

Ksp
M etal M etal sulfide M etal hydroxide
Cu 8.5x 10-4 1.6x 10-19
Zn 1.2x 10-23 4.5x 10-17
Pb 3.4x 10-28 1.2x 10-15
Cd 3.6x 10-2 5.9x 10-15
Fe 3.7x 10-19 1.8x 10-15
N i 1.6x 10-16 1.6x 10-16
Cr(ll) Not available 6.7x 10-31

- 13 -



2.3

231

1964
, 60 70 ,

(13,23,25).

(heterotrophic metabolism)

- (13,23,25,34).

12 14%

60% 40%

, 1%
NO3 N (25,34).

- 14 -



2.4 (Nitrification)

24.1 (Reaction by nitrification)

(Chemoautotrophic bacteria)

Nitrosomonas
Nitrobacter
(13,25,34). Painter(1970) Nitrospira,
Nitrosococcus, Nitrosolubus, Nitrosoglea
, Nitrocystis
Nitrosomonas
Nitrobacter

(28).

1) NH4 NO2
Nitrosomonas( , N. Europgeg)
hydroxylamine(NH20H)
(Nitrite) (13,23,25,34).
NH4 + 1502 ------ - NO2 + HD + 2H+ + new cell --(2.4)
GQW) = 66 84 kJ/mol NH4+~ N

2) NO2 NO3
Nitrobactor( : N. agilis) (nitrate)
(13,23,25,34).

- 15 -



NO2 + 0502 ------- - NO3 + new cell ------------- (2.5)
GQW) = 154 209 kJ/mol NO2-N

3)

NH4 + 202 ----- -~ NO3 + HD + 2H+------------- (2.6)

N itr osomonas 66- 84
kcal/mole NH4+ N itrobactor
175 kcal/mole NO2
CO2, HCO3, CO22
3.43g O2g N 1.14g O2g N 4.57g
O2g N (13,25,34).
(1.3) (1.4) (CHMNO2
(1.6) (1.7)
13NH4 + CO2---- - 10NO2 + 3CHMNO2 + 4H2D + 23H+ ----(2.7)
(2.3) (1.4)

(Yield Coefficient) -

Nitrosomonas Nitrobacter

55NH4 + 7602+ 109HCO3
---- 5 B5ANO2 + CHMNO2 + 57TH2D + 104HZXO3 ------ (2.8)

- 16 -



400NO2 + NH4+ + 4HZ03 + HCO3 + 19602
o= L CHMNO2+ 3HD +400HCO3 ------=------ (2.9)
(28)  (2.9) - (2.10)

NH4+ + 1.8302 1.98HCO3- - 0.021CEHMNO2 + 1.041H2D
+ 0.98NO3 + 1.88HZO3-------- (2.10)

Nitrosomonas  Nitrobacter
0.159 VSS/g NH4~N  0.02g VSS/g NO2-N Alkalinity
7.14g(as CaCO3/g NH4~ N
Nitrosomonas Nitrobacter 0.13g VSS/g NH4~N
0.02 0.07g VSS/g NO2-N
(maintenance)
Table

2.4 (13,23,25,34).

Table 2.4 Oxygen utilization, biomass yield, and alkalinity destruction

coefficients acceptable for design of nitrification system[13,23,25].

Coefficient
Oxygen demand (g O2g NH4~ N) 4.6
Biomass yield (g VSS/g NH4+~ N) 0.1
Alkalinity reduce (g(as CaCO3/g NH4~ N) 7.1

- 17 -



Table 24 19

NO3- N 719
NH4+~ N
pH
2.4.2
1) (T emperature dependency)
(maximun specific growth rate)
4 45 ,
Nitrosomonas 35 , Nitrobacter 35 42 . uU.S.
EPA (1975) Nitrosomonas (maximum growth rate)
10 30
Table 2.4 . 30 35 Fig. 2.2
(protein)
, 50
(25,28,29).

- 18 -



Table 2.5 Maximum specific growth rates for Nitrosomonas sp.

depending on temperature

M nmax vs M n, max (d-J)
Source
T emp. 10 15 20
Dowing(1964a) (0.47)eQ0RT-1H 0.29 0.47 0.77
Dowing(1964b) (0.18)eQURT-1H 0.10 0.18 0.32
Hultman(1971) (0.50)10003T-2) 0.23 0.34 0.50
Barnard(1975) 0.33(1.127)eQ0RT-15 0.10 0.18 0.37
Painter(1983) (0.18)eQ0/T-1H 0.12 0.18 0.26
Baccari(1979) 0.27
Bidstrup(1988) 0.65
Hall(1980) 0.46
Lawrence(1976) 0.50
et
L Jmex2C
k| i.
| Tl
PG
i i';\\k‘“‘\:‘g\_\s‘g =

Fig 2.2 Nitrification as a function of temperature(25).

