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Abstract : As an ozone contactor, we newly adopted HILR (High-performance Jet Loop Reactor) for the decolorization of
Reactive black 5 and the mineralization of oxalic acid, which has been applied exclusively in biological wastewater treatments
and well-known for high oxygen transfer characteristics. The ozonation efficiency for organic removals and ozone utilization
depending on the mass transfer rate were compared to those of Stirred bubble column reactor, which was controlled by varing
energy input in the HILR and Stirred bubble column reactor. The results were as follows; first, the decolorization rate of
Reactive black 5 in the HILR reactor was nearly proportional to the increasing kia. When the k a was increased by 25 % from
13.0hr' to 16.4 hr'', 30 % of the &’ (apparent reaction rate constant) was increased from 0.1966 to 0.2665 min” (Stirred bubble
column; from 0.1790 to 0.2564 min™). Ozone transfer was found to be a rate-determining step in decolorizing Reactive black
5, which was supported by that no residual ozone was detected in all of the experiments. Second, the mineralization of oxalic
acid was not always proportional to the increasing kia in the HILR reactor. The rate-determining step for this reaction was
*OH(OH radical) production with ozone transfer, because residual ozone was always detected during the ozonation of oxalic
acid in contrast with Reactive black 5. This result indicates that the increase of kia in the HILR reactor is beneficial only when
there are in ozone transfer limited regions. In addition, regardless of kia, the mineralization of oxalic acid was nearly
accomplished within 60 minutes. It was interpreted as that the longer staying of residual ozone by whirling liquid in the HILR

reactor contributed to an high ozone utilization(83-94%), producing more OH radicals.
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Fig. 1. Schematic diagram of the HILR and Stirred bubble
column reactor.
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Table 18 WHg-718 o9} 7h2 {@F7tel & 4t
27GAF (ka0 LEHEAT (kua0s) e YERd
Aotk FAHBE SANM 7F2FF (Qa)e 25 Lhrd|
A 200 L/he7bz) @3tz oH, 2 L whg7)e s 25 Lihr
Mt e EHGES SASHYh Table 194 kia g2 1

Table 1. Mass transfer rate versus gas flow rate (Qg) and energy dissipation (E/Vy) in various reactors(15 L)

High-performance Jet Loop Reactor

Stirred bubble column reactor

Batch reactor

(kiaos, hr') (kuaoa, hr') (kuaos, hr')
(L?lir) Energy dissipatim: rate Propeller ener,;;y Stirrer mixing
(EfVg, kW/m®) (E/Vr, kW/m') (tpm)
0.52 1.0 0.2 0.5 1.0 0 700
25 13.0 16.4 12.6 20.4 27.4 66" 125"
50 15.8 20.1 16.5 243 28.1 -
70 20.6 25.8 18.9 252 29.0 - -
100 282 332 227 277 31.8 - -
200 63.5 - - - - -

* Reactor volume ; 2 L

** _. no data

-1
*** gzone transfer rate (hr)
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Fig. 2. Color removal vs. time with the energy input in the
HILR reactor (Cge = 100 mg/L, Coz = 60 mg/L,
Qg = 25 L/hr, initial pH 6.0, temp.= 20+17).

Table 2. kia and %' depending on the energy input in the
HILR reactor (Cae = 100 mg/L, initial pH 6.0,
Cos = 60 mg/L, Qs = 25 L/r)

E/Vr kiao

o -l 2

(kW/ma) (hr") kf{min") R
0.52 13.0 0.1966 0.99
1.0 16.4 0.2665 0.99
1.0 16.4 0.2594 0.99

Al UERE vle} o] dye w50 ths] pseudo first orderZ
HER A '

