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Summary

The objectives of this work is to examine the emission characteristics of
odor and major contributors of odor at each unit process of domestic sewage
treatment facilities and to evaluate odor removal efficiency by biofilters which
are In operation as odor preventive facilities there. For these purposes, the
concentrations of composite odor and 22 designated malodorous compounds
are measured at each unit process of 62 sewage treatment facilities and at
inlet and outlet of 62 biofilters. From these results, the emission
characteristics of composite odor and malodorous compounds at each unit
process and of composite odor with season are studied. Major malodorous
compounds affecting the composite odor are examined closely from the
relation of composite odor and malodorous compounds. From the biofilters,
their removal efficiency i1s evaluated by the ratio of outlet concentration to
inlet concentration for each of composite odor and malodorous compounds and
1s also examined with inlet loading of malodorous compounds and with their
type and capacity for composite odor. The results obtained are summarized as
follows.

The geometric mean value of composite odor concentration is the highest
at the sludge holding tank with the value of 8020 DT, followed by the
gravity thickener, the 1st settling chamber and the dewatering building, with
the value of 6,979 DT, 1498 DT and 1,381 DT, respectively, among the unit
process. The composite odor concentration of each unit process varied
according to the season, but there was little tendency.

Hydrogen sulfide has the highest emission concentration among 22
designated malodorous compounds at every unit process. Its average
concentration 1s the highest at the sludge holding tank with the value of

188.88 ppm, followed by the gravity thickener, the dewatered sludge cake bin

= vii -



and the 1st settling chamber, with the value of 53.967 ppm, 23.706 ppm and
7.847 ppm, respectively. Its average concentration at the excess sludge
holding tank is 0.603 ppm, which is the lowest among all the unit process of
sewage treatment facilities.

Sensitivity analysis shows that the concentration of hydrogen sulfide and
methyl mercaptan affects the composite odor concentration from sewage
treatment facilities by 79.1% and 20.0%, respectively.

The correlation analysis of odor index from sewage treatment facilities
shows that there is no significant difference in explanation ability between
composite odor concentration and each of SOQ (sum of odor quotient),
hydrogen sulfide with methyl mercaptan and hydrogen sulfide which are
83.0%, 789% and 76.0%, respectively. It is considered that hydrogen sulfide
alone or along with methyl mercaptan can be used as a single or a combined
index with the composite odor concentration to evaluate the odor emission
characteristics of sewage treatment facilities.

Removal efficiency of the composite odor and of the malodorous
compounds by biofilters highly depends on each biofilter and the group of
malodorous compounds. Wilcoxon signed rank tests indicate there are
significant differences(p=0.000<0.05) of composite odor concentration and
hydrogen sulfide concentration between the inlet and outlet of biofilters
surveyed.

Odor removal efficiency and maximum elimination capacity by biofilters
are examined against inlet loading of 4 types of sulfur compounds, ammonia,
acetaldehyde and toluene. The maximum elimination capacity (against inlet
loading) of hydrogen sulfide, methyl mercaptan, dimethyl sulfide, dimethyl
disulfide, ammonia, acetaldehyde and toluene is 12.1 g-H,S/m%*hr (28.1
g-H,S/m%hr), 1.1 g-CH;SH/m’hr (197 g-CH3;SH/m%hr), 4.0 g-DMS/m%hr
(4.2-DMS/m’/hr), 0.19 g-DMDS/m%hr (0.49 g-DMDS/m’/hr), 4.05 g-NHy/m®/hr
(4.26 g-NHy/m%hr), 0.07 g-CHsCHO/m%hr (0.15 g-CH;CHO/m’hr), and 3.54

- viii =



g-CsHsCHs/m?/hr (3.79 g-CsHsCHs/m?/hr), respectively.

Trickling biofilters show slightly higher compliance rates of effluent
quality standard than hybrid biofilters. It is because of difference in
management and operation regarding nutrients, pH, circulating water, etc. The
compliance rates of effluent quality standard are different depending on

biofilter’s capacities, but a tendency was not found.
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Table 1. Physicochemical characteristics of malodorous compounds

Melting Boiling

Compound Formula M)lecular Speci'fic point point ’Ihreshit)i
weight density ) (C) (ppm)

Ammonia NH; 17.0 0.597 =777 -334 0.15
Trimethylamine (CHs)sN 59.1 0.662 -124 35 0.000032
Hydrogen sulfide HS 34.1 1.189 -82.9 -59.6 0.00041
Methyl mercaptan CHsSH 48.1 0.896 -121 8.0 0.000070
Dimethyl sulfide (CHa)sS 62.1 0.846 -83.2 37.3 0.0030
Dimethyl disulfide (CHa)oS; 94.2 1.057 - 116 0.0022
Acetaldehyde CH:CHO 44.1 0.783 -1235 20.2 0.0015
Propionaldehyde CH:CH,CHO 58.08 0.807 -81 495 0.0010
Butylaldehyde CH;CH,CH,CHO 72.1 0.817 -99 75.7 0.00067
n-Valeraldehyde CH3(CHz)sCHO 86.14 0.710 -915 102.5 0.00041
i-Valeraldehyde (CHs).,CHCH,CHO 86.14 0.800 - 925 0.00010
Styrene CsHsCHCH2 104.1 0.903 =31 145 0.035
Toluene CeHsCHs 92.13 0.866 -95 110.8 0.33
Xylene CeHu(CHy)2 106.17 0.861 -47.4 1384 0.13
Methyl ethyl ketone  CH3COC,Hs 72.1 0.805 -86 79.6 0.44
Methyl isobutyl ketone CHsCOCH;CH(CHg), 100.16 0.796 -84.7 115.9 0.017
Butyl acetate CH;CO.CoH5 88.11 0.900 -83.6 76.82 0.0080
i-Butyl alcohol (CHz);CHCH-OH 7412 0.805 -108 107 26
Propionic acid CH;CH,COOH 74.1 2.56 -22.0 14.1 0.0057
n-Butyric acid CH;(CH2).COOH 88.1 0.43 -55 164.7 0.00019
n-Valeric acid CH;(CHo);COOH 102.1 0.942 =347 187 0.000037
i-Valeric acid (CHz).CHCH,COOH 102.3 0.937 -376 176.7 0.000078
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Table 2. Classification of 6 step odor intensity by direct olfactometry

Odor
intensity

Very Over
Strong
strong strong

Threshold Moderate

None

Classification
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Table 3. The relation between odor intensity and odor concentration

Weber-Fechner's law

Compound Formula (Y : odor intensity,
X : concentration)
Ammonia NH; Y = 1.67 logX + 2.38
Trimethylamine (CH3)sN Y = 0901 logX + 4.56
Hydrogen sulfide H.S Y = 0.950 logX + 4.14
Methyl mercaptan CHsSH Y = 1.25 logX + 5.99
Dimethyl sulfide (CH3)2S Y = 0.784 logX + 4.06
Dimethyl disulfide (CH3)-S5 Y = 0985 logX + 4.51
Acetaldehyde CH3;CHO Y = 1.01 logX + 3.85
Propionaldehyde CHsCH2.CHO Y = 1.01 logX + 3.86
Butylaldehyde CH3CH.CH>CHO Y = 1.03 logX + 4.61
n-Valeraldehyde CH;5(CH,)3CHO Y = 1.36 logX + 5.28
i-Valeraldehyde (CH3):CHCH.CHO Y = 1.35 logX + 6.01
Styrene CsHsCHCH,, Y = 142 logX + 3.10
Toluene CsHsCHs Y = 1.40 logX + 1.05
Xylene? CeH4(CHs), Y = 153 logX + 2.44
Methyl ethyl ketone CHsCOC.Hs Y = 1.85 logX + 0.149
Methyl isobutyl ketone CH3COCH:CH(CHzs)- Y = 1.65 logX + 2.27
Butyl acetate CH3CO-C-Hs5 Y = 1.14 logX + 2.34
i-Butyl alcohol (CH3),CHCH,OH Y = 0.790 logX + 2.53
Propionic acid CH3;CH-COOH Y = 1.38 logX + 4.60
n-Butyric acid CH;(CH2),.COOH Y = 1.29 logX + 6.37
n—Valeric acid CH3(CH3);COOH Y = 1.58 logX + 7.29
i-Valeric acid (CH3):CHCH.COOH Y = 1.09 logX + 5.65

2 [(0-Xylene) : (m-Xylene) : (p—Xylene)] = [1:2:1]
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Table 4. Malodorous compounds associated with sewage treatment facilities

