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QFEE FHOR I theksl 23e] 1134k8) 37 (advanced oxidation process: AOP)S 0185147 2,4, 6-trinitrotoluene
(TNT) Al 7oA s = WHEslAd 572 red waterRW)Q] F71E 2 A% AA A5 38190 8% 1
FAk} 3792 0,, UV/O,, UV/IOyH,0,, UV/OyH,0,/Fe* 70|30 H, §71% 9 A= AA G¥= 0,<UV/0;< UV/
0,/H,0, < UV/0,/H,0,/Fe** 2] oA 2 YERTE UV/0yH,0,/Fe*" 370l H A Fafj 22 2 77 0.053 g/
min, H,0, 55 % 10 mM, FeSO, 5% 0.1 mMZ WEREO™, 90 min £+ §71% 2 A1 A48 242} 96,
100%% YEFSLTE. tert-butyl alcohol(+-buOH)E: ©]8-3F 4~:k8} 2}t]Z(hydroxyl radical : -OH)] scavenging 23S &
3 2] UV, H,0,, FeSOE ABHIZ 3o mn] kst gielze] dAwks: oS S/ 711 718 AASS
BHAOR A F S-S IRl

Abstract — Several combinations of ozone based advanced oxidation processes were tested for the treatment of red
water (RW) containing recalcitrant chemical pollutants produced from 2,4,6-trinitrotoluene (TNT) manufacturing pro-
cess. 05, UV/O,, UV/O4/H,0,, UV/O4/H,0,/Fe** processes were tested for the treatment of RW. The order of organic
and color removal efficiency was found to be : O; < UV/O, < UV/O4/H,0, < UV/O,/H,0,/Fe*". The optimum condi-
tions for the removal of organic and color in the UV/O4/H,0,/Fe*" process were 0.053 g/min of ozone flow rate, 10 mM
of H,0, concentration and 0.1 mM of FeSO, concentration. Organic and color removal efficiencies were 96 and 100 %
respectively in the UV/O,/H,0,/Fe*" process. tert-butyl alcohol (-buOH) was used as the hydroxyl radical scavenger.
Enhancement of hydroxyl radical production was achieved by the combination of ozone with several oxidants such as
UV, H,0,, Fe*".
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.M 2 SHE-9] 21591 iso-TNT, iso-dinitrotoluene(DNT), HNB, nitrobenzene
(NB) 5= F= 3l olo] AR wiEd A9 A7 34

ZULE A2 4 PAMO R F2 AME AL Q3= 2,4,6-trinitrotoluene FAE 2 DoH4, 51 RWE TAISHL Q1 o A3
(INT)2 A AAZCZ A7F 900 m>7} A= AL ITH1]. INTS ] 7% EPA(USA)I 23l C-class TtE2 2 %74 =|o] 3137, DNT
A Z8R= FA M= iso-TNTS cellulite 8407 A&Hsh= 3} AR A HF A 95 58 26, NB A

4 INTE 5 S8R ZJoN4 hexanitrobibenzene(HNB)YS: & pollutant®] YFO 2 FEA| oA 25t J73h

=4
F3 54 FH57) viEE wbgE =), FH5ee] Alo] Fe S w1 gl 5, AEFAY IS fdske AoE A ke, 9]. o1+
o] & red water(RW)2} E&T}H2, 3]. Al TNT A3 w152 F2 VS sk HNB Ad2 o
o9} o] TNTS Alx37 FollA A== RW= #H52] 24 2 TAAR] 3 0] Al BarE ] ehgkont AlZFA, 4] A o
5978 sl el BdE de] <A 903 nitro aromatic 3} 2 oS vA L Qlvk. wEbA] o]F AdEEe] ARUAIR o=
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A A AAH R TNT AlZ 37801 == RWE A2t
= AR WO R sl FE o] &E 1L glE it edw
(granular activated carbon : GAC)S ©]-8-8t F2HA17] W=, 98
wetelA] ARGE AL Q= 112 27bg o] Stk RS o] 85 &
2 AARFS 2ol AR-E 7 SARE AV Akt
-2 n]go] Zo] niAAA o8], IfellA] AFEE L Q= A7t
2 bl No, ¥ 80,°] WMo st 23f #Hed EX9
Y S ol & AMelabr] Sl Haksk 23 ] Adn] 5] Al
QL qltt.