N T =kKC Color 4] N

LA Jet Loop WHE-71e] oA B F7he= kiad 13.0
hr'ol A 16.4 br' 2 25 % Z7HA71E AS 84T (k)7
A BlHAAHLRE 30 % ytF FUshe AE B = o
23 dye?] WFSAAE Y HOF fast ¥ instan-
taneous' o], B AFo)A Danckwerts o8¢ <& H,
(Hatta number)$} Ei (instantaneous factor)e] #A44'Ye =
g & WEAAE THEY, &7 dyed WFEAAE
H. > 3, Ha < 10Ei 221X W& &9E-§& dte Aoz
et BS BE ARRAdM ARLE] A &
of ZhgeliA FEAgo R eEAY] WA HA
AV & & £ AR "M & A AN w
B e e&ddo] L& ARTAYE Y, TES Jet
Loop ¥Hg-7[elA oy F7tet &4 38 kav dye A
A& (ko HEAA A MAs 2L 4 5 sk

olaig dye AAZA7} ¥Hg7] FAgo] 7% AAA &
£ dye B 9] 9% EZAXIIIA (mass transfer
enhancement) Vol 9§ RAAXE Yolwr] $akd 2zt
Stirred bubble column ¥H3-7)2} 2 L Batch ¥H2-7]E& A}&-
o] #olddS sk Fig. 3& 3LA&  Stirred bubble
column BHZ-7|oA @ EASIAIZIY WME dye AAH HAHS
vehd Aoltt

Fig. 3ol T2z mygte] &g oux Frle ule}

J

o
©
%

=

109,
08 - \\'-v " 3
v —~a~ Stimed bubble column (E/V, = 0.52 kW/m’)
. -4~ Stired bubbie column (ENV, = 1.0 kWim®)
06 ®
" .
A
* \.
‘\ \.
0\-
024 \A\\-
0\

)

~@~ Stimed bubble column (E/V;, = 0 kWim®)
- Stired bubbie column (E/V, = 0.2 kWim®)

cic,

04

/4

00 v T T v T
o 100 200 300 400 500 800 700

Time (sec)

Fig. 3. Color removal vs. time with the energy input in the
Stirred bubble column (Cy. = 100 mg/L, Co; = 60
mg/L, Qg = 25 L/hr, initial pH 6.0, temp.= 201 7).
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o] &80 we} dye AALL 68 %olA 93 %7tA st
A BAE el Table 45 dye Fxo] wE QFEo]
£E89 #AE golry] 8t Jehd Aol 2 L ¥t
$£718 AME3ElY] Dye 27)%% (100, 300 mg/L)s} ¢&4
2E ¥l me LE)EES AR Ay, LEAD]
713k 3¢ LELEL HU 60 % 71 FTUINE
AL V589 Re, &L Jet Loop ¥H&7] (Table 3)oA]
XY 99 - 100 %o F& QEORES HolAle gsith
Table 49 Yl FAAT, LEXGEH dye AAS
Ae B A3}, kaos7} 6.6 hr'o] A 12.5 hr'7bA) 2 1)
7V F71EE A4$ dye AALSEF 0.027 min' o)A 0.046
min"74A] 2 ¥} 74F FUlEAT o] A FHLEL 2
=2 &gt

33 4k 2alf

2.E oF S AN AUAFEYR wE EFA
93718} S AAEAS BEAE] 3l LEPHE
A, FE/B/N35A4o] o3 AOP (advanced oxidation
process) A& L34t E3 LEE Jet Loop WHE7]
¢} Stirred bubble column ¥H2-7)d|A] UIRFEY Z7}d)

2 St AAELT 2EEE BAS FA¢ Bl
stk

331 2EMPH Y LE/DpMEEFA
Fig. 4= 2&/pH ZFd A% S E&dM nEag
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Table 3. Ozone utilization and removal % depending on the energy input in the HJLR and Stirred bubble column reactor
(Caye=100 mg/L, initial pH 6.0, Cos = 60 mg/L, Qs = 25 L/hr, temp.= 20£1C)

High-performance Jet Loop Reactor

Stirred bubble column Reactor

E/V 0
(kW/r:f) Ozone utilization Removal Ozone utilization Removal

(%) (%) (%) (%)
0 - - 71 68
0.2 - - 80 85
90 91

0.52 99 87
91 92
10 99 94 92 93
) 100 94 94 93

" nr = (mismeYm; x 100

Nr = ozone utilization (%), m; = ozone input (mg/min), m, = ozone output (mg/min))
P

