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Abstract

One of the main purposes of the ozonation process for water purification plant is to reduce the con-
centration of odorous compounds such as 2-MIB and Geosmin. The concentration fluctuations of
these substances in the raw water were thought to be different by water sources. The fluctuations
were also thought to be different from the ones of main organic substances in some cases. These dif-
ferences might be a factor to make the conventional ozonation controls impropriate in terms of treat-
ed water quality and energy consumption. In this study, in order to evaluate the efficiency of ozona-
tion control methods for such concentration fluctuations, a mathematical model to calculate the ozone
reactions are developed and calibrated. At one typical case, in which the concentration of 2-MIB is
high when the water temperature is low, the constant undissolved ozone gas control and the constant
ozone dosing rate control were more relevant than the constant residual ozone concentration control.
Furthermore, constant residual 2-MIB control is also evaluated, by which the residual 2-MIB concen-
tration always complies with water standard value at the minimum energy consumption, though it re-
quires measurements of 2-MIB at the outlet of ozonation process.
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Fig. 2 Water quality variation at Kuji-river
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Reactions Rate equation %03:
L.
Solution of ozone gas dCos/dt=Kr-a(Cos*-Co3)| Cos*:
dCos*=SP o
Autolysis dCos/dt=-KawCos Kau
Oxidation of 2-MIB ACy/dt=-Kox-CorCs o
dCos/dt=-K;-dCydt K.

. Ceo:
Oxidation of KMnO, consumed 2

dCox/dt=-K;2:dCsy/dt K

dCsp/dt=-Koxo:Co3-Cs2 Koz
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Ozone reaction model

concentration of dissolved ozone (mg/L)

volumetric mass transfer coefficient (I/min)

saturated concentration of dissolved ozone (mg/L)

partition coefficient (-)

concentration of ozone gas (g/Nm?)

rate constant for autolysis of dissolved ozone (I/min-(ng/L)1)
concentration of 2-MIB (ng/L)

rate constant for the oxidation of 2-MIB (1/min)
stoichiometric coefficient of 2-MIB oxidation (-)
concentration of KMnO4 consumed (mg/L)

rate constant for the oxidation of KMnO, consumed (I/min-(mg/L)1)
stoichiometric coefficient of KMnO4 consumed oxidation (-)

Table 2 Equations to calculate coefficients

Volumetric mass transfer coefficient®>

Kr=(0.038-t+1.22)-104
a=6-10+Qg-H*""/(V-dp-Vp)

Partition coefficient?

1+t/273

5=0604-775 063 - 1

Rate constant for autolysis of dissolved ozone®

Kau=7.41-10'9-exp R (1237%30_?_ t)) [OH]%5

Rate constant for oxidation of 2-MIB?

—11100)

Kox=exp(45.0+ ngH)eXp(m

Stoichiometric coefficient of 2-MIB oxidation

48 (=1 mol of ozone)

Kr=0.29= 168 (=1 mol of 2-MIB)

t: water temperature (°C)

H: depth of water (m)

dp: average bubble diameter (m)

R: gas constant (cal/(K-mol))

Qg: flow rate of ozone gas (Nm?3/min)

V: volume of contactor (m?)

Vg: average rising velocity of bubble (m)



106 17 B v A 7 AGHUEIE (BICA) BR7esedks

1.2m 1.2m
0.5m
influent
6m
il T
effluent
=== >
_* #
Ozone gas

Fig. 4 Configuration of pilot plant

Nm3, BEEBEAL Y VIEE : 0.07mg/L, 7% KMnO, ¥
i 027 mg/L, #HE 2-MIB B : 2.6 ng/L & 755 72,
IhboiEEy, AV v EAREG ARG 5 E TR
KTEAHEEE2DNI, $2°T, ZOF YV VRIGEET
WEFERBI L L OBEHEA L, 4 Vv EARIET R
e B R L 7,

33 EHERECAERH

Fig. 7 2R3 X 51T, 3 BeomiA A4 v v HehbiE & 1 B
DA, X O b ORIEHE % Bl 3 5L mi b
R INAEHB L <AL OF Y v M A TE L, A
FKEIIHE 5877 md (=2400 m¥/h) O—EfE & Uiz, #
folofl & T URER C O ALFERFEN IR 16 23, WIS C O L PR
i 45 ThsH, MAKEDEH L, Fig.5 T/RLTC
TRAK DK, KMnOy HE &, 2-MIB B OfEx 72,
COfDE&MEE LT, pHIX7.0, & Vv F ABEEIL
8m¥h, MDA+ v ARG IR 1B 55 2 B :
H3B =3:2:1% LT, AV VIEARLYHAKT LSS, 4
VR ABRERIE A TIEAL Y v 7 A RE & B
BHE LI,