WA TNT #A|Z=37golx] A== RWeb 22 vhEslid 2%
e aypHor Aejshy] Sl &2 AR vheelol Bl AEE
o] gsh= ket A=A Au|, &y FARel gk slehA] A
2], AR 22t o3k A, 297 fA1E o8-8t Az, w2 At
sl o] =Ats) B s o838 1EAksle S o] 83 22| 5 Ttk
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0]% 1194k} ¥ (advanced oxidation process : AOP) A4k
Hog Azl 34l o] 5= Akl (Cl, ClO, OCH)H.TH 7
gk 418191 (2.83 V)E ZH= 74ts) 212 (hydroxyl radical : -OH)
< o] g3 S 718 H,08 CO,E ¢ Ak3) 23417
71%&0lt}. A (D~@)ell kA1 F4ks) gzl oJst f7]&
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-OH+RH—H,0+R (1)
R+H,0,—>ROH+-OH @)
R+0,->-ROO 3)
ROO+RH—>ROOH+ R @)

#H* 71E9 Uvel Tio, 5 o] &3 F5 vl Aksk(photo-
catalytic oxidation), H,0,%} Fe(Il, IIE ©]-&-st A= A3} (fenton
oxidation), & ¥t A3 QFES o] g3 oF A3 ¥
(ozonation) 58] FAK} FAQAM V)& Falass avkoR
IA1717] $18l UVl 042 A58t UV assisted ozonation(UV/O5),
0,9} Fe, Mn -5-2] 553 vllE A3l catalytic ozonation(O/Fe, Mn,
Al etc.), UVS} 312 3748 238 photo-fenton(UV/H,0,/Fe(1l, IID)),
0,9} photo-fentons A3t ozone assisted photo-fenton(UV/O5/
H,0,/Fe(ll, 111)) 579 5 ThS3t AkshAl 9 7] 134ks}t 37712
HA 235 Bl R 1R AY @8-S AT A
B2 AEe] FEE AL JltH13-20).

oo I AellAE w2 AlEHE S oS TR g teket
IFAkel 39S ol 8sle] TNT Al 37gollA] A== RWe| f
7lE 9 A% A7 ATE FEleH, ZF 3ol e oF
A5akete) ksl i) ogk 2hakele] gk 9l HA A e

2.4 o
2-1. A8 M=
A%l ARgEL RW #15 Sl “HAke] TNT 239014
A= A A5 SRR 1000 S4510] o) galgion, 84

3} 37del <J%F TNT Red Water?] #J2] 299

Table 1. Characteristics of wastewater produced from TNT manufacturing

process

COD,, 350 ppm

Color 8,000 PCU

pH 6

Composition

Water 98.8%

Organics 1.2%
2,4,5-TNT-3-SO;Na 0.495%
2,3,4-TNT-3-SO;Na 0.209%
2,3,6-TNT-3-SO;Na 0.044%
2,4,6-TNT-3-SO;Na trace
Hexanitrobibenzene 0.353%
2,4-DNT 0.022%
o-TNT trace
etc. 0.076%

B H2 f71E FEE COD,, 71 350 ppm, AT 8,000 PCU
(platinum cobalt unit), pHi= 6°]t}. Table 10 A& ALgE RW
Hre] 72 A4S JERISITE

B Aol AREE AR B analytical grade®A H,0,(35%)
+= daejung chemical & metals co. ltd.(Korea), FeS0O,(98%)+= junsei
chemical co. Itd.(Japan)oll4], pH Z2EA)ZE HNO,(65%)9} NaOH
(98%)Z- daejung chemical & metals co. Itd.(Korea), 533} 2Hc]Z
2] scavenger@® ©]&-% fert-butyl alcohol(99%)- junsei chemical co.
Itd.(Japan)ellA] 242} qlete] ARt