Class Compound Formula Malodorous character
Sulfurous Hydrogen sulfide H.S Rotten eggs
compounds Dimethyl sulfide (CHj3)2S Rotten vegetables, garlic
Diethyl sulfide (CoH5)-S Nauseating, ether
Diphenyl sulfide (CeHs)2S Unpleasant, burnt rubber
Diallyl sulfide (CH>,CHCH>)2S Garlic
Carbon disulfide CSs Rotten vegetables
Dimethyl disulfide (CH3)2S, Putrid smell
Methyl mercaptan CHsSH Rotten cabbage, garlic
Ethyl mercaptan CoHsSH Rotten cabbage
Propyl mercaptan CsH;SH Unpleasant
Butyl mercaptan C,HoSH Unpleasant
tButyl mercaptan (CH3)3;CSH Unpleasant
Allyl mercaptan CH,CHCH-SH Garlic
Crotyl mercaptan CH;CHCHCH,SH  Skunk smell, rancid
Benzyl mercaptan CeH5CHSH Unpleasant
Thiocresol CH;3CgH4sSH Skunk smell, rancid
Thiophenol Ce¢HsSH Putrid, nauseating, decay
Sulphur dioxide SO, Sharp, pungent, irritating
Nitrogenous  Ammonia NH; Sharp, pungent
compounds Methylamine CH3NH, Fishy
Dimethylamine (CH3).NH Fishy
Trimethylamine (CH3)3N Fishy, ammoniacal
Ethylamine CoHs5NH: Ammoniacal
Diethylamine (CoHs)oNH, -
Triethylamine (CoH5)3N -
Diamines NH,(CH;)sNH- Decomposing meat
Pyridine CeHsN Disagreeable, irritating
Indole CsHgNH Faecal, nauseating
Skatole CoHgNH Faecal, nauseating
Organic Acetic acid CH3;COOH Vinegar
acids Butyric acid CsH,COOH Rancid, sweaty
Valeric acid C4HyCOOH Sweaty
Aldehydes Formaldehyde HCHO Acrid, suffocating
and Acetaldehyde CH5CHO Fruit, apple
ketones Butyraldehyde CsH;CHO Rancid, sweaty
Isobutyraldehyde (CH3).CHCHO Fruit
Isovaleraldehyde (CH3).CHCH,CHO  Fruit, apple
Acetone CH;3;COCH;3 Fruit, sweet
Butanone CoH5COCHj3 Green apple
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SO,% + Organic matter _ anaerobic bacteria S* + H,0 + CO. (1)

S* + 2H' S H,S (2)

9wkl g Ao s W (E)E -200~-300 mVel ok
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Table 5. General reaction of odor components and absorbent materials®”

Odor
H,SO, HCI1 NaOH NaOCl
Components
NHj + HySO4 NH; + HCI . 2NH;s + 3NaOCl —
NH; . Not reaction
- (NH4)ZSO4 — NH4CI N, + 3NaCl + 3H,O
CH;)sN + H,SO4  (CHj3)sN + HCI (CH3)sN + NaOCl
(CH3)sN (CHN + HSO, - Not reaction 8 a
- (CHg)3N . HzSO4 i (CH%)&N - HC1 d (CH;g):gNO + NaCl
H.S + 4NaOCl
H.S + 2NaOH  — Na.SO; + 2NaCl
HgS - - — 2NasS + + 2HCI
2H,0 H.S + NaOCl
— S + NaCl +H,O
CH3SH + NaOH  CH3SH + 3NaOCl
CHsSH - - t ’
— CHSNa + O — CH3SOsH + 3NaCl
(CH3)2S + 2NaOCl
(CHo):S — (CH3:80, + NaCl
(CH3)2S, + 2NaOCl
(CH3)zSz - - - - (CHg)zSOz +
2NaCl
CH3CHO + NaOCl
+ NaOH —
CH3;CHO - - -
CH3COONa + NaCl
+ H;)O
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Table 6. Adsorption effect of activated carbon for odor components’”

Adsorption effect Odor component

Fatty acid, Mercaptan, Phenol, Hydro carbon(aliphatic tribe

and aromatic tribe), Alcohol compounds(except methanol),

Large
Ketone compounds, Aldehyde compounds(except
formaldehyde), Ester, etc
) Hydrogen sulfide, Sulfurous acid gas, Chlorine,
Middle )
Formaldehyde, Amine compounds, etc
Small Ammonia, Methanol, Methane, Ethane, etc
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Table 7. Application of bacteria species™

Bacteria species

Type of organic compounds

Pseudomonas fluorescens Z6NZ2

Pseudomonas oleouorans XYL

Pseudomonas sp. YZI

Pseudomonas putida STY

Methiocaterium organophilium

Nacardia sp. EC2

Comamounas testosteroni ST2

Thiobacillus thiosulfatophilum RZ2

Thiobacillus thiooxidans AMI

Bacillus sp. ZI1801

Bacillus sp. Z1206

naphtalene, antracene, salicylic acid

benzene, toluene, xylene, benzoil acid

xylene, toluene, benzene,

butyl acetate, butanol

acetone, 1-propanol

stylene, vinyl chloride

methanol, formaldehyde

methyl propionate,
sewage treatment factory odor,

food factory waste air deodoration

benzaldehyde, phenol,

food factory waste air deodoration

hydrogen sulfide

sewage treatment factory odor

sewage treatment factory odor,

food factory waste air deodoration

sewage treatment factory odor,

food factory waste air deodoration
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Table 8 Comparison of biofilter media

56)

Biofilter media

Classification Wood Activated  Ceramic
Soil bark, o
carbon plastic
compost
Surface area, m”/g wet 1-10 5-10 5-10 1
G ti ity,
as sorption capacity < <10 1 5 < <1
g/kg wet
Density, wet 1.5 0.5 04 0.4
Bearing strength high low medium high
Air permeability low medium medium high
Backpressure, kPa 0.5-15 0.2 0.1 0.1
Bacteria/g 109 1010 0 0
pH Buffering capacity high low 0 0
Nutrient supply high high 0 0
Hydrophilic, dry ves no no ves
Area for rapidly
biodegradable gases, 0.06 0.03 0.02 0.02
m%/m®/hr
Lifetime, years >30 2-5 5 10-30

_32_



0

e
o
‘umo
B
K
L

_.AO

%0

o

A

(3) 74
Hlo] 9

Apolw, FHA W

)
iy
i
Ho
50

e

il
-

ﬂ_ 22,57)

u 2

ol
o
Ton
H
o

o
il

&
K
:‘]:

°©

3
=]

1
o] 7k

2
A <)

[

DISIEEY

<
T
o}

=

17
35t

8

3t

S

S

o]

3|

ZS|
2=

J2 a7 el
=]

A

j=3

oF 40~60%9]
A 7t=s b

ok

=

B

Hi ok shavt

v
=

o] 7b& A A (humidifier) ol 2]

FOET o] mpol o

Al
2

[}

23

a A A A

9

of U7} F7HE Q2]
_g]
o]

o
I e

#4071 2

£

i

Ton

i

L

& 0]

8

] A

-

-

]2

1 =

]
yul

= Hel7HAl | A2

vlol @ ;e o] o

10T °]

!

o
Ton
~

umo
By

=K

XA A 7171 9

=

UEEEERREE

-

1

o pH

il

=1

F71 o

th? waha], whA Jje] pH

°

P
T

]

=

sol wg Wz
o

il
KeR
=

)

B

el
o
B8

Ko
o

ijN

)

~io

4 o)

P

=

% pH 6~8 Ato]ell A

0|

I8k

o

=

—_
o

e

B!

o<
)
0

—_
o

o

!
ol

LQL

=5 7HAH,

oh<

J

A
pul

o

of pH 1.8~2.1 A}o]ellA] ] H

Thiobacillus thiooxidans® 523} H]

—_—
o

=i

—_—

A
R4

RS 7

hya
a

pH 0.6~0.9 Afeloll A Ztf H] A

A

whol 9.8 E vl 14

_88_



do o H OB BE Mﬂ
T W oW AR = % Ho T T o
oW T w oW P o L) M.L < omm TR Al
S L B s = & =W EE =
o N — . R ~J O ) )Q W0
Prum LIV A SR B
moT = = ° o e o 8 wo° ofp T
)R R o _ o wO=R o _
W T W m © R K aﬂ w o ° RN om wm
; q g — !
B o o o CoE T oo 8z oxos
R e Ny ce X0 o° HE e Fooy TR o)
2 N mmu T o B = Mo T ST X =
! W o = oo B X ~+ mm#o o W o
T N fo W © ° gy A T 8 - _ " AP
N wow 5 By v 52T o
s o - RN L ROX T o/

BT W o oV X ) N = =0 o
m_xww,%@mwmﬁ o EE 3 w2 op Fog =
= ~ ul N . N
ol T e w % o o S 5 B % og g 3
XSS LS 252, 2 F T3TIi o :

R~ ar ° - ] . o — o &
%?%ﬂi%% T YR A G = R e
T oo T oo R o AF - YT X X
g W L ~ N A 5 B o9 =~ T %
GO B N X, - Qg A T oo ® T e
R o ol I o1 =1 o0 = e QA 5 a8) ~ " 24 = N
G oo T owm P o ~ ° < H ZW - %o - o)/
o = = T T I~ N — fo 0 )
R o © T o i IR ) B 8
- 0 — \vIAE = . ﬂE ~ o ~ .. .. X m ,OI
%%mﬂﬁw%%v 2o M2 o T M oA o o
C o T g Ao B BT T L g 4w g <
G R To O =L T ~ N4k s
W ¥ Lo. w 02 5 A MO = Ny e g 19 S
o= N o oo mmu ~ 3 o) o m e ~ Mg = N oy
CLECT B~ o = Ao w £ o4 o — I o o s
-~ X t © < U ‘UI M 1__/l o ‘mWL N %O m Hﬂ.” o % @) HT
A A W @ TS =2 w8
X K o o T o, = of B . @‘ =< °
= PP e T e 3 Tooowm W
R u I S

-

pu

3

°©

bl 4l

F&(m?/m?” - h)

3k-&(m%/m* - h), -9
ATt A At 7F2 o

PN
T

s
- 34 -

®d

=



al

5

&

A}

=

=

Bacillus sp.

