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ABSTRACT

The UV/chlorine process is a UV-based advanced oxidation process for removing various organic pollutants in water. The
process is becoming increasingly popular because of its effectiveness in practice. It is important to the safe and efficient
operation of a UV/chlorine process that the optimal operating conditions for both target removal objective and saving
energy are determined. Treatment efficiency of target compounds in UV/chlorine process was mainly affected by pH and
scavenging factor. In this study, kinetic based mathematical model considering water characteristics and electrical energy
dose calculations model was developed to predict of treatment efficiency and optimal operating conditions. The model
equation was validated for the UV/chlorine process at the laboratory scale and in pilot tests at water treatment plants.
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Table 1. Molar absorption coefficient, quantum yield, and
second-order rate constants with OH radicals of
chlorine species and hydrogen peroxide

HOCI OCI H,0,
e254(M"cm™) 54 48 19
®y54(mol ein™) 1.4 0.28 1
kou(M's™) 8.5x10* 8.0x10° 2.7x107
100
N
Y 9"‘ &
°92
C -
o9 ®
sSa
3
29 .
-
55
T 0
O
0

Fig. 1. Dependence of the ratio HOCI/OCI" on pH(pK,=
7.5)
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2 Aol AR A R ARl H =AM
2= AYSHZ(11 W, Philips co., Netherlands,
2537 nm)2 ARSI APl FAM] ARE O

2 c ol Bol ALSHOn], AR 50 mL 34
Al& Zol= oF 0.8 cmoltt). o] uf ¥kg-7] o] Al&7}
2 E5E 5 QRS | am 27]9] iR wi
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(UV254 Detector, UVP Co., USA)Z =743}4] 0.35
mWienfo] 4] a5tk Bk A4 Fme] Aol
BN A NS 722 o2 A gue
oF 800 m'/d<] whl gl o] Aol 4l WS 7o) §] <l
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Ae) A BES7], iz 9l Alojuk2 sfubt} Trojan il <]
A& AHgstath Al §E3-7]+= TrojanUVPhox
IBAL40 0] AHESIGLom, F 18719] At AelAl
b AR QLA 7 Yaxnbr) 250 WO A71E £
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=
Hd F71eHEdS 7€ B HuAE EHE
F2 oy FAdA HAEHIL Qe
Carbamazepine, Sulfamethoxazole, Caffeine, Ibuprofen,
Geosmin, 2-MIBE £ 7&2] n]|H8 7| JEAE AA
sholth. 53, A4 712 FEHOR Aol
USUE O shrigslel e USRS so)

Iopromide,

A, BAG} FAEEo] 47 Aot =3
= /ﬂ’g’&}oﬂﬂr 7}, Topromide®] Z->- OH z}t|Z-a}
o] WA= AL Ao s E53AT A
F5&0| B S4of Hal fAlu ~5ul ol Apel A
ol oA e AAE 4= Stk E3L, Caffeine®] 7
O BEaAsgl okxlEQo| AjHog e B3

@
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Table 2. Kinetics parameters of each CECs for the advanced oxidation process

Compounds kgo H; a o oV -
(10° M''s™) €25anm(M 'cm™) ®25anm(mol ein™)
Iopromide 3.3 21040(Canonica et al., 2008) 0.039
Carbamazepine 8.8 6070(Weinberg et al., 2007) 0.0006
Sulfamethoxazole 5.5 15872(Jung et al., 2010) 0.02
Caffeine 5.9 2920(Shi X et al, 1991) 0.0018
Ibuprofen 7.4 256(Yuan et al., 2009) 0.1923
Geosmin 9.5 Negligible Negligible
2-MIB 5.9 Negligible Negligible
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| Aleld/ga BSeh 20| ofet DigRsIEE Aol 2et A

Ha FAGS s "oy B3 2 5 w2 pH 65, 7.0 9 7.59] 7oA 2-MIB2} Ibuprofen,
A3tz o] =2 2-MIB2} Geosmin= A7 EAS lIopromideo]] that AFe]A/FA4o A2EAS e
HESAL =2 4GS Table 2= HiA 24 Zolth. t Ld=d2 AA Trofat Azl F

79 tiig OH ehel gkt w3
Helsteleh. AR A4

ok Aol nte] e
T 2po] 41 g 2}

oZ:

% 2uaa

A}z of| A= Ibuprofen, Geosmin, 2-MIBE- tjAlo 2 Al
Hel AL, TS o) AL AL Ao A A
Al %l;ﬁ¢ MELe] o3t EAE dd=49Y AAR
2 BEASHTE Ibuprofen @ Topromide HA41&

HPLC/DAD (Gilson Inc., USA)E o]&st¥om, A
2 C18(5.0 ym, 4.6 mm x 250 mm)& ©]-&35}H ) Z+
=4 ol =4 vgE3 5 mM HiPOLB8S %)
2 77232 AMgslea, B4 aARe 222 nmo|t). gk
WAEA el 2-MIB2} Geosmin £-4]-2  SPME(Solid
Phase Microphase Extraction)f] &2 GC/MSDZ EF435}
A}, AAIE BAEA 9 GOMSD 24 % 7-S Table 3
3 2.