- 19 -



2) (Dissolved Oxygen concentration)

(Heterotrophic microorganism)

Dowing
Scragg(1958) 0.3mg/L
(10), Engel(1964)
Img/L Nitrosomonas
2mg/L Nitrobacter
(10). , Wuhrman DO
4 7mg/L Img/L
DO
Nitrosomonas
Img/L
) 2mg/L
3) pH
pH
, pH . Fig.
23 pH 75 pH
pH pH 7
pH 8 pH 9 pH

(25,29).

- 20 -



A Mitnficaton rate compared 1o rate at pH 7.5
A i

1.6 | .
i i:.
ik
i) ke ;
0 P s by 0 o
1}.{5‘ | .
o i
0.4 | . e 1
s 1
e -
02 - :
| : | | e
P
6.0 7.0 a0 3.0 100 pH
Fig. 2.3 Influence of pH on nitrification(25).
4)
) Table 2.6

Free ammonia(FA NH3 N), Free nitrous

acid(FNA HNO2

FA Nitrosomonas 10 15mg/¢ , Nitrobacter
0.1 1mg/L . FNA 0.22 2.8mg/t
Nitrobacter  Nitrosomonas . FA FNA
NH3 NH4+ NO2 N, pH, )
(13,25,34).
NH4 + OH- & NH3+ H --ccmmmmmeee oo - (2.11)
H+ + NO2 o HNO2  ----mmimmmioaaoo o (2.12)

- 21 -



Table 2.6 Organic compounds inhibiting nitrification(25).

. Inhibition concentration(mg/L)
Composition
75% 50%
Acetone 2,000 -
Carbon disulfide 38 -
Chloroform 18 -
Ethanol 2,400 -
Phenol 56 -
Ethylenediamine - 15
Hexamethylene diamine - 85
Anlline - <1
M onoethanolamine - > 200
pH 7 20 inhibitor
NH3 NH4+ NOZ2 N T hreshold
Table 2.7 Table 2.7
Nitrosomonas
20% [13].
Table 2.8

- 22 .



Table 2.7 Calculated threshold of ammonia plus ammonium nitrogen and nitrite plus

nitrous acid nitrogen where nitrification inhibition may begin(pH 7, 20 ).

Inhibition conc(mg/L) Equilibrium conc. for Equilibrium conc. for
for nitrification NH3 N + NH4~ N NO3-N + NO2-N

FA (Free Ammonia)

10 for Nitrosomonas 1000 -
0.1 for Nitrobacter 20 -
FNA(Free Nitrous Acid)

0.22 for Nitrification - 280

Table 2.8 Concentration of nitrification inhibition with metals(25).

Cocentration

Metal Effect
(9/m3

Cu 0.05- 0.56 Nitosomonas activity inhibited(pure culture)
Cu 4 No essential inhibition in activated sludge
Cu 150 75% inhibition of activated sludge
Ni >0.25 Nitrosomonas growth inhibited(pure culture)
Cr3+ >0.25 Nitrosomonas growth inhibited(pure culture)
Cr3+ 118 75% inhibition of activated sludge
Zn 0.08- 0.5 Inhibition of Nitrosomonas(Pure culture)
Co 0.08- 0.5 Inhibition of Nitrosomonas(Pure culture)




2.5 (Denitrification)

(anoxic)
N2 Nitrous
oxide  Nitric oxide
(facultive) (terminal electron acceptor)
(13,25).
251 (Hetero denitrification)
(heterotrophic denitrifier)
Gibbs > , >

- 24 -



(13,25).

1)
DO

DO (anaerobic

denitrification)

(anoxic denitrification)

(13,25). Table 2.9

nitrogen gas

(Dissimilation)

Table 29 Nitrogen Oxidation steps occurring for microbiological nitrogen removals.