R

10~100 g/m’ - h7} A& o] th Kam &%

o

R

o

=

3l

9

"X of I W o
1 ¥ TR0
T N jint L.%O ,.m_l‘._ _MMO ‘_Wﬂ_
o1 o iy
oF ® I x
) b O
o ST
0 ® m X 7 3
Aﬂow xm o - of - mm
oo T T & W8
B W g D HTM o
T " ow w _ "
ﬂ ﬂwo HT._ <) O_.# R ~H
w A T 5 X
w o - uxu ° =
R B R -
A @ g oo ¥ om mmu
2 oF m M om O
~
=t e | R
) 9/ o g0 o o
o %.HO ji _#0 .5.0 ﬂ
% do = . T T
o T o N mE o A
w ® & Mo =1 W N
i A 0 e -
XX g T o 2w
R T LT o, Ew
A 5 e 9 N
P 5 o5 < 7 Mo 9
¥ o= Wy oy 0K
T L O ) W
fo B = 4 2
R NI R Y
w o= N X of i
Foh TR g o P
A
) o =
DT B B - 3 Ho
R® N E o T T

w obuet

wA7F A

-
.

=]

°©

o] A

_35_

171

<]

%!
%= 7] (fan) 2]

wlk
=



AT s ARAAGA A AR - Feke Il 5270 FEstrA e g 6270
strA A d S dide = 2010 29 5-H 2012 12€70A] oFF w)

sttt A ms A 270, 71 2970, A 670, B 670, FAF 870, 1% 470
A 1N, AT N, S 0 2 S5 U Al H, XA A A -Gk
B57F 2070, T3 71 e Fol 2470, RF A Fo] 187 AlAe] Ty
Atk Al 5 x 10" m’/Y wigke] 2871, 5 x 10" mY/Y o] 1 x 10° m%/d
mgke] 1370, 1 x 10° m¥Y/Y o]Ate] 2170 A Aolw Ag]l¥w2 MLE(Modified
ludjack ettinger) 97, 24 <& X (Conventional activated sludge process)
871, DNR(Daewoo nutrient removal) 87, SBR(Sequencing batch reactor) 771,
CNR(Cilium nutrient removal) 67§, BNR(Biological nutrient removal) 571,
A20(Anaerobic anoxic aerobic) 471 AlAdo] siE A om o]eleo| %= B3(Bio best
bacillus), %713 7% (Extended aeration method), 2F3}7-% (Oxidation ditch
method), HBR-1II (Hanmee bio reactor), NPR(Nitrogen & phosphorus removal)
T UEE Aol AldH

N A 6271 Ble] L.
o A9l E= 7F 370, A7) 3570, A N, AE
A5 10 2 = 278 Ao, vlo] e & 100 m*/min " ¥ro] 207,
100 m*/min ©]“4+ 300 m*/min ®%Fe] 2670, 300 m*/min ©]4 500 m*/min ©]%Fo]
871, 500 m*/min ©]% 87f A]Ado] &5 g},

A 6270 sk A el A A 6270 mlel B H ol ek A, R A
Table 99} 2t}
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Table 9. General information of 62 sewage treatment facilities and biofilters surveyed in this study

Sewage treatment facilities Biofilter
Location i Capacity imS/d) _— Capacity (m?/min)
< 5x10% ~5X11x°105 > 1x10° < 100 ~1%%0 ~3%%o > 500
Gangwondo 2 1 - 1 3 - 3 - -
Gyeonggido 29 14 6 9 35 11 15 7 2
Gyeongsangnamdo 6 3 2 1 4 2 2 - -
Gyeongsangbukdo 6 5 - 1 5 3 2 - -
Busan 3 - 2 6 10 - 3 1 6
Incheon 4 1 1 2 2 1 1 - -
Jeollanamdo 1 - 1 - - - - - -
Jejudo 1 - - 1 1 1 - - -
Chungcheongnamdo 4 4 - - 2 2 - - -
Chungcheongbukdo 1 - 1 - - - - - -
Total 62 28 13 21 62 20 26 8 8
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Table 10. Test solution for selecting odor test panels

Character

Solution

Concentration

Test solution

Vinegar

Distilled water

1.0 wt%

Acetic Acid

Fishy

Distilled water

0.1 wt2

Trimethylamine

Sweet, burnt sugar

Liquid paraffin

0.32 wt%

Methylcyclopentenolone

Rose

Liquid paraffin

1.0 wt%
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(2) Etolv ol
Eeto | Eorl & FFH
40 mLE 270¢] Aol 2

kel
%
FQl8te] 531k 50 Lo} A8E AFslon, AR AF7 45d AEs B4

Egtolddoly]l A2 FA8 Al5gAqs @2 vlo]dd 50% KOH 5 mLE
7}8F 1L Headspace Sampler(TurboMatrix HS 40, PerkinElmer, USA)ES o] &3}
o 207 WEESAIZL § wlo|Y AFH VAFZoE Edo|wdolvlo] &F%T

ol &

o] 2317 % 7] (Flame Ionization Detector, FID)7} H2¥ 7lA~d2wt&E

M
A

29 (Gas Chromatography, GC)Z FYsle] EAsF o AR EAZALS

Table 113} Zt}.

Table 11. Analytical conditions of GC for analyzing trimethylamine

Item Condition and specifications
Headspace TurboMatrix HS 40, PerkinElmer, USA
Oven temperature 60T
Needle temperature 100C
GC Clarus 600, PerkinElmer, USA
Detector FID
Column Elite WAX ETR(15 m x 0.32 mmn x 1.0zm)
Column temperature 40C (5 min) — 15C/min — 150TC (1 min)
Injector temperature 50C
Detector temperature 250C
Carrier gas He(99.999%), 10psi
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FelstE Alse gx d3ge AFFJASAENS Eng., Korea)s o] &3]
polyester aluminum bag(10 L, Top Trading, Korea)ol 7+d &< 3ttt 3}t
5 =Ao] A3 polyester aluminum bags =4 A 11¢-E A A(99.999%)% 1
3] o] MATAL WA FF FE ANE AT F ARESIATE o)A H
gkolo] k5 ¥ polyester aluminum bage HFAIEZ 13 o] x¢-a u)7]gt
% 1 L/min® 5% A8E AHsAG. A5 45 % polyester aluminum
bage &2(15~25C)= Aol AALGAHAS dote] By 3 REs3]

3}3}8 % Al 83 Thermal desorber(Unity/Air Server, Markes, USA)S o] &
sto] FEFIG o, FEE AsE F3gEC Aol £L&
7](Pulsed Flame Photometric Detector, PFPD)7} Ax¥® 7}
(7890A, Agilent, USA)E AF§3ate] EAstdom, AlF 4% Table 129
2.

pl

SEELEE

D

AR ntE 7129

2

Table 12. Analytical conditions of GC for analyzing sulfur compounds

Item Conditions
Detector PFPD
Column Supelco SPB-1(30 m x 0.32 mm x 4 gm)
Column temperature 70C (3 min) — 10C/min — 150C (1 min)
Injector temperature 30T
Detector temperature 250C
Carrier gas He(99.999%), 10 psi
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(4) Ldstol=

&l efo] =5

=
T

v_4Z
=

(MP-3100, SIBATA,
Fskslon,
24-DNPH 7}E~]

FE5n

, Al

a3l e

o

R

o sfo] =

o] 3/d¥l DNPH
2] A(UV) A&
2ulE 789 (high performance liquid chromatography, HPLC)E ©]

U RS =4

MFC(Mass Flow Controller)7} 7%

Japan)E ©]|€3}% 1 L/min® 5&7F &

)
=

Ny

IR 933+ 24-Dinitrophenylhydrazine(DNPH)©]
FEA =S acetonitrile 5 mLE AF&3e] 1 mL/mind £
71E o] &3t 360 nme] A ol ]

g3l 24

L——_
¢}

W

] o

T

Table 133} 2t}

Table 13. Analytical conditions of HPLC for analyzing aldehydes

Item Condition and specifications
HPLC 1200 series, Agilent, USA
Detector UV/Vis. 360 nm

Column Zorbox Cig (4.6 mm x 250 mm x 3 gm)

Mobile phases

Analysis time

Injection volume

Column temperature

Flow rate

Acetonitrile [40:60 (0 min — 3 min),
0:100 (3 min — 12 min)]

Water :

12 min
5 pL
25T

1.5 mL/min
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(5) 3aA o783t R

3§71 313 E F (Volatile Organic Compounds, VOCs)+= MFC(Mass Flow
Controller)7} W& = ol 2= £FPEZ(MP-230, SIBATA, Japan)E ©]-&3}o]
Tenax-TA &2A7F 200mg ©l T3 =A== Tenax-TA =¥ (Supelco,
USA)el 200 mL/min® 5&%F & 1 Lo Al8& AFASA Tenax-TA 2
& A}E3EH7] Aol Alx okt E ¢ste] APK 1200 tube conditioner(KNR,
Korea)® 260Coll A 304, 300ColA 30%, 320TColA 20% F<F 200 mL/min®
A27F2(N)E HAA (purge) A A AlEAFH7F 858 2@ - oy 7 &
FrHEoR FAYE e &7 A XAt 4T o]stolA] WHRT 5%