Table 3. Conditions of 2-MIB and Geosmin analysis

Item Condition
Varian STAR 3600
Instrument(GC/MS) Cx/SATURN3

Selected Ion Monitoring

Aquisition Mode Mode

Column DB-5, 30 m X 0.25 mm ID

Column Temperature 50°C, 3 min; 50-200°C,

Program 10°C/min; 200°C, 2 min
Carrier Gas 99.999 % He 1 mL/min
Injection Volume 2ul
Injector Temperature 200°C
Transfer Line Temperature 220°C
Mass Range Scanned 40-200 amu
Scan Time 1 sec
- -
3. 9z Y DY
3.1 XM/ FAL XtelM/atiteteA &8 H|W

Fig. 2= A4/ 94 7=
7} 1,000 mJ/em*o]1l, PA%%E 2.0 mgLe] =AY

sto] 7+ ©HEAO ErE 100 ngLE 1AL
pH 6.5 7oA HALE FYUSHA &2 o= A4
7oA 2-MIB A% F=7F 942 ng/Lol]lil,
Ibuprofen®] #|2]% s%=7} 85.5 ng/Lo| 321, Topromide
o A5 AYF =71 104 ngLE YEtEth 553
Ag7F A o2 v =2 Topromide®] 79 T
A 7em AeEe T 4 AL, 2-MIBL}
Ibuprofen®] 7-¢- ths ALQ)A7|e= A2 EA] e
Qo S} /\ oloh;} ]g} 1:1—;;] pH 6.5 17_1011/(-1 oﬂ/\.__
=gl AL 2MIB A% E%rb 172 ng/lLo]L,
Ibuprofen #| 8] % F=7} 15.9 ng/Lo| % S ™, Topromide
o] A% F=7F 6.5 ngL= A 2d=4o] AlAE
o sholat 4 gtk BT A ZAYT A4
FUAxANA pH ®ISIE 752 =9 ASolAe=
2-MIB9] A& s+ 59.2 ng/Lo]| %3l Tbuprofen?]
ZPE == 414 ng/Lo|Q S, Topromide?] 7
AT T 82 ng/LE YER, pH 6.5 79K} A
ArELo] tha @olg I = ot 2eA
= Hop Aol AAES Eelskith Fig 2004
K= vpe} Zo] pH ®¥S}o] whet 2-MIB2} Ibuprofen©]
A AZEO] oF 4096 %7t A A A7} 7Vss Ao =
Efut th H4=9) pHOJ ®iSte] whe} A2 ago] thed
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RS "] ofal UAASH A|AE LS H) 2-MIBL}
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Fig. 2. Effect of pH on the degradation of target compounds

in UV/Chlorine(Concentration of target compound:
100 nglL, LV dose: 1,000 mj/an’, [Chlorinel0= 2.0 mg/L)
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Fig. 3. Effect of pH on the degradation of Ibuprofen in

UV/chlorine and UV/H,O;([Ibuprofen]o: 100 ng/L,
UV dose: 1,000 mj/cm?, [Chlorinel, = 2 mg/L,
[H,Os)p = 2 mg/L)
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Fig. 4. Schematic diagram of the pilot-plant water treatment
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Fig. 5. Comparison of detected compounds for each process

in pilot plant
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[M}o , €y * Py e In 10)
In ( [m] )H/zEn tx (k,+k;) H' x| Uy +komar ¢
1
[T« (epa * Poa )+ ((enoa * Puoa)—(epq * Qsoa’))X(W)) * In(10)
10pH—pKa } (5)
Uy * (ZkSA,OH[SL—i_(konZ*,OH' (L] - (W)))

AZIA, ko are AA =49 OH ghr] 2t 22 9k 7|4, 1" ukS o Hg oA
OJARFEE M), €2 EFFAFMem),  RAAZm) o8,  alem )= FHFE ALolH,
O, W S=E(mol/einstein), U254= UV S5E4 nyve UV AT Ggolu, [Chlorinel= 27] A4
(4 254 nm), pHE A A 94 pH, [ClkE d4 T Us=mgbeolt
FPFEMM), Dksoq(Sl OH i)z ez Fig 62 Aelal/ds W efHmdd 4 Ot 3
(S-l)i Zég]-gd_q_ 7?)] Oﬂl:]X] —/—‘\—an]: /}Jl (6)'% O]’g—?_’_]'o:] EH/E)}%XE]HEJ Xﬂﬂ

Aol Aol 7 oguay Ba 4 S00% 0% 70% 909E Heistod Bad
AgS gAsted Waw Ay edad agg g 50 BT RT wES AdsRG. WY
) amE ouE AXBHS 7 $=9] pH 72 6.5, UV254 7k 0.03 cm ‘o1, A=

o

ASIH ZAE} Q2 FUBET Z7heto] T o
4 eqEe] AANEL MAKoR S, 2, 3
S ZAT Qo FEe] il wet o
amake Aol7h Ul ahizel, Hze) o] Lme
& AR A0 RS BE AAFE X
AARES G517 A3 A =AY da 5
Ysert =&E 5 AUtk olF flsf 2 dAFolA=
Al A/ Far ARSI | A amErE ARESH]
9QJ5to] EED(Electrical Energy Demand)*|<~& 4] (6)3}
o] ZYstqitt. EED A= AA| ALJA A
ol AamEE o|AeF Har Yol anEE o
3to 2 Aol=Elth(Mark et al., 2009).