Oxidation
step +5 +4 +3 +2 +1 0 -1 -2 -3
for nitrogen
. [NOH] NOZ20 R-NO
Assimilation NO3 --> NO2 --> --> -->
? H 2
. NO2-> NO->
Denitrification NO3 --> --> N2
N2
e NOZ20
Nitrification NO3 <-- NO2 <-- [NOH] <-- H <-- NH4

- 25 -



(02
NO2-N  NO3-N

pH
: ( )s
(25,34).

(Methanal), (Ethanal),
(Acetic acid) Table 2.10

Fig 2.

(2.12) (13,23,25,34).

6NO3 + 5CHOH - 3N2+ 5CO2 + 7H2 + 60H- ----(2.12)

Table 2.10 Denitrification rates depending on the various carbon sources.

Vari ¢ b Denitrification rate - ‘
arious of carbon source (g NO3 N/g VSS- day) emparature( )
M ethanol 0.21 0.32 25

0.12 0.90 20
Sewage 0.03 0.11 15 27
0.072 0.72 -
Endogenous metabolites 0.017 0.048 12 20

Aceton, Molasses,
Newsprint, Methane,
Hydrogen(portable
water), Wastewater from
breweries, Olive oil,
Acetic acid, Org. matter

Other carbon sources

- 26 -



4 Danitrdication rate, gha,-Mi kg W55-h)
[{14]
T gim0a)
Fderihaanol or
J"’_,_/ acelic acid
10 Camonof
W s hewiater
Endogenous
/ e
1
a1 1 [ 1 | Ly
o 5 10 15 20 25
Temperature, (i

Fig 2.4 Influence of temperature on denitrification rate depending

on different carbon sources(25).

(2.13)

NO3 + 1.8CH3OH + 0.24 HXO3
0.06 CHONO2 + 0.47N2 + 1.68HD + HCO3---(2.13)

1g 247g( COD
3.79) , 0.45g 3.57g
(13,25).
25.2
, DO,
il pH1
1) pH
pH

- 27 -



pH 70 85

7.0 ) , pH 80 95 70 40
1mg 357mg CaCO3
3.0
pH
(13,25).
2) (Dissolved oxygen)
Skerman and MacRae(1957) Pseudomonas

DO 0.2mg/L DO

[46], Nelson and Knowles(1978) DO  0.13 mg/L

(26).

0.2mg/L Omg/L

50%

3)

Monod
4)
35 50 (5 1

0 ) . (50-60 ) 35

50%

- 28 -



(13,25).

RINT) = RIND KT -----------mmmmmmmmm - - - (2.14)
K 1.03 11 . 1.09
2.5.3 (Autotrophic denitrification)

Thiobasillus denitrificans  Thiomicrospira denitrificans
(Sulfur, S-2
(S2032 S4062 S0329

[34,7].
Beijrink
1904
(3,4,7). CIN
1)
(Autotrophic denitifier) (2.15)
(2.16) (4.

- 29 -



NO3 + 1.10S + 0.40CO2 + 0.76HZ + 0.08NH4 -

0.5N2 + 1.10S042 + 1.28H+ + 0.08CEHHON

Sulfate 2-15
[S-INO3], [SO42NO3] 1, 1.1, 11 ,
[SOR/NO3], [SO42NO3] 2, 0.844, 1.689

[SO42S-],

(158) [SO42SD2R],

Table 2.11 Inhibition effects of ionoic metals on

denitrification efficiency(mg/L)(7).

Conc.(mg/L)

Denitrification NO3-N | NO2-N SO4 S22 Na+

(%)
100 < 2500 < 30 < 5000 < 11000 |< 8300
0 = 6800 > 610 = 20000 |= 50000 |= 20700

2)

Claus  Kutzner
Table 2.11
(7. 30 ,pH 75 80
, NO3-N S22 10 20g/L

- 30 -



5g/L

20g/L
NO2- N
. Na+ 20g/L
pH

pH 6 8 : pH

Akalinity/ NO3 N 4
Akalinity/NO3 N
(12).

200mg/L

CIN

- 31 -



3.1

3.1.1
(Upflow Anaerobic Floating Media Biofilm Reactor)
Fig. 3.1
2
4.6L
30
HRT 1
Master flux pump(Model 7518- 10)
3.1.2
S 2L
Table 3.1
Table 3.1 Physical properties of porous ceramic supports
Size Average pore diameter Range of pore diameter Porosity Bulk density
(mm) (u m) (n m) (%) (g/cm3
7 8 14 19 1.0 100 75 80 033 037

- 32 -



"k

Eoreen

N

Waler seal

il

__—

’ Effluent collector
Floaling Media

Influant
wastewater

3.1.3

3.1.4

(Gas collector

@ e

Fump

Fig. 3.1 Schematic diagram of
upflow anaerobic floating media biofilm reactor.