VOCs®9] #4122 GC/MSD(7890A/5973MS, Agilent, USA)E °]&3t9 o, A

Ho A2 Table 1494 2t

Table 14. Analytical conditions of GC/MSD for analyzing VOCs

Item Condition and specifications
Thermal desorber Unity/Air 2 Server, Markes, USA
Column DB-1 (60 m x 025 pm i.d x 1 gm)
Column flow 1 mL/min
Carrier gas He(99.999%)
Oven temperature 40C (5 min) — 10C/min — 200C (5 min)
MS temp.(Ion source) 230C
Inlet line temperature 200°C
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(6) 712k

F712H+E 0IN-NaOH 89 40 mLE 2719 ddAA el 20 mLA 7o

re
o
&
o

=2 2 L/min= 5%-3F 10 LY Al5& AAsFoH, Alx5 A3

7} ghEE A RE A4 A7A 4T oldtel A WARS R eukatg]
Frlal B B8 AREAE Y2 vlojdd NaCl 23 g ¥ § 2% &
ZH] ¢l Headspace Sampler
3}l shaking(90C, 20%) %
ol FFH VAF R {7kl £EHW ol & AR wE 18 9 (GC/FID)

2 FYste] B o, AF EA 22 Table 159 2ot

2
e
0
O
—
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=
it
N
N
_0|L
kl
oly
M
ol
=
rlo
ol
2
_>‘J_Al
oo

(TurboMatrix HS 40, PerkinElmer, USA)E o]

Table 15. Analytical conditions of GC for analyzing organic acids

Item Condition and specifications
Headspace TurboMatrix HS 40, PerkinElmer, USA
Oven temperature 90T
Needle temperature 150C
GC Clarus 600, PerkinElmer, USA
Detector FID
Column Elite-WAX (30 m x 0.53 mm x 0.5¢m)

40C (5 min) — 10C/min — 80C (10 min)

Column t t
oML temperatire — 10C/min — 180C (5 min)

Injector temperature 150C
Detector temperature 250C
Carrier gas He(99.999%), 20 psi
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Extreme Qutlier —» *

_____ Q3+(3 xIQR)
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314 Quartile(Qs) >y T
1
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------- Q1-(1.5xIQR)

Fig. 9. Explanation of a box plot.
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Table 16. The concentration of composite odor for unit processes of 62 sewage treatment facilities

Composite odor concentration at unit processes (DT)

Facilities Influent Grit 1st settling Biological Sluc%ge Excess Gravity = Dewatering Dewatered
water Screen chamber chamber  treatment holding sludge thickener building sludge cake
tank holding tank bin
S-01 - - - - - 50,500 - - - -
S-02 6,694 - - - 100 100 - - - 100
S-03 - - - - - 50,500 - - - -
S-04 100 - - - 100 - 100 - - 100
S-05 1,000 - - - 100 - - 100 - 300
S-06 1,000 - - - 300 300 - - - -
S-07 1,000 - - - - - 100 - - 208
S-08 1,442 - - - - - - - - 1,000
S-09 300 - - - 100 300 - - - 100
S-10 - 3,000 - - - 5,072 100 - - 100
S-11 6,694 - - - 144 7,546 - - - 669
S-12 66,943 - - - - 300 - - - 4,481
S-13 300 - - - - 10,000 - 2,080 - 1,000
S-14 448 - - - - 6,694 - 208 669 669
S-15 179 - - 1,000 - 66,943 - - - 121
S-16 3,000 100 208 1,000 120 3,000 - - - 1,442
S-17 - 100 - - - 66,943 - 2,080 6,694 14,422
S-18 100,000 - - 300 173 - 300 - - 10,000
S-19 3,000 - - 100,000 16,040 100,000 100 3,000 - -
S-20 100 - - - - - - - - 14,422
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(continued)

Composite odor concentration at unit

processes (DT)

Facilities Influent Grit 1st settling Biological Sluc%ge Excess Gravity = Dewatering Dewatered
water Screen chamber chamber  treatment holding sludge thickener building sludge cake
tank holding tank bin
S-21 3,000 - - - 1,550 448 - - - -
S-22 - 2,000 - - - - - 3,000 - -
S-23 669 4,387 - - - - 448 - - 100
S-24 - 122 - 3,000 - 100,000 - - - 3,000
S-25 3,000 300 - 3,741 - 3,000 - - - 669
S-26 300 - - 1,442 - 14,422 - 1,442 - -
S-27 6,694 - - 3,000 200 100,000 669 - 14,422 44,814
S-28 669 448 - 14,422 781 10,000 669 30,000 30,000 -
S-29 100 - - 100 100 100 - - - 448
S-30 - - 100 1,000 1,000 100,000 - 100,000 4481 3,000
S-31 208 3,000 - - - - - - - 100,000
S-32 1,442 300 - 44 814 - 485 - - - -
S-33 1,442 - - - - - - - - -
S-34 250 - - 1,000 10,000 100,000 1,000 6,694 - -
S-35 4,481 1,000 - 4,481 781 - - 10,000 - -
S-36 - 300 - 100 154 10,000 100 5,087 222 200
S-37 100 10,000 - - - 100 - - - 448
S-38 - 6,694 - 9,655 10,000 100,000 - 100,000 20,800 10,000
S-39 2,080 3,000 - 10,000 572 - - 6,694 - -
S-40 6,694 100 - - - 1,000 10,000 300 - 1,000
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(continued)

Composite odor concentration at unit

processes (DT)

Facilities Influent Grit 1st settling Biological Sluc%ge Excess Gravity = Dewatering Dewatered
water Screen chamber chamber  treatment holding sludge thickener building sludge cake
tank holding tank bin

S-41 300 100 - 448 669 100,000 100 - 669 1,000
S-42 - - 300 - 3,497 100,000 - 3,000 6,694 100,000
S-43 - 669 2,080 - 650 100 - - 100 1,000
S-44 100 - - - - 44814 100 1,000 - 300
S-45 300 100 - 2,080 - - - - 100 -
S-46 100 100 100 100 100 - 100 34,402 2,080 -
S-47 100 - - 100 100 - - - - -
S-48 - 2,000 300 669 1,056 1,442 - - - -
S-49 669 173 300 448 550 - - - 100 144
S-50 - 1,540 3,000 1,442 2,080 1,442 - - - -
S-51 208 122 100 - 300 50,500 - 4,481 - 669
S-52 - 448 100 3,000 100 - - - - -
S-53 2,080 2,080 - 11,900 724 1,442 1,000 65,000 - 3,000
S-54 1,000 - 100 - - 20,800 144 3,682 - 100
S-55 669 - 6,694 6,694 1,540 - - 100,000 10,000 10,000
S-56 300 100 100 100 100 100,000 100 5,500 - 100
S-57 3,000 - 1,000 188 - 3,000 300 10,000 300 -
S-58 300 10,000 144 2,080 1,056 - 300 30,000 100 669
S-59 - 300 300 300 208 100,000 - 67,000 6,694 -
S-60 1,000 - - 4,481 395 100,000 4,641 100,000 448 144
S-61 10,000 4,481 - 4,481 120 - - - - -
S-62 3,000 448 - 1,000 - 100,000 - 14,422 - -
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Table 17. Statistical summary of composite odor for unit processes of sewage

treatment facilities by air dilution olfactory method

Composite odor (DT)

Process n®  Geo. . 1st 2nd 3rd
p Min, . ) . Max.
mean quartile quartile quartile
Influent water 47 922 100 300 1,000 3,000 100,000
Screen 31 629 100 122 448 2,540 10,000
Grit chamber 16 316 100 100 254 475 6,694
1st settling
34 1,498 100 448 1,442 4481 100,000
chamber
Biological
36 441 100 115 348 1,014 16,040
treatment
Sludge holdi
HABE MOS0 8020 100 1442 10000 100,000 100,000
tank
Excess sludge
. 20 301 100 100 222 669 10,000
holding tank
Gravity thickener 28 6,979 100 2,770 6,097 31,101 100,000
D .
ewatering 18 1381 100 242 1375 6694 30,000
building
D tered slud
cwatere SHCEC a9 977 100 172 669 3000 100,000

cake bin

21 Sampling number, " @ Geometric mean

_54_



e

Iz
ﬁo
—_—
fi%e)

7} 8,020W4 = 7}

HA A2 A

&

47 Afze @

2=
=

6,9798) = e}

vl
=

7} Z+zF 10,0001

9 vz

%9}

ZAE A A2A

%)

A

F714e] 13812 &FAe] A
977e Tk E= A VeSO M A2ARE SIS ®=E 13758 2

e ve

gyl

o)

I
ﬁo
—~
fie)

F 2z

Jozeln A

o
o

afoll 2k el 50%7}

o] 7% 10,0008] ©]

gAY A T A

A 2 A%

1,4427¥] ~ 100,000 =

1
T

A% w9

geof glouh, AL

Ay
fn el

PN
T

5

e Ao deyon

]
<H

W7t 713

hyA
-

g9 3

71 Al

B

ohoole gAY HY WA 52 9

==
A=

_q]

e

ARSI W917E 277080 ~31,101 80 = =}

Aow e

L
a

bAoA R A Aol 2

S

PN
T 9

W dojEe A AfEe] A9 ARSI FIE 2220 2 e o, AHE S

917} 100} ~669M) = LpEbL}

b 2 44

<)