F-E A8 FAE Fig 19 YERNSIG-
Ao AREE W37 pyrex AHEL] 217 55 mm, 0] 450 mm
2] A8 (cylinder) 3 ¥H-§715 ARE3El oM, Aol ARS-E £
o] Fy= 1LE &3lvh & wkgoll ARg-E UV &A= RPR 213
UV ¥H57](southern new england ultra violet co. Itd., USAYS- ARE-
sloH, UV 32 1.65%10'° sec/em?, 254 nm, 35 W] A3t
2(mercury vapor) UV 383 (philips, USA) 67]& AME-5I3IT.
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Fig. 1. Schematic diagram of AOP experimental apparatus.
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Q5 W7 Hrl 0266 gmin®] TGS 7L Qs Ak
WA 77 F-2kE PC-56 2 WY 7] (ozonetech co. Itd., Korea)Es
AFgelo] 8ol DT QEFL WA FHAACH, 0F &
FEE =o)7] S8l Algte] AR Q) FAb ] (diffuseryE 2SS
HhE & o] 22 2% 73] X 10 LDP(ozonetech co. Itd.,
Korea)E ©]-83l0] ¢h3] A & 37] Fo= viE al3ict.

2-3. BAM dpH
B Ao 1

A 2skEAgel ogk Rwe] Al G858 ddshs
2 QAR 3}8hA 4kA Q7% (chemical oxygen demand : COD)
1 A (color) B o) GaISIT). §7122) X 34E 519 COD
232 DR 2500(Hach Company, USAYS 0|83 5o =2 574
A

COD 57 A Al&el A73kaL Sl H,0.4 MnOE ©]8-351

ARG O, AT 9EL 50°CoNA 8 7Hlsto] AL,
BE AES 4 Aol 02 um A4 HE| (advantec, Japan)E ©]
3lo] T @ W ofapsisicy.

CODSH 7] T The -2 QA1 A sk WA ol el
hazen unit 55 platinum cobalt unit(PCU) olglal &l PCUE
=731tk PCU A 9] 2748 Hi-93727 A5 A)(HANNA instruments
co. ltd., Italy)S ©]-83}3Ich

e
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QFEL RERAY 7= =2 A (2,07 V)ERE o}, @
=9 1}7}—roﬂ°ﬂ sl WA E = TS B2 2.83 VS FAlOl

71 Eafell o] 8 4= = el Slrt. ofel|l eF dEEgel ¢
g RWE] 7] 9 Al s Rsigion, 11 A9kE Fig. 2
off YERASITE. 271 pH 6, HEg 253 Aelx] @] Y

ZE 0.026~0.206 g/min® & G2Jsh 9% 2F fegel ulE RwW
108 (a) [00.026 gimin
0.8 § g <0.053 g/min

so06 [ 08 T £A0.100 g/min

S ° R O ©0.200 g/min
04 | o & , O -

e
02 | o &
o &
0.0 ' : '
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Time {min)
10 & (b) [00.026 gimin
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06 | O A1.000 g/min
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Fig. 2. Effect of ozone flow rates on the degradation of COD (a) and
color (b) in the O; process (initial pH: 6, room temp.).
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o] H718 9 A% AA S el

Fig. 2(a)ll HIukel o] RWE] f71%& AAES oFE TURH
of nlElste] T7lslsiom, e&2] =9 fo] 0.053 g/min7kA] &
7V W= )8 AAEE 3243 T7FhRs 2 0% UERo,
0.053 g/min oAellM= FUEE= 05 F3) st 471& A7

o] AAI3] E3FE = FO0F eI oF wEgelxe] 7 9
= 39 2 0.053 g/min ©12H, 90 min B¢ RWe] £71%
A71E-L 80%3ATE. B3, Fig. 2(b)oll LR 93 F9)-h-3kol| wke
RWE] A=AA A e #HA 0 79 > 0.053 g/min
o]0, 45 min oJHjel 99%2] A=t A== 45 LrERTE-
A7) 92 A7 90 min F<tol] RWE] £71& #1718 60~90%
F==old] vlsl] A% A AL 45 min ©|o]] 95~99%4 A
& Helomy 9 o5 #l HhEelx= f7]E] ﬂlﬂgﬂl
Hjal A AA G&o] iAo wie e Z1 0% Ve