EEDUV/Chlormf: = EEDUV+ EED
(278 x10°T(10 X H' ] WF)

chlorine

avyg
! * Nuv

+ (6.25 x [Chlom'ne]o) 6)

A7V, EED v/ cniorine< A HH-g-2] YA &
T FHkWhm)old, EED = AARE AA&S
gAdst7] {3 ALl AR QEl= YA
(kWhm’)ol ™, EED g 1rimeS AAE AALS A
st7] gk ALlA dA FARF 8= E oy
(kWh/m*)ol, H'= 2pe]4 FaKmlemd)o|t}. E3E,
WF=01-10"""")/(a « 1" « 1n(10)) 2 e}y

Ao ==X 100 ng/LQ Ao 7131t} Fig 6(a)
oA Hi= upel o] mf, WAl fEEZQl 2-MIBL}
Geosmin> FAFSE A&FS Heth 459 2-MIBLk
Geosmin®] 27| =7} 100 ng/L3l 7%, 30 % A|A
Al R AFe)A RARES 300 miem’olH, Fa F%
Ll 066 mgL 2 0.53 mgLo] Eth 50 % A|AA =
23 A ZARES 500 miem’e} P4 FUEEE
0.85 mg/Le} 0.66 mg/Lo| Tt 70 % A AA] L3t 29
A ZAEFS 700 mi/em’y} G4 FQEEE 125 mgLa)
0.93 mg/Lo| Hth 90 % A AA| BAgE 2pelA AfFS
900 ml/em’T} A4 FETL 350 mg/Ly} 2.15 mg/L7}
El= 2AA TP ofUAI7F AA AmEHA dY X
FEr B AAESE 94T o+ ok 53], 2-MIBS]
A9 A AAE 90 % =24 E FYU3E ALJA AR
oA} Geosminof| H|5}o] oF 1.6HHS] PAE F=Qslo{oF
ke A0= Uehgth ol FYUgt 204 Geosmin
X} 2-MIBo]| H|3lo] OH ghtjzre] uhe-Ao] ©f 7]
g7l ez FAECTh(koyy 459X 10"M s,
kot gosmin <95 X 10° M 's™")  Fig.  6(b)x=  Caffeine¥}
Sulfamethoxazol-& H|W sk AX=E, 4==0| Caffeine?]
%7] s= 100 ng/L3l %, 30 % A|AA Zagt 22
A ZAFFS 300 mi/em’@ A4 FEEE 093
mg/LO & FQ)slofof sltt. 50 % A AA] Bast 249
A RAFFS 500 ml/em’d A4 FoEEL 124
mg/LZ ZFQJaloiof steh 70 % A AA] Dt xFeA

79

Journal of Korean Society of Water and Wastewater Vol. 31, No. 1, February 2017

pp. 073-081



Aeld/ga BHESoi 20| ofFt DIFRIISE Ao 2ret G+

b
8.00 Flo= 225 @A = ok Iy, A o
- = 2 Aol 0.097 kWh/m®o] AR ¥ 11, 2] A/H 4
2 o® A e A 0.089 kWh/m'9] oL 2|7} 4w %] 7] wf & 2
2 QA/AA A7 JUAE tha 2L = = AHo]
5 400 o) Y= Aoz BAEQIT
2
é 2.00 (@)
O
o0 0 4.4 2
0.00
0 300 600 900 2K H AT N RAH 4 AEEL o] gate] 4
UV dose (mJ/cm?) . o S o L ]
O-2-MIB -@- geosmin '(5‘9/] U]Eol:'l'r7]—9-O§EXEj Bl‘, L@]\H 'ﬂ‘%gé"ﬂ 2-MIB
(a) 2 Geosmin 5ol thslo] H2EAS Hrstal, A9
£.00 A/Fa AbsNES SAnds sske] A gt o
0] FAzANA LFEAE HF A AT
3 o o 9 YTl 25 WY AXSLA B A7E
F S B AT o o T ZES Ag
5 0 4 Ak
E 1) 2-MIB, Ibuprofen ¥ ITopromideE TthAt o2 =}€
g e HEAERHAE ol g3 HPolA Aol 4l/d4 kst
O @ H-Sof oJsle] tAl e PEH gt AEaLol =
0.00 ; - _ L o
0 i 33 i 600 900 1,200 Al YEbsith 53] pH 7.0 o]stoll A= @3] A4/
UV dose (mJ/cm?) ISk a Bk A2lago] =odth ey, RHeAl/
@- sulfamethoxazole O- caffeine

(b)

Fig. 6. Comparison of optimal operating conditions(UV dose
and chlorine dose) for removing target compounds
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