A9 ABNE I Aozt

472 ARz

N

23t
100,004 7} 4707} LbEREEOA} Ml A we Ao

Ho

Korea Environment Corporation®¢] Ald|el A e}

¢l 100,000 & 11

PN
T

ol e}
= =

S

o145t 3000097 247 1A hebgth @47 8ol Al ob A

Ale} olF ZAuolojo A F= TAH I

23|
N

_55_



o2 ARRG g Az A FAALL o4k 10,0008 37 =
kA el oAbk 14,4228 270 ol Qe &= 44,8148 170} 100,0008) 7} 270 FEFWE O
o, g A SRl wel Betd sr @ebd Bt opye g7
olo] AG7|zke] Aod A9 AZE oA Foel Frisirt HeEe =
of o}F7} BAH= Ao AlnHTh dAEYA AF A FHEHA ol
#kol 464181 170¢F 10,0008 7F 171 YEbwith dnbdow Jo&e« o A5

P

HAZE v obH Frrb =4 doy Afizd FrI AFE FrErr 1d

o~

i

g AF 53oHH =T A4 vYEhde o AlsdTh

= -

_56_



Composite odor (DT)
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Fig. 10. Box plots of composite odor for unit processes of sewage

treatment facilities.
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Table 18. Seasonal variation of composite odor for unit processes of sewage

treatment facilities

Composite odor (DT)

Sampling
Process n Geometric
season Minimum  Maximum
mean
Spring 14 1,071 179 6,694
Influent water Summer 15 1,344 100 10,000
Fall 15 740 100 100,000
Winter 3 208 100 300
Spring 5 1,062 100 4,387
Scereen Summer 10 395 100 3,000
Fall 9 1,402 100 10,000
Winter 7 300 100 3,000
Spring 5 660 100 6,694
. Summer 4 281 100 2,080
Grit: chamber Fall 6 225 100 1,000
Winter 1 100 100 100
Spring 8 1,304 300 6,694
Ist settling Summer 11 3,892 100 100,000
chamber Fall 11 969 100 9,655
Winter 4 474 100 3,741
Spring 11 657 100 16,040
Biological Summer 12 352 100 10,000
treatment Fall 10 480 100 10,000
Winter 3 188 100 669
Spring 15 6,468 300 100,000
Sludge holding Summer 12 6,405 100 100,000
tank Fall 12 10,536 100 100,000
Winter 3 19,383 1,442 100,000
Spring 3 1,442 448 10,000
Excess sludge Summer 7 192 100 1,000
holding tank Fall 8 325 100 4,641
Winter 2 100 100 100
Spring 9 2,697 208 100,000
Gravity thickener Summer 9 9,602 100 100,000
Fall 9 10,994 2,080 100,000
Winter 1 34,402 34,402 34,402
Spring 2 2,587 669 10,000
Dewatering Summer 4 10,673 4,481 30,000
building Fall 9 421 100 20,800
Winter 3 2,104 669 6,694
Spring 14 1,431 100 100,000
Dewatered sludge Summer 11 436 100 3,000
cake bin Fall 11 951 100 100,000
Winter 3 3,511 1,000 14,422
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Table 19. The concentration of malodorous compounds for water treatment processes of sewage treatment facilities

Concentration of malodorous compound (ppm)

Compound Influent water Screen Grit chamber 1st settling chamber Biological treatment

n® Min. Mean Max. n Min. Mean Max. n Min. Mean Max. n Min. Mean Max. n Min. Mean Max.

Ammonia 30 0.000 0.206 0.600 9 0.002 0.259 0.800 8 0.000 0.705 4.700 & 0.000 0564 2.600 9 0.092 0.237 0.423
Trimethylamine 27 0.000 0.001 0.004 9 0.000 0.037 0.330 8 0.000 0.157 1.254 & 0.000 0.001 0.003 9 0.000 0.001 0.003
Hydrogen sulfide 45 0.000 5511 136.27 26 0.000 3.440 31.640 16 0.000 0.764 8570 28 0.010 7.847 126.35 29 0.000 1.829 21.560
Methyl mercaptan 45 0.000 0.225 6.803 26 0.000 0.081 0.599 16 0.000 0.141 1.263 28 0.000 0.168 1.442 29 0.000 0.066 0.483
Dimethyl sulfide 45 0.000 0.015 0.110 26 0.000 0.007 0.055 16 0.000 0.047 0.330 28 0.000 0.038 0.400 29 0.000 0.083 1.375
Dimethyl disulfide 45 0.000 0.015 0.427 26 0.000 0.010 0.139 16 0.000 0.007 0.074 28 0.000 0.022 0565 29 0.000 0.006 0.034
Acetaldehyde 31 0.000 0.082 0.660 9 0.000 0.062 0.130 7 0.020 0.033 0.070 10 0.000 0.028 0.060 9 0.010 0.066 0.190
Propionaldehyde 31 0.000 0.002 0.010 9 0.000 0.003 0.020 7 0.000 0.004 0.010 10 0.000 0.002 0.010 9 0.000 0.002 0.010
Butylaldehyde 31 0.000 0.002 0.014 9 0.000 0.005 0.013 7 0.000 0.002 0.011 10 0.000 0.002 0.011 9 0.000 0.005 0.011
n-Valeraldehyde 31 0.000 0.002 0.011 9 0.000 0.002 0.017 7 0.000 0.004 0.011 10 0.000 0.005 0.017 9 0.000 0.006 0.017
i-Valeraldehyde 31 0.000 0.004 0.055 9 0.000 0.001 0.006 7 0.000 0.002 0.012 10 0.000 0.000 0.000 9 0.000 0.001 0.003
Styrene 28 0.000 0.002 0.020 9 0.000 0.006 0.030 7 0.000 0.001 0.010 9 0.000 0.000 0.003 9 0.000 0.002 0.010
Toluene 28 0.000 0.143 0.980 9 0.000 0226 0.717 7 0.010 0.161 0540 9 0.000 0.133 0580 9 0.000 0.177 0.557
Xylene 28 0.000 0.012 0.120 9 0.000 0.006 0.030 7 0.000 0.047 0310 9 0.000 0.003 0.020 9 0.000 0.003 0.010
Methyl ethyl ketone 28 0.000 0.013 0.090 9 0.000 0.012 0.050 7 0.000 0.011 0.050 9 0.000 0.005 0.023 9 0.000 0.007 0.050
Methyl isobutyl ketone 28 0.000 0.001 0.020 9 0.000 0.000 0.000 7 0.000 0.004 0.030 9 0.000 0.000 0.001 9 0.000 0.000 0.000
Butyl acetate 28 0.000 0.001 0.010 9 0.000 0.002 0.010 7 0.000 0.010 0.050 9 0.000 0.002 0.010 9 0.000 0.002 0.010
i-Butyl alcohol 28 0.000 0.003 0.020 9 0.000 0.002 0.010 7 0.000 0.004 0.020 9 0.000 0.001 0.010 9 0.000 0.002 0.010
Propionic acid 23 0.000 0.006 0.067 9 0.000 0.022 0.192 7 0.000 0.000 0.000 & 0.000 0.000 0.000 9 0.000 0.003 0.030
n-Butyric acid 23 0.000 0.001 0.025 9 0.000 0.011 0.101 7 0.000 0.000 0.000 & 0.000 0.000 0.000 9 0.000 0.000 0.000
n-Valeric acid 23 0.000 0.001 0.016 9 0.000 0.004 0.034 7 0.000 0.000 0.000 & 0.000 0.001 0.006 9 0.000 0.000 0.000
i-Valeric acid 23 0.000 0.000 0.002 9 0.000 0.007 0.063 7 0.000 0.000 0.000 & 0.000 0.000 0.000 9 0.000 0.000 0.000

4 ¢ Sampling number
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Table 20. The concentration of malodorous compounds for sludge treatment processes of sewage treatment facilities

Concentration of malodorous compound (ppm)

Excess sludge

Dewatered sludge

Compound Sludge holding tank holding tark Gravity thickener Dewatering building cake bin