SEIORE TR, LT 4fEOF v v AFIEHT R
e LT,
(1) HEAE—E I

—EDF Y v IEARLEMECAEKEYTRL, + Vv
EABTIET 5, %EIE 2.0mgL % X X 1.5mg/L &
L7,
(2) WAEA Y v B —E

WEEH O TORGEF Y VIRER—EDBGA YV Vi
FEREMEAERET 2 L5, AV v EARYHET S, &

40

Water
Temperature 5

(O

O )

Conc. of 1

O -

KMnO,
Consumedin 8 [
influent water 6 |-
(mg/L) C

4
2,

O b

Conc. of
2-MIB in 100
influent

water

(ng/L)

O\H\ f) NN NN NN NN NEE N
100 200 300
Elapsed days (d)

Fig. 5 Water quality condition of influent water

TEMEIX 0.2 mg/L %5 X 08 0.1 mg/L & L7z,
(2) WA v EE—EH#E

BRI H O COREF V) VIBERN—EOBREL Vv
EHRCEAHEET X5, AV Vv IEABRYEHIET 5, &
TEMEIX 0.2 mg/L %5 X 08 0.1 mg/L & L7z,

(3) HEA v v R —E I

* v BRI KT DHEH S h B B A v vV BE N —E
DA v v BEREEAY T2 X 5, AV VEARY
HET %, FEMIL 2.0 gNmd 5 X0 1.0g/Nm? & L7,
(4) 7%%8 2-MIB ¥ —E HH

¥Rl 2-MIB VKB O 10 ng/L #/hE (19
0.1ng/L) FlE% XS5 Y viEARLYHET LHEHY
(781 2-MIB & —EHIfH] s LT 5, 2Ol
HAREH S &, KEEREELFCHETE, Tt
Vv EREIE AT S r — AN, ORI, Bzl
IR o> 2-MIB EE%Z GC/MS 12 X v #HlI L, HEEE
EDEG T 4 — NNy 7 LTHELS Y vERHET S
ZETHEHTE D,

D EoHEERD 5B, (1)~ @) L ik ed
BEH, HHMIAZELCEELTCWAEELHD L&
2bNBD, SEORE CIHEMA® UREEIT—ET
B5HE LT,



it [EICA] 25 10 %25 3 %5 (2005) 107

2.5

Conc. of
undissolved 1.5
ozone gas
(g/Nm?) 1

0.5

0
12

Conc. of !

residual 0.8

dissolved (¢
ozone

Conc. of 8
KMnO,
Consumed
at the outlet 4
(mg/L)

O L i )

40

® measured
Conc. of 30 O calculated
2-MIB at
the outlet

/L
(ng/L) 10

0

100 200 300
Elapsed days (d)

Fig. 6 Comparison of measured value and calculated value using
the calibrated parameters

34 REH#HRCLEER
341 FYVUFAREEE 2-MIBRE

HEAR—EH A F N U755 0% 2-MIB B %
Fig. 8 1IT/R$, REMA 1.5 mg/L D54, 788 2-MIB i
JEIIRBH BN 30 HE FTo 4 5 TKEEEEE A EE
THRERE -, £DHK, 250 HH *TD 2-MIB 2%
VKB FEHEE O 10 ng/L LU & #fERE4 % 2%, 250 H H LI
KB HRELBERT A — AN Abhi, ZOFERN
D—2IZ, JFK D 2-MIB B O#En2FH 2 b i b, Fig. 5
TR LIz 9, 250 B HERED K 2-MIB 132 2L LU
D 170~250 HEEFCTORE IV bm<, TOMREL
T KDOFERE 2-MIB IBE b St sEx b b,
—%, 120~160 HHTH 5K 2-MIB BE IXFREE ¥ T
B T T 55N, ALBRK o3 EE 2-MIB ¥ 1% 5 ng/L &
Mitlmote, Thb 200y —ADERL, JFAKKEIC
IBbDEEZ BRI, 130 H HAT ClaAKEs 30°C
FREE L m L, WA Y v & 2-MIB ORGSR e #E4T3
B, FK 2-MIB BE & < &b BB 5 2-MIB 134