50:50
VSS  11,500mg/L
2.6L

Fig3.2
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2.6L

2L
Master flux pump(Model 7518- 10)

3.2
3.2.1
COD/Sulfate
1)

- 34 -



Table 3.2. Characteristics of the feeding wastewater in reactor A.

COD SO42 | NH4 N PO4 P | Trace element
Start- up
) 500 325- 500 400 80 Added*
period
A Steady
state [436- 1180 2000 400 80
period
Added* : Field et al.[14].
2)
A COD/sulfate
COD
500mg/L
COD/sulfate
(MgSO9 J
2000mg/L COD/sulfate  0.18,
0.33, 0.5, 0.82, 1.21 COD
3.2.2
1)
pH
pH pH

- 35 -



pH

2)
B pH
B
Table 2.3
, pH (Ca(OH)2 54, 6.4, 7.2
B COD 1000mg/L
) J NHACI

400mg/L
pH

Table 3.3 Characteristics of the feeding wastewater in reactor B.

Heavymetals Conc. Trace

COD | SO42 | NH& N | PO4 P

Cu Fe Ni n Cr element

B* | 1000 | 2000 400 80 130 | 665 | 115 | 400 | 125

3.2.3
1)

COoD

- 36 -



2)

Table 34 3

pH 6.4
400mg/L
4000mg/L

Table 3.4 Employed in the nitrification process in this study

Heavy metal concentration(mg/L)
Zn Ni Fe
1 10 5 5
Phase 2 20 10 10
3 40 20 20

- 37 -



3.2.4

1)

“ . 400mg/L

i Alr

Sorean 2 generator
¥
Floating Madia
Effluant
= re
& Submerged Madia
(3AC)
Gas oollector
g
Hitrification Tank
In Fluent

wastewater

Purnp

Fig. 3.2 Experimental apparatus for the denitrification system using Sulfate reducing

bacteria, Sulfur denitrifier and Heterotorphic denitrifier.



1)

(Fig 3.2). 3
(SO42 2000mg/L, (Alkalinity) 1000mg/L as CaCO3 (by
NaHCO3, (NO3 N) 50mg/L
MPB 3.2.1
COD/Sulfate 0.5
200mg/L
, 3
200mg/L
4000mg/L
3.2.1
A
3000mg/L 400mg/L

< SRE \ -
Organic competition e _,./j + Alkalinity
- sm% + Sulfide
DNE
Q\L//'( SD”E’D

) — Alkalinity
*+ @ Production Mitrate Competition

-+ Consumption

Fig. 3.3 Hypothetical diagram of relationships that occur among
organism in denitrification reactor
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3.3 3
SRB
(DNB)
(SRB : Sulfate Reducing Bacteria)
(SDNB : Sulfur Denitrification
Bacteria) . Fig. 33
SRB  SDNB DNB

1) SRB : Img Img
COD 0.4mg/L . SRB
(19).
COD
“;f.lll \\}H“
Alkalinity

SO4: COD : Alkalinity = -1:-1: +04

COD/sulfate ratio

SDNB : Img
Sulfate  2.5mg 3.74mg
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SDNB
(4, 11).

Alkalinity

NO3 : Sulfur(sulfate) : Alkalinity = -1 : -25(+25) : -3.74

DNB : Img COD
4.5mg 3.57mg
(16).
COoD
NCH //} ]
Alkalinity

NO3: COD : Alkalinity = -1 : -45: + 357

, COD,
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Mass Balance for COD, Sulfate and Alkalinity to obtain each

microbial role

COD : x Sulfate : m
Sulfide : n Alkalinity : vy
Nitrate : z 1 for SRB
2 for SDNB 3 for DNB
X1 +x3=used COD --------------mmmme e (3.1)

ml - m2 = removed sulfate(or n1 - n2 = effluent sulfide)- - (3.2)

y1l- y2 +y3 = removed alkalinity----------------------- (3.3
z2 + z3 = removed nitrate---------------------~-------- (3.4)
3.4
2 3
0.45 filter . Sulfate,
Ortho- P, Nitrate (lon