n® Min. Mean Max. n Min. Mean Max. n Min. Mean Max. n Min. Mean Max. n Min. Mean Max.
Ammonia 14 0.000 1.066 5900 4 0.000 0.158 0.305 7 0.408 8.280 34.850 2 0.347 0.396 0.445 2 0.393 3.897 7.400
Trimethylamine 13 0.000 0.001 0.015 4 0.000 0.000 0.000 7 0.000 0.000 0.001 2 0.000 0.000 0.000 2 0.000 0.000 0.000
Hydrogen sulfide 40 0.000 18388 2,076.94 18 0.000 0.603 8.300 27 0.000 53967 400.87 15 0.000 6.430 29.580 34 0.000 23706 361.78
Methyl mercaptan 40 0.000 2.405 29518 18 0.000 0.235 3.8381 27 0.000 0.655 9.149 15 0.000 0.138 1.637 34 0.000 3.767 123531
Dimethyl sulfide 40 0.000 0.225 3.230 18 0.000 0.133 1.460 27 0.000 0.053 0.740 15 0.000 0.142 1.030 34 0.000 0.221 4.180
Dimethyl disulfide 40 0.000 0.006 0.110 18 0.000 0.012 0.177 27 0.000 0.008 0.150 15 0.000 0.067 0.866 34 0.000 0.284 7.390
Acetaldehyde 14 0.000 0.070 0.247 4 0.010 0.053 0.100 6 0.020 0.064 0.190 2 0.010 0.012 0.013 3 0.000 0.107 0.200
Propionaldehyde 14 0.000 0.005 0.010 4 0.000 0.000 0.000 6 0.000 0.003 0.010 2 0.000 0.000 0.000 3 0.000 0.000 0.000
Butylaldehyde 14 0.000 0.003 0.015 4 0.000 0.000 0.001 6 0.000 0.002 0.008 2 0.000 0.000 0.000 3 0.000 0.164 0.485
n—Valeraldehyde 14 0.000 0.004 0.025 4 0.000 0.003 0.006 6 0.000 0.003 0.012 2 0.000 0.000 0.000 3 0.000 0.010 0.026
i-Valeraldehyde 14 0.000 0.005 0.037 4 0.000 0.000 0.000 6 0.000 0.003 0.015 2 0.000 0.000 0.000 3 0.000 0.004 0.009
Styrene 14 0.000 0.411 5750 4 0.000 0.000 0.000 6 0.000 0.002 0.007 2 0.000 0.003 0.007 3 0.000 0.003 0.010
Toluene 14 0.000 2.344 27390 4 0.010 0.028 0.060 6 0.040 0.400 0.630 2 0.040 0.209 0.377 3 0.110 0.260 0.520
Xylene 14 0.000 0.083 1.010 4 0.000 0.000 0.000 6 0.000 0.008 0.020 2 0.000 0.010 0.020 3 0.000 0.010 0.020
Methyl ethyl ketone 14 0.000 0.071 0.600 4 0.000 0.003 0.010 6 0.000 0.065 0.360 2 0.000 0.002 0.005 3 0.000 0.310 0.920
Methyl isobutyl ketone 14 0.000 0.022 0.310 4 0.000 0.000 0.000 6 0.000 0.001 0.004 2 0.000 0.002 0.004 3 0.000 0.003 0.010
Butyl acetate 14 0.000 0.035 0470 4 0.000 0.000 0.000 6 0.000 0.002 0.006 2 0.000 0.003 0.006 3 0.000 0.003 0.010
i-Butyl alcohol 14 0.000 0.145 2.010 4 0.000 0.000 0.000 6 0.000 0.004 0.010 2 0.000 0.002 0.005 3 0.000 0.010 0.020
Propionic acid 9 0.000 0.044 0.324 3 0.000 0.000 0.000 4 0.000 0.000 0.000 2 0.000 0.000 0.000 2 0.000 0.000 0.000
n-Butyric acid 9 0.000 0.002 0.020 3 0.000 0.000 0.000 4 0.000 0.000 0.000 2 0.000 0.000 0.000 2 0.000 0.000 0.000
n-Valeric acid 9 0.000 0.000 0.000 3 0.000 0.003 0.010 4 0.000 0.000 0.000 2 0.000 0.000 0.000 2 0.000 0.008 0.016
i-Valeric acid 9 0.000 0.000 0.003 3 0.000 0.000 0.000 4 0.000 0.000 0.000 2 0.000 0.000 0.000 2 0.000 0.000 0.000

a

. Sampling number
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Table 21. Statistical summary of hydrogen sulfide concentration for wunit

processes of sewage treatment facilities

H,S Concentration (ppm)

Process n 1 2
Minimum St, nd. 3rd. Maximum
quartile quartile quartile
Influent Water 45 0.000 0.070 0.410 1.640 136.270
Screen % 0.000 0.033 0.190 1.623 31.640
Grit Chamber 16 0.000 0018 0.070 0513 8570
1st Settling
28 0.010 0.458 1.430 6.411 126.350
Chamber
Biological
29 0.000 0.000 0.060 0.630 21,560
treatment
Sludge Holdi
udee Boms -y 0.000 0478 10420 168469  2.076.940
Tank
Excess Sludge 18 0.000 0.000 0.010 0.126 8.300
Holding Tank
Gravity Thickener 27 0.000 0925 6.230 32535  400.870
Dewatering
axe 15 0.000 0.072 1.040 9,540 99,580
Building
Dewatered Slud
cwatered Saee oy 0.000 0.000 0.030 1835 361780

Cake Bin

_66_



FAe AdA 2 FAE AsE FEea v BExE 13 FAA9
74 1430 ppm °l3lol A= 9] 50%7F EdE o] dom, AR W= 0458
ppm~6.411 ppmo. = FAH g Ald T Axo L2 W7t
Efu} ShEA YA FE Aol b wlg F AS & ATk WA AR 9] A}

B9 Wgl: 0018 ppm~0513 ppm o 2 sHFA A AW o H WA FEo| o

EHAA T Aol A TS el TR EXE EEA AFRY AR
A4 W7 0478 ppm~168.469 ppmo. & A7 BE¥ W7l /M Qe Aow
UE o EgolH o] sk Ex o FAEE AFdS UEd dS5S & F AN
t} 28y 229 50%= 10420 ppm ©]&Fe] EXaka 9ol HAs wuk =4S
frAste] SelAo] @7stE HAs st AT s RS 2

2

i

doA&EHA AFE 45 0.000 ppm~0.126 ppmo =2 71 F Helel| I
al uUEbstth Park 502 371 §89 st

oA wAstE ot =H g vl AFE Fete] YT A ves
0.009 ppm~0.028 ppm, =T A 34 FEE 0.039 ppm~0.053 ppm, &
pm~0.087 ppme] WE¥ i HisF o, o
Hele 2 Addate} vaste] B o AAMEA S B FAY 25 2 W9l
A& & Uitk Chung 578 2719 shA Aol 24
& dslra TEE RS Ed A5H A2AgAEe] HAAAA AER F
T 2042 ppmo2 2 AFA AR FE st Ade 25% W ol
FE AT = AZH AlIMYAAY 1A AHAAA AEE FEE 0641
o ATFA R AARE AT A2ARE g A9l ddEA o, &5

A AR gAY 12 AN HEE FE=s 3.067 ppme 2 A2AE 9159
ABAFE S G "9l sldE o] A dE R gt d ME5do] vddt A

o =
= ¢ T dAT

o

%2,
r
m
HU

~N
11t
lo,
oldh
oty
P
B>
off
ki
rr
(=)
o
>
(o]

_67_



Mo

~N

A2 A

PN
T

5

d
B
il

oAM=

B
iz

2 ®olX

oA ol gk

Fe A 2 Al 9]

<)

ol dgk o vEtyth ol AU

91 7] wFEolm o}-&

ol

N

Ton

ZA 7}

p—

q o

X
m_.o,.o

%!

4

00

= ARAn”

0|
K

j—

al

ofL17] W

_68_



M T T

2,000 -

400 -
300

200
40
30

(wdd) uonenuasuoy sH

20

10

Fig. 11. Box plots of hydrogen sulfide concentration for unit processes of

sewage treatment facilities.

_69_



A

3

o 4

5

2z
i

ostrA2lAlY oFH Az

2.

43 A=rle=

8|

X

[13
&1

B o} RES-7]

53}

L ol A

o
=

-

H}o]

s

Eay
=]

Areg 7t

ok
o)

kol A

¥z Fraen.

A2 Al Al

N

B

ERUE

A X

PN
T

gl

ZAbd

TolA 54
Table 2201 YERH AT

o]
H

o] 2.0 ¥

gl

A

=
=

A %=(sum of odor quotient, SOQ)

quotient, OQ)=

7

22

C;, measured value

(6)

CL threshold

SOQ(sum of odor quotient)

)l

JEba

=
=

A s = (ppm)

threshold -

G

N

= AE A

7}5F

]2 A1 9

i

g

=
= ¥

el A7)

oF
o)

o] g 3ol
3ol

=
=

ool w2} SOQ

Ao ALy,

&

=
T

B

e SOQE o &

=12
(<}

}71% sttt Chung

[

, °] Mde AlxtdE 8] A vl 4= (presumptive odor

0]
AN

o gozE A

=4
[}

concentration)'! T ¢35 34 84X (odor unit)™

_70_



Table 22. The concentration of odor and the value of SOQ of inlet at 62

biofilters
Facilities Composite Concentration (ppm)
o Sewage odor SO0Q
Biofilter (DT HS CH;SH
treatment

BF-01 S-01 100 83 0.010 0.003
BF-02 S-02 100 494 0.030 0.002
BF-03 S-03 300 1,141 0.300 0.027
BF-04 S-04 1,442 6,463 2.150 0.082
BF-05 S-11 669 934 0.140 0.033
BF-06 S-12 3,000 14,694 0.630 0.914
BF-07 S-14 208 1,188 0.310 0.029
BF-08 S-15 1,442 36,646 11.350 0.607
BF-09 S-19 4481 14,240 4.520 0.224
BF-10 S-20 1,000 1,173 0.240 0.038
BF-11 S-20 3,000 4,958 0.430 0.258
BF-12 S-23 1,442 1,106 0.220 0.037
BF-13 S-24 100 209 0.010 0.009
BF-14 S-24 14,422 50,104 11.220 1.568
BF-15 S-25 448 3,148 0.850 0.048
BF-16 S-25 300 2,487 0.490 0.053
BF-17 S-27 300 541 0.200 0.000
BF-18 S-27 100,000 340,794 139.710 0.000
BF-19 S-28 3,000 10,200 2.510 0.278
BF-20 S-28 10,000 40,265 12.530 0.666
BF-21 S-29 1,000 1,104 0.090 0.059
BF-22 S-33 120 784 0.040 0.024
BF-23 S-34 10,000 34,399 13.980 0.000
BF-24 S-37 100 230 0.000 0.008
BF-25 S-37 4,481 20,668 6.180 0.387
BF-26 S-38 100,000 150,261 61.590 0.000
BF-27 S-41 1,000 8,953 2.590 0.184
BF-28 S-42 4,481 19,812 8.070 0.000
BF-29 S-43 4,481 6,003 1.240 0.158
BF-30 S-44 3,000 6,621 1.630 0.156
BF-31 S-44 3,000 8,159 2.240 0.159
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(continued)