Lﬂ7.5m(width)

14.0m
35m Im 3.5m Im 3.5m Im %)3
efflu-
ent
oo >
6.0m

Fig. 7 Configuration of assumed full-scale plant

~ 80
=l ozone dosing rate set value
= g) 60 & : 2.0mg/L const.
N : 1.5mg/L const.
G 840
o f
Sz 20 tﬁ_ M,N‘v

0 Ve VYT ree v YY L e v
100 200 300
Elapsed days (d)

Fig. 8 Concentration of 2-MIB in effluent

mEEZLRS, —J, 250 H AL T, JFEK 2-MIB
BRE D RRRE T KRS 5°C BE LR\ oD, B4 Y
v & 2-MIB DG ANE <, KB FLHE A R L7 o 2-
MIB BT AR s b EL bR b,

DEo XS, SEORESEMETE, FEAR—EHH
HEMT B & ARIKIRIFIC K EILEE A K T & IS A D
B 2D ENTD T, WAR—EHEAHEH T 55
Hiciy, B X W HEEAYEFET L ENEFE LW &
Ezbhb,

BWEr Yy viRE—EilflaxFE R LS E0x Vv EA
A Fig. 9 ICRT, F YV v EARIIE KBTS E &
7eh, WAKTImgL CETHHEREL- T, TORRD
1 2LLT, BFEAYYOHOCSBIGNE 2 bR,
KERBWEREF VY YOO BN R ETT 50
b, i B CHrE O A v v RE 2R 5 e o,
H O G CTHRT 50104 0F Vv HIEAT S
DENH B, iz Th 9 12DRE & LT, KMnOy
HEENFEL VB LE2DbRD, Fig.5 T/RLIX
50, BRI KMnO, {HE EDOREE & &\ KMnO,
HEBENS W EBEGEA Y v OHEBEENS L, FIEDER
F )V RE AT B e DI R F DI T Y v B S L
HEATHLULE DD, TNB2ODERICLY, AV v
HEARIEKRINCE L e &FE2 b b,



108 17 [mEREE > 2 7 A GHARA (EICA) WHoessts

Q
s 10 residual ozone
en 8 set value
‘7 6 & : 0.2mg/L const.
3 %D 0 : 0.1mg/L const.
o~ 4
=]
§ 2

o Lo TN RN E TS i

100 200 300
Elapsed days (d)
Fig. 9 Ozone dosing rate
80

residual ozone set value|
0 ¢ : 0.2mg/L const.
0 : 0.1mg/L const.

Conc. of 2-MIB
in effluent (ng/L)

100 200 300
Elapsed days (d)

Fig. 10 Concentration of 2-MIB in effluent

Fig. 10 Wi+ v v igE—EH#E A £k L 55 0
FeRE 2-MIB R &t @RS Eox v v REA
LC\WA7d, 50~200 H H AR OZ 2-MIB #E 1%
12T 0ng/L L7so7, LaL, 30 HA % T& 250 H AL
R D IR CL3 788 2-MIB R 25 <, AKE FRHE A i 3
B —ABENER LS, T b ORFHIIKIR MK
Wb B O REUE DHELT B, & Hic KMnO, (4%
BN DBREL YV OEBEL D, Bty
VIEARTH-> THIIEDHEHFA Y VIRENBELN S,
B> T, FK 2-MIB EEEE B\ DIC S Db b4 v v
EARMEL MRS h, B 2-MIB BE &SRR
motebBEzbhnb,

COYXSRHEF Y VIEE —EHMA T KR
KMnOy HE BN A V' v IEARCRIETHENKE L, 2-
MIB 133 & A EFER FITE 2\, 65T, SEIOFE
St X 51T, KR KMnOg (% B OB O\ K
& FK 2-MIB I O i R 7 235811y, ) e
HIENEHTE IR WAEEEDN D D EE X BN D, BFEA
VVRE—EHHOSE S, R X h EREEA LTS
LIENEELWES 2D,

Pt v v RE—E A EE LS e oA v VAR
OFFER % Fig. 11 1wR$, + YV v EARXIZ 250 A H
DT <7eh, 320 HEMIE T L TRICHE U %853
Eleotz, Fig. 5 OWMAKBESEMEEMBT 2 &, EKE
HOF Vy VEARDB N EDNG 1S, —RIC, [T
KR AMENE ERIFRE NS 7 ), WREERN S R
T ARAKIRINCArE OBk A v v RE 2 HEFE T 5 ooy,