Chromatography, DX-500 equiped with CD- 20)
, TOC analyzer(Shmazu 5000)
, Cr, Cu, Zn, Pb, Fe, Ni ICP- AES(ICP- IRIS)
GC(equiped with TCD dector)
Standard M ethods

2).
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4.1 COD/Sulfate

COD/sulfate

Sulfide (19).
COD/sulfate

COD Sulfate COD/sulfate
2000ppm Sulfate
COD/sulfate

4.1.1
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CODVSulfata Ratio

1.53
2000 - 1857 15
iy 1.25
E:I 1.2
o Hard 10 — =
Ja —a— Effluant : I| ﬁ',f
a —C— Infusznd I| o8 T,
1000 o
I+ [ ]
c 1000 — | @
S [ B
i | I
% 0s || e o
8 500 ' |
5 00 325 we ¥ 21 | a3
o \k PO ;
o - % ™ / : 0o
o 40 &0 120 160 200 240
Time(day)

Fig. 4.1 Fate of sulfate and carbon source in the anaerobic sulfate- reducing
reactor during the start- up period

COD
500mg/L
325mg/L COD/Sulfate 153
, HRT 1 . Fig.
41 250
10
50% , 50 COD 150mg/L
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(Table 4.1), 314mg SO42L
97%

04 COD/sulfate
COD/sulfate
, 1.7
(29). COD/S042 153 50

Table 4.1 Performance of the anaerobic sulfate- reducing reactor
during the start- up period

COD/S042 ratio 14-16 0.98 051 0.26 1.0
(mg/mg)
Sulfateirf (mg/L) 325 500 1,000 1,857 1,000
Sulfate reduction(%) 96.9 98.0 67.0 28.0 80.0
Reduced 314 490 670 519 800
sulfate(mg/L)
CODirf (mg/L) 500 500 500 500 1,000
CODéf (mg/L) 150-200 <10 ] ] <10
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4.5mgAc/L

42mgAc/L (19).
COD/sulfate
COD
1.53 COD/sulfate
COD 500mg/L

0.51- 1.03/d 0.11- 0.21/d , 1.37-5.52/d

1.2-2.0/d (22).

(washout)
81
92 400mg SO42L 500mg SO42L
1 97%
, COD 10mg/L
160 200 1000mg SO42L

1,857mg SO42L COD/sulfate 051 0.28

67%), 28%

COoD
, Fig.

4.1 COD/S042

500mg/L
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COD/sulfate

500mg COD/L

Table 4.2 Performance analysis of sulfate reducing reactor depending on

the COD/SO42 ratio

COD/S042 0.18 0.33 0.5 0.82 12
(mg/mg)
Influent SO42 2,000 2,000 2,000 2,000 2,000
(mg/L)
Sulfate reduction 213 43 57.0 61 59
(%)
Amount of reduced 436 878 1,055 1,224 1,180
sulfate(mg/L)
Influent
1,64 2,4
COD(mg/L) 50 o How 0 -
Effluent i ) <10 400- 1000-
COD(mg/L) 600 1,200
4.1.2
230 J
2,000mg/L CoD
COD/sulfate Fig.
4.2 Table 4.2 COD/sulfate
COD/sulfate 0.18

COoD
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21.3% .  COD/sulfate 0.33
COD , 43%
, COD/sulfate

(Fig. 4.2). 2,000mg/L COD/S042
0.33
—i— EfMlusent 2000
0 —  Influen i sy ] 15
| 1.2
1.2
E; o ;\‘.'. i
& &
-'E 1000 nx aa 9:
AU an W 'ﬂ
= o
£ . 0s ©
3 y |DDDEI.|I1'.'|I|-: Falis : 0.3
E g '.II | 0.33
o n\ |I | 018 0.3
g
o i . X " . 0.0
240 280 280 300 320 340
Time{day)

Fig. 4.2 Concentration of sulfate according to COD/sulfate ratio in the sulfate

reducing reactor

COD/sulfate 0.5 57%
COD 10mg/L , COD/sulfate
082 12 COD 600mg/L 1200mg/L

61% 59% COD/sulfate 0.5
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Table

4.2 COD 500mg/L COD/sulfate  0.51 0.98
67% 98% . , 0.82
COD/sulfate COD
2 1500
-_—
Total sulfide [
| 3
T - @00 E
W
I s £
+— &0 g
2
34
200
i 05 1.2 s

CODISulfate ratio

Fig. 4.3 pH and sulfide according to COD/SO4?2 ratio.