3-2. UV/O, B%

Fig. 30 @3 34 UV ZAP) RWe /715 4 A% A4
o WA= P eI wz—%lﬂ QF S 0F IE3A

o2l H2 41 0.053 g/min® & 31101, 7] pH 6, ¥
258 Ao 28-S 488193}, Fig. 3(@)ell Belukel o] Uv/o,
Z}ﬁoﬂfﬂ RW2 £71& AAEL 2F o 7o) nlsl] oF 5-8%
A% e Aoz Uehd o) Fig 3(b)Q) AEAA E3k= oF &
= %Xéﬂr FAYSHA YR o= RWE] & Ao o) uvrt
SR Zlo] T8 Fate] 4ts) eolzs aasow 44
A 714 F3el7] w2 keI Th2s).

3-3. UV/Oy/H,0, 25

Beltron-Heredia 5[14-19]> 2 37d¢l UV Ei= H,0,5 Ak}
A ke wAl 18 Boizte] WS S/ f71E 0
AT A ERS TN 5 USE DI, olol 9 T UV
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O
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Fig. 3. Effect of UV irradiation on the degradation of COD (a) and
color (b) in the O; process (O; flow rate: 0.053 g/min, initial
pH: 6, room temp.).
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Fig. 4. Effect of H,O, concentration on the degradation of COD (a)
and color (b) in the UV/O3/H,0, process (O; flow rate: 0.053
g/min, initial pH: 6, room temp.).

S} H,0,5 AF8H 2 A3 UV/OyH,0, 3740 23k Rwe] f7)
= 9 A AA ARE FREeH, 21 A9E Fig. 40l YR
Atk A2 %71 pH 6014 UV Ak} 8] 0.053 g/min®] 47
§F 9F 13 slollA H,0,9] 74 w5 Fefshy 3sISitt. Fig.
42l H,0, T s ol the RWe 715 A1 A3 Avs et
uiglom H,0,8 F4 st S7HeS f71E AER S7et
POt H,0,9 FUE57F 10 mM ool A= 715 #1780
ol FA ST s & AUATE UV/Oy/H,0, 37l
A #2 H,0, FUFE 10 mMZ HERECH 90 min 34 80%2]
715 AAEE BITE UV/IO/H,0, 37814 90 min 5]
71E AAEE 9 G5l vjsl  AolE RolA| koot
23 s E 27] 30 min B9 60%2] H71E AAES B
21 Wb, UV/04/H,0, 378 = 75%2] 718 AAEs B 2
& 5 e nlal ke 2719 7= A7) Sk Zlow
YERTE UV/0y/H,0, 37804 ¥EE-AIZE 30 min O] FollA=
71=28 AAEe] o o)t kA kL AAEHA st H= A
© 2 et} Fig. 4(b)°l UV/0y/H,0, 378 23t Rwe] 2w
AA A8 AnE YRt H,0,2 F930] 10 mM & o 2
T AAEE 7P 3=9k0m ) 30 min oJufoll 99% o]4ke] M7} A
As= 0% vebtth. 2v Hy0,0] %) F57F 10 mM o)
M 718 AAEH FLaH A= AAEE 1 o) S78IA
e Alow vEltor, o] ko R 0¥ H07tF Fitkst
7z} whgste] 4ts} elr] R Rkg/do] "olx)E it} 2t
U] ZH(hydroperoxyl radical : -0,H)& 3418171 Wzl Z10= RRITH22,
23].

o]
T I

3-4. UV/O,/H,0,/Fe** BX
Beltran-Heredia 5[14, 19, 241> 2= ¥J3} photo-fenton(UV/
H,0,/Fe’") 5748 ATs UV/Oy/H,0,/Fe*" 370l 28 o= 1l