Conc. of undissolved ozone gas set value

o
8
fé’):}\ 81 o: 2.0mg/L const.
2% 6 H o :1.0mg/L const.
iEL
S 2
100 200 300
Elapsed days (d)
Fig. 11 Ozone dosing rate
~80 :
M4 Conc. of undissolved ozone gas set value
= 260 ¢ :2.0mg/L const.
&z o : 1.0mg/L const.
= g4
S|
§%2
0.8 "al
100 200 300
Elapsed days (d)

Fig. 12 Concentration of 2-MIB in effluent

BIREOHEY TS EDOF Vv R EATHLELRD S,
Fig. 11 CiZ T DR PIERTCWB EFE 2 bR S, —T
KMnOy {HE = DOEE P\ m AR O+ v v i AL,
ZTORBEORHH L 2IFHE L, Tiebb, Pty v iRgE
— B, EVKER X OERIEBEORERIZEA

EZTnwEEz2bhb,

PeAd v v RE—E A i U 756 O 2-MIB
DR ERR A Fig. 12 1wrd, HiA v v RE O EE
2 10mg/L DEETH, KEHEEAE R L, — A1k 4
MOHZTHY, PtV v EBEREMED 20 mg/L DEH1L
0 M THote, SEIDOEETIE, FKD2-MIBREENE
W kb, RIGHENENC LD 2 ONEKRD, 2-MIB
BrFCx T B M i BRI, UL, B
v VIEE—EREEERT 5 L BRI O A v v AR
DHERNCHE KT 570, #ERE L T2-MIB % RIFIck
ETEREEZEZDLND,

R 2-MIB I E —E M AL L5 &0+ v v EA
ROFHEMERE % Fig. 13 1057, fHB% 30 B H Tk
2mgL BEDOX V VIEARNDLETH BN, FOHK 250
HEFTAHY VIRBEAERE L o> TW5h, ZThI,
30 H H ~250 H H % TOMRIC I % FUKd o 2-MIB #
R EN D TH S, 250 H B UREL, ok 3.7mg/L
DF V' VIEARNDE L OERMED I,

342 KEEEDERERLHEIRILF—

Wi, 58 2-MIB #fE 0 K EIEHEE A e T 58514 &
M T 2 F— BRI OWTEZE LT, Fig. 15 1R E
% 02mg/L & Li-isfEtr v v isE — ez iEm L



it [EICA] 25 10 %25 3 %5 (2005) 109

—
=]

Ozone dosing rate
(mg/L)

(=2 e ]

100 200 300
Elapsed days (d)

Fig. 13 Ozone dosing rate

[SS Y [
(=] oS O
T

Conc. of 2-MIB
in effluent (ng/L)
(=}

DO Ay S0 L ST e SR SO S SISO SO S St eSSt
100 200 300
Elapsed days (d)

(=]

Fig. 14 Concentration of 2-MIB in effluent

556 O3RE 2-MIB & OBE 5N TH 5,30 7 — AT
B 2-MIB B 0 KBS MEE A iR+ 56—, 16 7 — A
THRBEIMEE R T DRER E oo, 2T, KB
HERR | # KRR TEHRT 5,

KE%@@%%E?%&~X&X
Sy — 2K

Fig. 15 D4, KEIMEZRFIL 66% & 7%, Fig. 16
VEFRER 2-MIB J i — 2 Hll i & S Mt L 735 A D3RR 2-MIB
RETHY, KEEEZEREFIL100% TH %, Fig. 16 1L
Fig. 15 St R AKE S Ry, 3R 2-MIB JEEN 0 ~
5ng/L D7 — AT\, AMHEKE L HET x L F— ik
N L —FF 7 OBIRICH B 1D, KEFLEELIE L
LCHB T AAF TR/ ET BICIE Fig. 16 TRLT
BH 2-MIB BEOHMBRIROLELEEZEZ DR
%o

wiZ, BEIxLVF—OmE»bEET L, &V vHEE
CHWHBRAHEE TR AF 1L, + VVIEARIIZIEE
BlTsEEZONS, CORELLT, TG+ Y vEA
K| wRATERT 5,

KB FRAEREHK (%) = 100

P vV EARK (mg/l)