Facilities Composite Concentration (ppm)
Sewage odor S0Q
Biofilter (DT H,S CHsSH
treatment

BF-32 S-45 2,080 15,768 6.441 0.000
BF-33 S-46 4,481 51,755 21.209 0.000
BF-34 S-47 100 270 0.000 0.000
BF-35 S-48 1,056 1,691 0.365 0.054
BF-36 S-49 300 1,300 0.360 0.018
BF-37 S-49 100 122 0.010 0.000
BF-38 S-49 30,000 95,134 38.950 0.000
BF-39 S-50 1,221 4,829 0.630 0.216
BF-40 S-50 2,080 4,608 0.630 0.206
BF-41 S-50 30,000 111,942 27.160 3.055
BF-42 S-561 300 165 0.050 0.002
BF-43 S-54 300 615 0.010 0.025
BF-44 S-54 3,000 19,561 5.320 0.444
BF-45 S-54 1,000 417 0.030 0.001
BF-46 S-55 10,000 33,716 9.490 0.635
BF-47 S-57 100 594 0.146 0.007
BF-48 S-57 1,442 658 0.179 0.000
BF-49 S-57 3,000 7,844 1.802 0.225
BF-50 S-58 448 765 0.010 0.049
BF-51 S-58 208 81 0.010 0.000
BF-52 S-58 144 70 0.010 0.000
BF-53 S-58 669 3,685 1.020 0.074
BF-54 S-58 1,442 4,253 1.700 0.000
BF-55 S-58 6,694 38,215 15.650 0.000
BF-56 S-58 669 2,670 0.970 0.016
BF-57 S-58 300 218 0.060 0.002
BF-58 S-60 100 750 0.180 0.015
BF-59 S-60 6,694 50,953 19.250 0.274
BF-60 S-60 300 1,270 0.380 0.000
BF-61 S-62 448 2,821 0.920 0.030
BF-62 S-62 100 162 0.020 0.004
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Table 23. Statistical summary of regression curve between SOQ and

composite odor

Unstandardized  Standardized 95% confidence
coefficients coefficients interval of B
Item t-value p-value
Bose Lower - Upper
limit limit

Constant ~ 0.358 0.162 2.209 0.031 0.034 0.683

log(SOQ)  0.770 0.045 0911 17.130 0.000 0.680 0.860

R* = 0.8302, F-value = 293.444, p-value = 0.000, n = 62

@ : Standard error
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Table 24. Probability distribution of malodorous compounds

Compound P.rob‘abil?ty Parameters
distribution

Ammonia Lognormal Mean=1.01595, Std. Dev.=5.99835, Location=-0.001
Trimethylamine Lognormal Mean=0.00058, Std. Dev.=0.00106, Location=-0.001
Hydrogen sulfide Lognormal Mean=45.02086, Std. Dev.=4,056.65, Location=-0.00006
Methyl mercaptan Lognormal Mean=0.38198, Std. Dev.=6.76258, Location=-0.001
Dimethyl sulfide Lognormal Mean=0.0784, Std. Dev.=1.05354, Location=-0.001
Dimethyl disulfide Lognormal Mean=0.00394, Std. Dev.=0.01066, Location=-0.001
Acetaldehyde Weibull Location=-0.00027, Scale=0.07707, Shape=1.05002
Propionaldehyde Logistic Mean=0.0019, Scale=0.00331
Butylaldehyde Beta Min.=-0.00027, Max.=0.30088, a=0.39444, $=30.2946
n-Valeraldehyde Beta Min.=-0.00043, Max.=0.01579, a=0.35543, B=0.96735
i—Valeraldehyde Logistic Mean=0.00059, Scale=0.00167
Styrene Lognormal Mean=0.00381, Std. Dev.=0.0111, Location=-0.001
Toluene Lognormal Mean=0.26478, Std. Dev.=0.63809, Location=-0.00453
Xylene Lognormal Mean=0.0174, Std. Dev.=0.06674, Location=-0.001
Methyl ethyl ketone Lognormal Mean=0.0167, Std. Dev.=0.04637, Location=-0.001
Methyl isobutyl ketone Lognormal Mean=0.00154, Std. Dev.=0.00385, Location=-0.001
Butyl acetate Logistic Mean=0.00123, Scale=0.00288
i-Butyl alcohol Lognormal Mean=0.0068, Std. Dev.=0.02564, Location=-0.001
Propionic acid Logistic Mean=0.00126, Scale=0.0047

n-Butyric acid

n—Valeric acid

i—Valeric acid

Min extreme
Logistic

Logistic

Likeliest=0.00034, Scale=0.0009
Mean=0.0002, Scale=0.00097

Mean=0.00003, Scale=0.00034
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Fig. 13. Probability distribution of composite odor at inlet of biofilters of

sewage treatment facilities estimated by Monte Carlo simulation.
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Fig. 14. Sensitivity chart of malodorous compounds for the composite odor at

inlet of biofilters of sewage treatment facilities.
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Table 25. Statistical summary of regression curve of malodorous compounds

concentration and composite odor

Unstandardized Standardized 95% confidence
coefficients coefficients - p- interval of B
Item | |
value value
5osr Lower - Upper
limit limit
Constant  3.186 0.049 - 65.079 0.000  3.088 3.284
H.S log (FH-S) 0.598 0.044 0.871 13533  0.000  0.509 0.686
R? = 0.7595, F-value = 183.147, p-value = 0.000, n = 60
Constant  3.148 0.046 - 69.148 0.000  3.057 3.239
S g ms +
o8t 0637  0.043 0.888 14716 0000 0550  0.723
CH3SH)
CHsSH

R? = 0.7888, F-value = 216561, p-value = 0.000, n = 60

& . Standard error
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Fig. 15. Scatter diagram and regression curve of hydrogen sulfide
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Table 26. The concentration of composite odor and the value of SOQg at

inlet and outlet of 62 biofilters

Corrposite Odor quotient (SOQg)
Facilities odor NH; and Sulfur VOC and Organic
TMA  compounds alcohols acids
Inlet 100 0.0 68.2 14.8 0.4 0.0
BF-01
Outlet 100 0.0 53.9 13.3 0.4 0.0
BF-02 Inlet 100 65.2 102.2 196.7 19 128.2
Outlet 100 39.3 102.2 2799 2.1 128.2
Inlet 300 2.0 1,117.4 16.4 0.2 4.7
BF-03
Outlet 208 0.7 1,111.5 8.8 0.2 11.1
Inlet 1,442 1.3 6,415.3 46.7 0.1 0.0
BF-04
Outlet 300 0.7 1,501.7 60.0 0.1 0.0
Inlet 669 0.7 817.6 29.8 0.2 85.7
BF-05
Outlet 144 1.3 111.0 20.0 0.2 81.1
BF-06 Inlet 3,000 4.0 14,628.4 61.5 0.2 0.0
Outlet 1,442 0.7 502.0 934 05 0.0
Inlet 208 0.7 1,173.7 13.3 0.7 0.0
BF-07
Outlet 208 0.0 401.8 13.3 0.1 219
BF-08 Inlet 1,442 1.3 36,584.4 0.0 0.4 59.9
Outlet 300 1.3 7,588.1 0.0 0.4 72.5
BF-09 Inlet 4,481 9.3 14,224.4 6.7 0.1 0.0
Outlet 3,000 0.7 10,432.4 13.3 0.1 73.0
Inlet 1,000 0.7 1,128.2 43.3 09 0.0
BF-10
Outlet 300 0.7 335.0 0.0 0.2 0.0
BF-11 Inlet 3,000 0.7 4,869.8 86.4 09 0.0
Outlet 1,442 0.7 2,289.8 20.0 0.2 0.0
Inlet 1,442 319 1,065.2 8.0 05 0.0
BF-12
Outlet 208 0.7 14.3 16.0 04 0.0
Inlet 100 0.7 153.0 20.0 14 34.0
BF-13
Outlet 100 0.0 1244 54.1 14 70.4
BF-14 Inlet 14,422 0.0 49,969.2 43.3 3.8 87.7
Outlet 14,422 0.0 48,355.1 20.7 39 63.9
BF-15 Inlet 448 2.0 2,758.9 46.7 0.3 340.5
Outlet 300 31.9 1,633.8 76.4 0.3 383.8
BF-16 Inlet 300 0.0 1,959.7 515 0.1 475.7
Outlet 144 31.3 633.0 35.8 0.0 475.7
Inlet 300 0.0 487.8 53.3 0.0 0.0
BF-17
Outlet 300 0.7 487.8 60.0 0.0 0.0
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(continued)