3} 37del <J%F TNT Red Water?] #J2] 301

108 (a) 00.04 mM
08 | < 0.10 mM
S 06 | A0.30 mM
Sos | B 00.50 mM
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02 | B g % @ é
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Time (min)
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S 06 | A 0.30 mM
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¥ 5 o -
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Fig. 5. Effect of FeSO, concentration on the degradation of COD (a)
and color (b) in the UV/O,/H,0,/Fe’* process (O; flow rate:
0.053 g/min, H,0, conc.: 10 mM, initial pH: 3.5, room temp.).
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o
0O}

photo-fenton T 2o 1|3l A2 AFSIA|S] ARg O R T G314 O
2 A71E AAES A F S B3 Fig. 59l UV/Oy
H,0,/Fe*" 378l 28t RWe] 715 9 A= AJA APAHE et
Uit Fig. 5@ay= 2 Y 9= 0.053 g/min, H,0,%] Y &
57 10 mME 143 ¥ FeS0,2 FUEEE 0.04~1.0 mME 5
7HIA7I FeS0,8] U7 RWE f7]& walell wix|i= 43
& YERA Aolot, =8 2E {9 H0, 5= ok 0y, UV/
0y/H,0, 374 A3 Aol ol H7 F]= A=esltt. F
4] FeSO, S5+ 0.1 mMollom, T1me] f71& AAES 96%
Ak FeS0,2l 4 57} 0.1 mM ool @3)E {715 A
AAEo] FAsh= A1 0 & YER=t] ©]3= Behnajady$} Montaser[23,
2519] AAT el A 9} o] FeFo R 9] FeSO7t 2318 4k
3} 2h]ZHe] scavenger® A1E-5I517] wWiEQl A0 = AekET), BEEE 2
7] 30 min B2t F71E AAEE 0,, UV/O4/H,0, 37811419 60,
75% KT} 322 87%% UV/Oy/H,0,/Fe*” 370] 1 =2 0% 1}
ERdTE. Fig. 5(b)= UV/Oy/H,0,/Fe? 340 RWe] A AA A
A5 RN 2102, A FeSO, %] F5E 0.1 mMo] o,
AT AAE A4 0,, UV/OyH,0, 3R} 7 Jepst}, T3k
UV/O4/H,0,/Fe*" F7goM = g 7] 20 min ool 99%2] 3=
& S AAEES B F AU Fig. 60l 2 A7ellA] AER 0;,
UV/O;, UV/Oy/H,0,, UVIOy/H,0,/Fe*" 54042 4715 A7 &3
E vwsisivh 7+ 349 HA wal 21 vkt vk e A
2 27] pH &= 6, 25t A2ofA Rl om, 0; 3042
HA 39 F32 0.053 gmin, UV/Oy/H,0, 374149 H7 oF
9 72 2 H,0, 5% ZH 0.053 g/min, 10 mM, UV/O4/H,0,/
Fe** 374olAe] #4 & 9% 2 H)0, F* ¥t 217}
0.053 g/min, 10 mM, 0.1 mM ©]IT}. 2} a1gAksl 372 4+
&l Z1exe] A 71 AAES 05(80%), UV/O5(77%), UV/
043/H,05(80%), UV/Oy/H,0,/Fe*"(96%) % 2. 57d ol AbabA =

AL

N F
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Fig. 6. Comparison of organic removal efficiency in the different AOP
processes (O; flow rate: 0.053 g/min, H,0, conc.: 10 mM, FeSO,
conc.: 0.1 mM, room temp.).