Table 4. Comparison of ozone utilization (%) and residual ozone depending on the kiaps in 2 L batch reactor (ozonation

time = 30 min)

-1
Initial dye concentration kiaoy (r')
(mg/L) 0 rpm 700 rpm 0 rpm 700 rpm
Ozone utilization (%) Residaul ozone (mg/L})
300 mg/L 52 60 nd. nd.
100 mg/L 40 48 nd. nd.

n.d.; not detected
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Fig. 4. Mineralization of oxalic acid by Os/pH9.5 depending on the energy input (Co = 180 mg/L, Croc = 36 mg/L,
Cosin = 100 mg/L, initial pH = 9.5, Qg = 50 L/hr, temp.= 20+17T)
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dARa=E 99 % 7IF AAEHSeH, Stired bubble
column ¥+-3-7]8] 7-9- (Fig. 4b) Heh oF 47 % 713 AAH
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o3 44€ OHl sl AASE AL Avjsiych. £
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A ZFHALNE SAtate] EHEAE & xol§ Ue
WA} k). Stirred bubble column ¥Hg-7lo|A] @ &A1EIA)
60 E7AT F S B S8 AWRY, dyeo] BajA
¥ Fig. 33} vl B o, wg7]e] AUAFY Frid
gt 3% 2ol& JehlA Yttt ol MZAA At}
© 28 LEH St wkgolA Q&EAde] W&y 3
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Fig. 5. Residual ozone during the ozonation of oxalic acid
in the HILR reactor (Co = 90 mg/L, Co3in = 60
mg/L, Qgs = 50 L/hr, pH 2, temp. = 20+17T).
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Fig. 6. Mineralization of oxalic acid by Os/H,0: depending on the energy (Co = 180 mg/L, Croc = 36 mg/L, Cosin =
100 mg/L, initial pH = 9.5, O3:H20; = 1:0.5 (mole ratio), Qgs = S0 L/hr, temp. = 20£1C).
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Fig. 7. Residual ozone and hydrogen peroxide during the
mineralization of oxalic acid in the HILR reactor
(Co = 90 mgl, E/Ve = 0.52 kW/im’, Co3 = 75
mg/l, OyH,0, = 0.5 (mole ratio), Qs = 25 Lh,
pH 9.5, temp.= 20+1 7).
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Table 5. Ozone utilization and removal % for the mineralization of oxalic acid in the HJLR and Stirred bubble column

reactor (40 min)

High-performance Jet Loop Reactor

Stirred bubble column

. 3 Reactor
Oxidation method E/Vr (kW/m’)
Ozone Removal Ozone utilization (%) Removal
utilization (%) (%) ’ (%)
0 - - 66 16
Os/pH 9.5 0.52 83 93 85 24
1.0 85 95 70 41
0 - - 75 0
91 93 85 19
0.52
0:/H,0, 92 72 - -
94 - 93 38
1.0
91 85 - -

% Ozone utilization in 2 L batch reactor at 700 rpm (kiao; = 12.6 hr'); 30.7 %

-; no data
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A QEO|BEL 742} 83 - 85 %, 91 - 94 % AEE oy
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4 2 B
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% Z7tEH SAlo] BREE&T AR (k)R 0.196690 4 0.2665
min’ ' 744 30% 713 2715 cKStired bubble column ®F
71, 0.1790~0.2564 min'). Q&3 ML gUEe W
WS 3T, BE APRAAN AFeEo] 2YHA @
of Mz AA Wgo A$E 2FAYo] ukgEn AAYG
A7E HA LA #3A] ¥HE7) oU R wEt &
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@Atk ol NzAAGe gl § & dFeFo] B
EAste] L E2AGT tEo] AEH 2F L o] 8% OH A
dukgo] Wh&E ARFGA} H7) wioltk gty F
Ado] whg&E AFGAYE He 2P DEE Je
Loop ¥Hg-7l9] Ad& FE3) ¥ £ UL vtk
T3 2EE Jet Loop HHR7)v EE AFZANA 40 ¥
9} Q&=AIBAIZE Bt £4H4HS 93 - 95 % (Stirred bubble