Fig. 4.3 COD/sulfate pH (Sulfide)
COD/sulfate 0.5 1.2
(Total sulfide) 940mg/L 1,050mg/L
(Total sulfide)
1,000mg/L
(19).
2,000mg/L COD/S042 0.5
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(S-3 (HS-)

Specific sulfate reduction{mg sulfateimg COD)

o018 0.32 0.6 0.82 1.2

Ratio of the CODVsulfate(mgimg)

Fig. 4.4 Effectiveness of carbon source for according
to COD/sulfate ratio

Fig. 44 COD/sulfate COD
(SO42 mg/COD mg, Effectiveness of COD to reducing of sulfate)
COD
COD
COD/sulfate COD/sulfate  0.33
Song  (1998)

- B0 -



COD/sulfate (39).

COD/sulfate

(scavenger)
4.2
pH
(39). :
pH 3.0
, (Ni, Cr, Cu, Zn, Fe)
(Table 3.3), pH 54, 64 7.2
Fig. 4.5(a) pH
pH 5.4 23mg/L , 7.2
pH : pH 54
104mg/L
pH 64 7.2 9.0mg/L 0.05mg/L
pH 54 520mg/L pH 64
70mg/L pH 7.2
Fig.
4.5(b) (c)
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pH 6.4

0.08mg/L
pH 7.2 50- 55%
Table 42 57% ,
pH 6.4 40%
, pH 6.6 . Song  (1998)
: 70mg/L
100mg/L 50%
(39). : pH 55 9.0
(19).
pH 64 pH
pH
pH 54 pH
pH
(failure)
pH 6.4

- 52 -



Suifate removal efficiency(%)

00 - — 8
{2) inffluent
pHTZ
Eeny - .. |7
pH G4 — 1
| - - |'“
50 !
6§ %
!
R
a] T [pHs4 S
- - w PR o7
D? * w v - —hr —— F 4
00 - (b} Effluent N
i
B ¥
~e— o) 4
a0+ 0 Qu
—w— Fo | .'
a0 -7 M Lo
& Zn £
i R . i
— g |3
DH_""_""_T"H—‘_"_"_':. S
iR : R
Eia—W iz L' — 8
L N \
al o L
s 3
a4 - g-—i “._"?_ :E-
O
a1 . 3
A0 {g) pH and sulfate reduction
D T T T T T T D
30 M5 0 fr= =0 X

Time{day)

Fig. 4.5 Performance of heavy metal removal in the

sulfate reducing reactor



4.3

(13,25).
. Fig. 4.6
7 400mg/L
, 16
20%
150mg/L 75%
(25).
29 50%
70%
2000mg/L
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Fig 4.6 Time course of nitrate concentration in the nitrification reactor

4.4

Fig. 4.7 B ' '
41 50mg/L
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Fig.4.7 Behaviors of denitrification process by sulfur denitrifier and heterotrophic
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10

(SRB)
, SRB
DNB ,
SDNB
COD/N 10 DNB
Ammonification
(30). Ammonification
63 100mg/L
14 10mg/L 2
0 30% SRB COD
SRB 200 300mg/L COD DNB
45 65mg/L  DNB
1220 1350mg/L ,
100mg/L
DNB 40 65%, SDNB
102 200mg/L
40 50%
COD 190 250mg/L 15
DNB 50 70mg/L
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COD DNB

COD
COD
200mg/L COD
B
2,000mg/L 1,000mg/L
145
3,000mg/L
COD 50 100mg/L
DNB
80 90mg/L balance
4000mg/L COD
SRB 65%

SDNB 130 140mg/L
4000mg/L

2500 3000mg/L
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Fig. 4.8. Behaviors of denitrification process by sulfur denitrifier and heterotrophic

denitrifier according to the increase of nitrate(Reactor A)

Fig 4.8 A . 143
400mg/L 3000mg/L COD  1000mg/L
60 70%
COD
200mg/L COD DNB
12
30mg/L
DNB 130 160mg/L SDNB
3000mg/L  COD 1000mg/L 400mg/L
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Sulfur cycle DNB . SRB
60~70%

SRB

- 60 -



0.33

COD/S042

500mg COD/L
325mg SO42L

2,000mg/L

COD/S042 05

COD/S042

COD/S042
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pH

1000mg/L
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pH 54
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2. HRT
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