Table 2. Organic (a) and color (b) removal efficiency of RW in the
different advanced oxidation processes

(@
Svstem COD,, values (ppm) COD removal
V 0 min 30 min 90 min (%)
(0N 145 69 80
UV/0, 350 173 80 77
UV/04/H,0, 89 70 80
UV/O4/H,0,/Fe** 49 14 96
(b)
Svstem Color values (PCU) Color removal
Y 0 min 20 min 90 min (%)
(0N 574 50 99
UV/0, 2000 640 50 99
UV/04/H,0, ’ 220 45 99
UV/O4/H,0,/Fe** 120 0 100

UVe} H,)0,, FeSO 2 RO A 7] f7]E Hallsest
9
PN

718 AAES AE0E A 7 S gt
Jo| A HES-AJZF 30 min, 90 minoilA]

Table 201 Z}7}e] 1FAKE %
o 712 W A% AASS el

3-5. g8 SHE 088 RWe| |7I2 =ollolM =TS}
2} ZIFASIo| Ak

Q2EE o8 ksl TN f71Ee] welliE 0 Al
ot Zgakslel o=t sl o3l WA= Akl ez
of &t 7gakslr} SAlell 283kAl FTH24, 26, 27]. o]l RWE]
718 B AR AA AgtellA AEF 05, UV/OyH,0,, UV/Oy/
H,0,/Fe" 37gelx] 2] 25atstel hdalele] ks vlwselon,
71 AWE Fig 70 ERIEE Ao g 9 &S o] 83k At
3} FANME W pH oM oF EAll 93 Al e

3l5kast H45H HI3E 20074 6%

i
de

M
11

1

1.0

Direct Oxidation
Oindirect Oxidation

0.8

0.6 |

CIC,

04 |

0.2

0.0

03 UV/03/H202 UV/O3/H202/Fe2+

Fig. 7. Direct and indirect oxidation ratio on the organic degradation
in the different AOP processes (~-buOH: 20 mM, O; flow rate:
0.053 g/min, H,0, conc.: 10 mM, FeSO, conc.: 0.1 mM, room
temp.).

pH A= @& ke sfielol ojsf whiw= 4tks) efolze] <
g A Ak Zlow A Qlohe, 27]. - ARdelA=
ksl 2 7S] scavenger® fert-butyl alcohol(z-buOH)[26-281<
ARSI M, fert-butyl alcohol®] 1) ‘ol whE 443} 2lo)Z
scavenging °l¥] A3E 1A 20 mMe] H4] FY T2 A4 o}
Ak, Z4z7ke] Ak el #HA el f1E AlAEs Bl A9
Z0 A} 2R ZE] scavenging A13-S S=3513IT). Fig. 70l
B3l npe} o] @&E o] 88k vheFet alksl FgellA] f71=2
T TR AR gzl &gt xgAtstel] g o] Fof S-S

O [‘_{m
ol
{

Oy/H,0,/Fe*" 3407 2= oF Fajol o3k AAksln 4=
Atsh efel el o3k daksle] ko] F A o® vt o, o]
9} 2 Alo] & 2ol UV, H,)0,, Fe?'S Z3Hsho 24 =4k
s} gir]ze] Wge g 0w STMRIASES P o® Bl &

T ATk
4.4 E

B Ao M 9FS T4 07 30, UV/O,, UV/Oy/H,0,, UV/
0y/H,0,/Fe*" 378 TNT A1Z374 & == RWe| f7]&
9 AT AA APE s oH, 72k FolA HA ez
A& E=ESSITE RWE #7115 2 A% AlA &82 UV/OyH,0,Fe*
> UV/O4/H,0, > 0;2 UV/O; 374 0% e oM, 2o UV
9} #2439 H,0,(10 mM), Fe? (0.1 mM)E- 57} AlslA| = 3t
oA s} ehrze] MRS gabd o ® ST o ASITh

T3 o)5 Faf AAl wkSAIE Fet 0F THEF A ALe 80%
o] §71% FalE-2 UV/OyH,0,/Fe?" 3781 96%= S7H417

F qIglon], BA 80%e] V1% RelES A AL A
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10 mM, Feso4 T F% 0.1 mMeleH, 1ue] f47]&E 4

A% AAEL 22} 96, 99% ©1%th. ol9} e A7) AR o
S 2207 & ksl AlslA|e] 23S E3l TNT AlZ3-A oA
WAEE RWE 2 oR A2 ¢ e 7hede Sl €
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