column ¥H§7l < 41 %)7AX) AAsHE EH AR
o} e APVEEEE ST, LHE Jet Loop ¥
NelM Ee S AALE Hol: olfE wgy] U
M dEHE cHIE cBAA I s 2Eo|EEB3 -
94 %)& F7HA OH Aol 71484l 7] wEolch.

1

s

1. Gottschalk, C., Libra, A, Saupe, A., Part B: Ozone App-
lied, Ozonation of Water and Waste Water, Wiley- VCH,
pp. 39-79 (2000).

2. Baron, J. Martin-lonesco, N., Puznava, N., Fargeas, P,
Peraudeau, M., The Flottazone Process to Combine Flota-
tion and Ozonation in the Same Reactor, Proceedings of the
13th Ozone World Congress, Kyoto, 1, pp. 43-48 (1997).

3. Wright, Ph. C,, Meeyoo, V. and Soh, W. K., A Study of
Ozone Mass Transfer in a Cocurrent Downflow Jet Pump
Contactor, Ozone Sci. & Eng., 20, pp. 17-33 (1998).

4. Lee, S. Y., Ruutel, P, Barratt, P. A. and Tsui, Y. P,
Impinging Zone Reactor And Its Mathematical Mode! For
Ozonation of Waste Water, Ozone Science & Engineering,
21, pp. 501-522 (1999).

5. Wachsmann, U.,, Rabiger, N. and Vogelpohl, A., The
Compact Reactor - a Newly Developed Loop Reactor
with a High Mass Transfer Performance, Ger. Chem.
Eng., 7, pp. 39-44 (1984).

6. Gaddis, E. S. and Vogelpohl, A., The Impinging-stream
Reactor: A High Performance Loop Reactor For Mass
Transfer Controlled Chemical Reactions, Chemical
Engineering Science, 47(9-11), pp. 2877-2882 (1992).

7. Rushton, J. H., Mixing of Liquids in Chemical Process-
ing, Industriaol & Engineering Chemistry, 44(12), pp. 2931
(1952).

8. Yocum, F. H., Ozone Mass Transfer in Stirred Vessel,
86th National Meeting of American Institute of Chemical
Engineering (1979).

9. Glaze, W. H., Kang, J. W,, Chapin, D. H., The Che-
mistry of Water Treatment Process Involving Ozone,
Hydrogen peroxide and Ultraviolet Radiation, Ozone
Science & Engineering, 9, pp. 335-352 (1987).

10. Bader, H and Hoigné, J., Determination of Ozone in
Water by the Indigo Method, War. Res., 15, pp. 449-456
(1981).

11, Kim, 8. M, Geissen, S. U. and Vogelpohl, A., “Landfill
Leachate Treatment by a Photoassisted Fenton Reaction,”
Water Science & Technology, 35(4), pp. 239-248 (1997).

12. W4E, 2y, 48, A5, TEE Jet Loop ¥H&7)
9 A 38, FHEF 7S 11(10), pp. 88-95 (2003).

13. Beltran, F. J, Gmez-Serraxo, V and Durn A., Degra-
dation Kinetics of p-nitrophenol Ozonation in Water, Wat.
Res., 20(1), pp. 9-17 (1992).

14. Wu, J. and Wang, T., Ozonation of Aqueous Azo Dye in
a Semi-Batch Reactor, War. Res., 35(4), pp. 1093-1099
(2001).

15. Hoigné, I. and Bader, H., Rate Constants of Reactions of
Ozone with Organic and Inorganic Compounds in Water-
I, Wat. Res., 17, pp. 173-183 (1983).

Journal of Korean Society on Water Quality, Vol. 20, No. 1, 2004