1 N
=g g LB ADE T VAR
HHRES R BT % KEEERBR LG+ vV v EA
K OfE% Table 3 12, ZhbOEOHB% Fig. 17 12K
7, Fig. 17 O L OB, KERERRIRIE L 220

50
a0t compliance rate of water standard : 65%

< average value over water standard : 20.9ng/L

% 30
Szvﬂ
100
= [ 0 -

0 0- 5- 10- 15- 20- 25- 30- 35- 40- 45- 50-
5 10 15 20 25 30 35 40 45 50
Conc. of residual 2-MIB (ng/L)

Fig. 15 Histogram of residual 2-MIB (Conc. of residual
ozone=0.2 mg/L)

50

40t compliance rate of water standard
O : 100%
5301 average value over water standard
g20f :
O

101

0

0- 5- 10- 15- 20- 25- 30- 35- 40- 45- 50-
5 10 15 20 25 30 35 40 45 50
Conc. of residual 2-MIB (ng/L)

Fig. 16 Histogram of residual 2-MIB (Constant residual 2-MIB
control)

S A Y v EARMECEEN e — AR, W,
AT OfEE, KEEEZBEMEN S 2P A Vv
BARNEL, 2L vy —2%Rd,

ORI THEAR—EHIE & BEA Y v BE—EHEy
Wit s L, WFhoyr —2TLEAR—EHHEO Y
* 7V EARDIE S ME, TO—T], KEIEAERERE
HHEAR—EHEH O S @, > TEH RO E LM
Tix, HE T XA F— L UHEKE O CHEAR—ETH
HxmfAr Yy v RE—ERHI D ER TS L FE 2 b,
Fig. 9 TR L7 X 5 CifEA vV v IBE —EH#H i8S
AV VY IBREEAIN SIS, EEA Vv IEARDOE
NDREVEEZZ BN,

WEEY 1.0 gNm3 & Uicdkd v v iBE—EHlH 4%
U786, SFEA Y VIR ARG A Vv B —
FoONTFRDOr —2 X KL, —FTHREFZEZREK
R W THRIOFELEMED L & Tk, REMY
1.0 gNm? & UicHbr v vigE—EHE 0 5 5, A+
VVRE—EHE L D b EE T R F — L FRKE DO
HTER TS ET 25,

EAR—EHIE & P v v R —w I & & i35
&, B v v BE—ERIHO% G 0O A v v EARD
FOMKREL, KEEEZEREDL E, AV VEARR
BV EAENKENRBIFSDIIEARTH Y, SED
REEELDIZI NS 2 20T R OES » —BIC 3
flidsZ LB, FlziE, ZEME 2.0mg/L & L



110 17 B v A 7 AGHUEIE (BICA) BR7esedks

Table 3 Compliance rate of water standard and annual average of ozone dosing rate

Constant residual dissolved  Constnat undissolved ozone

Constant ozone dosing rate . . Constant
ozone concentration gas concentration residual 2-MIB
Set value 2.0mg/L 1.5mg/L 0.2mg/L 0.1mg/L 2.0g/Nm?3 1.0g/Nm3 control
Compliance rate of water 76 63 63 100 89 100
standard (%)
Annual average of ozone 2.0 1.5 3.1 24 3.5 2.3 1.2
dosing rate (mg/L)
_ Set value WEEHT D01y, KD D ITFEKD 2-MIB #
S ol y 20N OFMEAAE L 7, UETS RAKEAE TS, B
-§ A St value BEETODLENNZ EPHLNTH D LRDLN S
g =1.0g/Nm3 . ~1
Z os0f Setalue g Mk, » cRMWELER1 ] B ENT S
g ° - EMEDLNT 5, KELERBEAE e, IHE
= L 1 N =1y N N
F S et Set e et BIE I CEMBERIHNL T 2Bk L HD L ELD
S a0f , SERE LR 2-MIB i EE—E HliE ) k% ot
= JHI = Zsh - N g s
—E- 0 Constant ozone dosing rate _ W7 —2 OFRHERC S Db, HELLIXH ERD
S 20 : Constant residual ozone concentration FARINCE 1 BEEOREHAEYEL LN TER
X

Constant undissolved ozone gas concentration
Constant residual 2-MIB control

O 1 L 1 ]
4

1 2 3
Annual average of ozone dosing rate (mg/L)

Fig. 17 Correlation of ozone dosing rate and compliance rate of
water standard
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