Composite Odor quotient (SOQg)
Faciliti d d Sulf VOC and Organi
acilities odor NHs; an ur Aldehydes an g‘arnc
(DOT) TMA  compounds alcohols acids
BF-18 Inlet 100,000 1.3 340,756.1 33.3 3.6 0.0
Outlet 100,000 0.7 323,146.3 60.0 29 0.0
BF-19 Inlet 3,000 2.7 10,093.4 13.3 1.2 89.2
Outlet 3,000 3.3 8,982.6 33.3 2.4 652.9
BF-20 Inlet 10,000 0.0 40,075.3 20.0 46.6 123.3
Outlet 300 0.0 2,245.2 13.3 1.0 327.0
BF-21 Inlet 1,000 2.0 1,084.6 16.4 0.6 0.0
Outlet 669 0.0 2185 149.8 0.1 0.0
Inlet 120 0.7 445.6 337.3 0.6 0.0
BF-22
Outlet 100 1.3 234.2 9.1 0.1 0.0
BF-23 Inlet 10,000 193.5 34,097.6 106.8 1.2 0.0
Outlet 2,080 156.9 4,122.0 142.0 2.0 0.0
Inlet 100 5.3 117.6 95.0 0.6 11.1
BF-24
Outlet 300 10.0 131.9 131.5 0.8 16.1
BF-25 Inlet 4481 5.3 20,601.7 60.0 0.8 0.0
Outlet 10,000 165.6 21,219.9 73.3 0.7 0.0
BF-26 Inlet 100,000 1.3 150,219.5 38.9 1.2 0.0
Outlet 20,300 2.7 85,414.6 48.2 1.1 0.0
Inlet 1,000 0.6 8,945.6 6.7 0.4 0.0
BF-27
Outlet 669 8.0 10,337.3 6.7 1.3 0.0
BF-28 Inlet 4,481 35.3 19,682.9 93.3 0.3 0.0
Outlet 208 32.6 4745 247.1 0.4 0.0
BF-29 Inlet 4,481 625.7 5,281.5 954 0.2 0.0
Outlet 100 9375 230.3 89.4 0.0 0.0
BF-30 Inlet 3,000 4.0 6,234.2 326.7 2.3 53.5
Outlet 300 2.0 14.3 518.8 1.7 20.9
BF-31 Inlet 3,000 6.0 7,758.2 3479 2.3 44.4
Outlet 300 0.0 17.6 233.6 1.2 75.0
Inlet 2,080 1.3 15,710.3 46.9 9.8 0.0
BF-32
Outlet 300 2.2 1,117.9 29.1 2.2 0.0
BF-33 Inlet 4,481 29 51,729.7 20.7 2.0 0.0
Outlet 4,481 15 26,302.2 8.4 1.9 0.0
Inlet 100 99.1 3.3 167.8 0.2 0.0
BF-34
Outlet 100 35.9 3.3 1159 0.1 0.0
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(continued)

Composite Odor quotient (SOQg)
Faciliti d d Sulf VOC and Organi
acilities odor NHs; an ur Aldehydes an g‘arnc

(DOT) TMA  compounds alcohols acids
Inlet 1,056 0.7 1,668.5 21.7 0.4 0.0

BF-35
Outlet 100 0.0 376.1 23.3 0.0 0.0
Inlet 300 28.9 1,135.2 135.4 0.1 0.0

BF-36
Outlet 144 432 1,527.9 83.6 1.6 0.0
Inlet 100 4.5 24.4 13.3 0.1 0.0

BF-37
Outlet 100 94.9 0.0 13.3 0.1 0.0
BF-38 Inlet 30,000 14 95,000.0 126.8 6.0 0.0
Outlet 6,694 0.8 59,949.4 37.9 4.7 0.0
BF-39 Inlet 1,221 63.2 4,650.0 113.8 2.3 0.0
Outlet 300 0.7 1,354.7 97.8 1.8 0.0
Inlet 2,080 1.3 4,501.0 104.1 1.7 0.0

BF-40
Outlet 100 31.3 324.1 93.9 0.1 0.0
BF-41 Inlet 30,000 4.7 111,740.2 194.4 2.4 0.0
Outlet 3,000 0.0 27,666.4 130.1 2.3 0.0
Inlet 300 0.7 150.5 13.3 0.1 0.0

BF-42
Outlet 100 0.0 0.5 6.7 0.0 0.0
Inlet 300 7.3 385.8 220.9 0.6 0.0

BF-43
Outlet 100 35.9 289.5 109.1 0.7 0.0
BF-44 Inlet 3,000 7.3 19,335.1 217.8 0.7 0.0
Outlet 3,000 48.0 16,809.5 248.4 0.7 0.0
BF-45 Inlet 1,000 124.7 111.1 180.2 0.8 0.0
Outlet 448 37.3 185 260.5 0.1 0.0
BF-46 Inlet 10,000 0.3 33,623.5 73.2 10.7 84
Outlet 3,000 04 6,429.5 14.6 19.1 10.9
Inlet 100 26.0 463.3 97.2 05 6.6

BF-47
Outlet 100 8.8 112.1 849.6 0.6 0.0
BF-48 Inlet 1,442 95 438.8 209.2 0.7 0.0
Outlet 300 12.4 447.0 221.0 1.0 0.0
BF-49 Inlet 3,000 1.3 7,743.2 97.8 1.6 0.0
Outlet 1,000 63.2 3,110.6 114.0 0.7 10.5
Inlet 448 0.2 732.9 29.8 1.8 0.0

BF-50
Outlet 100 0.3 290.9 53.8 0.1 0.0
Inlet 208 1.3 28.2 51.0 0.3 0.0

BF-51
Outlet 100 63.0 28.2 53.9 0.2 0.0
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(continued)

Composite Odor quotient (SOQg)
Faciliti d d Sulf VOC and Organi
acilities odor NHs; an ur Aldehydes an g‘arnc

(DOT) TMA  compounds alcohols acids
Inlet 144 15 32.0 36.1 0.2 0.0

BF-52
Outlet 100 14 315 35.2 3.0 0.0
Inlet 669 1.8 3,561.6 120.7 09 0.0

BF-53
Outlet 144 0.3 21.4 6.7 15 0.0
Inlet 1,442 05 4,166.3 4.2 1.9 0.0

BF-54
Outlet 300 0.3 290.9 53.8 0.1 0.0
BF-55 Inlet 6,694 15 38,170.7 415 09 0.0
Outlet 1,000 0.6 6,561.0 107.3 0.6 0.0
Inlet 669 4.8 2,594.4 70.7 0.2 0.0

BF-56
Outlet 300 09 81.5 79.3 0.1 0.0
Inlet 300 1.6 178.7 379 0.1 0.0

BF-57
Outlet 100 14 31.5 35.2 3.0 0.0
Inlet 100 32.6 653.8 62.9 04 0.0

BF-58
Outlet 100 1.3 376.7 54.2 04 0.0
BF-59 Inlet 6,694 1.3 50,865.5 85.0 15 0.0
Outlet 300 2.0 3,093.3 113.6 1.8 0.0
Inlet 300 288.0 927.3 54.1 0.2 0.0

BF-60
Outlet 100 0.7 0.5 515 0.3 0.0
BF-61 Inlet 448 33.3 2,672.5 87.9 27.6 0.0
Outlet 208 31.9 49.2 33.3 13.2 0.0
Inlet 100 33.9 106.4 20.0 14 0.0

BF-62
Outlet 100 65.8 43.3 20.0 0.1 0.0
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(a) Good example (spray over (b) Poor example (dried packing
packing material) material)

(c) Poor example (clogged spray (d) Poor example (reduced height
nozzle) of packing material)

Fig. 19. Examples of the internal state of biofilters.
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Fig. 21. The SOQg (sulfur compounds) at inlet and outlet of 62 biofilters and their removal efficiency.
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Table 27. Wilcoxon test results for the removal of composite odor and SOQg

by 62 biofilters of sewage treatment facilities

Item Mean SD? VA p
Inlet 6,229 18,190
Composite Odor (DT) -5.451 0.000
Outlet 3,035 12,990
NI and Inlet 30 91 s o6
TMA Outlet 33 122
Sulfur Inlet 19.936 49,983
-6.074 0.000
compounds (et 11,124 42,977
Inlet 83 &1
SOQg  Aldehydes -0.203 0.839
Outlet 93 133
Inlet 2 7
VOCs and
S an 1776 0.076
alcohols Outlet 1 3
0 . Inlet 25 78
rganic
, -2.120 0.034
acids Outlet 40 118

@ Standard deviation

b1 Wilcoxon test(Z) = outlet — inlet
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with its inlet loading at various biofilters.
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Table 28. The compliance rate of emission standard (500 DT) for the
composite odor at 62 biofilters
Composite odor (DT) at
inlet of biofilters
trem ? 1,000 3,000
< 1,000 <3000 ~5000 > 5,000
Total count(T.C.) 62 27 13 12 10
Total Compliance count(C.C) 44 27 11 4 2
% 71.0 100.0 34.6 33.3 20.0
T.C. 12 4 2 5 1
Hybrid C.C. 3 4 2 2 0
Biofilter % 66.7 100.0 100.0 40.0 0.0
type T.C. 19 9 5 2 3
Trickling C.C. 16 9 5 1 1
% 34.2 100.0 100.0 50.0 33.3
T.C. 20 11 3 2 4
< 100 C.C. 15 11 3 0 1
% 75.0 100.0 100.0 0.0 25.0
T.C. 26 10 6 9 1
100 ~ 300 C.C. 17 10 4 3 0
Biofilter % 654 1000 667 33.3 0.0
capacity
(m®/min) T.C. 3 3 2 - 3
300 ~ 500 C.C. 5 3 2 - 0
% 62.5 100.0 100.0 - 0.0
T.C. 3 3 2 1 2
> 500 C.C. 7 3 2 1 1
% 87.5 100.0 100.0 100.0 50.0
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