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A study on the aquatic eco-risk assessment of antibiotics treated by radiation
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Abstract

Antibiotics have been issued recently in water environments because of potential impacts on ecosystem and public health, This study
was aimed to investigating the degradation of antibiotics such as tetracycline, lincomycin, sulfamethazine and cephradine using gam-
ma ray irradiation, And the toxicity before and after irradiation on antibiotics was tested in order to examine the aquatic eco-risk as-
sessment by aquatic organisms. In addition, comparing tests on toxicity for gamma ray and UV irradiated antibiotics was conducted.
Four different antibiotics were prepared by concentration of 30 mg/L with demi-water respectively, The absorption dose of gamma
ray was ranged from 0.2 to 2 kGy. The concentration of four antibiotics was gradually decreased corresponding to the increase of
the absorption dose, A method for toxicity assessment using Pseudokirchneriella subcapitata was evaluated to the most acceptable
compared with methods by Daphnia magna and Microtox® in terms of sensibility . It showed that the reduction of toxicity on antibiotics
treated by gamma ray was superior comparing to the test results obtained from UV treatment, By-products from antibiotics treated

by gamma ray were easily decomposed by microorganism and their toxicity was also evaluated to low,
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Table 1, Physicochemical characteristics of Antibiotics
Antibiotics Tetracycline Lincomycin Sulfamethazine Cephradine
HO ie]
Q aN = g
Structure SO T\\ \5‘:/( 2
HoN
Antibiotic T li Li d Sulfonamid hal .
group etracyclines incosamide Sulfonamides Cephalosporins
Formula C,H,N,0, C,H,NOS C H,NOS C HNOS
MWZ‘I
(g/mol) 444,44 406,54 278.32 349,41
pKa 3.3,7.8,9.6 7.6 2.65,7.4
Log Kow -1.19 £ 0.71 0.56 0.89 0.41
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nomic, UK)E o]&3l9t), o 2A= AFe
(20C)NA] =845t e o] w °CO source?]
WA 7.47x10" Bq (397,949 Ci)o|3itt.
Aol AHEE G JobE] 27| EE SRS
£ o]&3to] 242 30 mg/L= st o, 7
upA o] FaAsRe 0, 0.25, 0.5, 0.75, 1.0,
2.0 kGy (1 kGy=1 kd/kg)o.&2 z}7} T2|shH
A zApatgT,

*Cobalt-60 ZAIA|ZH QU {4 2|%] Sampling Bottles
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Fig. 1. Process of gamma ray irradiation
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UV A& $lste] AHE-E UV lamp (Phillips
TUV G6T5, 6W)= 1.0 L 8F9] d+8-7] 7}-&
glof Mgz AR5kl AN, UV in—
tensitye} B A E =435t (Kim et al.,
2008). AZoll= SF4E ol&3dto] 30 mg/L
o 272 7} FAYQFES A RO,
] A7k Z+z) 0, 5, 10, 30, 60, 90 min®=
A7 5T
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22 9519 mineral medium, trace element
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Z} medium®| 741> Table 29} Zt}, Z+ djA)
oJekFe Z7lsE+= 30 mg/LE SIS

Table 2, Chemical composition of trace element solution and

vitamin solution

Mineral medium g/L(Water)
Potassium dihydrogen orthophosphate_ 8.50
KH,PO,
Dipotassium hydrogen orthophosphate_ 21.75
A | K,HPO,
Disodium hydrogen orthophosphate dihy- 33,40
dl‘ate_NazHPO4, 2H,0
Ammonium chloride_NH Cl 0.50
B Calcium chloride, anhydrate_CaCl2 27.50
or Calcium chloride dihydrate_CaClz, 2H,0 36.40
Magnesium sulfate heptahydrate_MgSO ,
c gnesium sulfate heptahydrate_MgSO, 22.50
7H,0
Iron(Ill) chloride hexahydrate, FeCl,,
D 3 0.25
6H,0
mg/L
Trace element solution and vitamin solution s
(Water)
Manganese sulphate tetrahydrate _MnSO,, 39.9
4H,0
Boric acid_HﬁBoﬁ 57.2
) Zinc sulphate heptahydrate_ZnSO,, 7H,0 42.8
i 2
Ammonium heptamolybdate (NH,) Mo.O,, 34.7
Fe-chelate (FeCl5 ethylenediamine-tetra- 100.0
acetic acid)
— Dissolve in Water and make up to 1 L
Yeast extract
ii — Dissolve in 100 mL water, 0,2 #L filtra- 15.0
tion (sterilization)
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Table 3, Characteristics of activated sludge used as inoculum
source

Parameter
HRT 10h
SRT 10d
pH 6.7£0.02
DO 0.5 mg/L
MLSS 5744+63 mg/L

24

H HPLCE Agilent 1200
seriesE AFE3FF o columne EZ19] EA]
of we} C81} C18& AMEsHL, A 2%+
30 C& 3ttt A& FYHF2 50~75 uL2 3}
¥om mobile phasex Methanol, Ace—
tonitrile, Water 5= AFHE5}th (Table 4).

Table 4, HPLC analysis conditions for antibiotics

Tes Col- L
est A umn Injec-
com- Column tion Mobile phase
(nm) Temp.
pounds “0) volume
Luna Su 0.01M oxalic acid :
Tetracy-| 355 | c8(2) 100A | 30 | 50 pr | Methanol:
cline 150 X 4.6mm Acetonitrile
) (72:8:20)
Lincomy- zorbax sbh-c ImM Ammonium
an | 210 5 30 | 75 #L Formate:
Acetonitrile(65:35)
Ony x Mono- 0.1%Formic Acid
Sulfame-| 554 | yithic c18 | 30 | 50 4L | 0o Water:
thazine (100 X 3mm) 0.1%Formic Acid
Acetonitrile(70:30)
Cephra- Synergi 4u 20mM Ammonium
dIi)nc 254 | Polar-RP 80A| 30 50 #L | Formate pH3.5:
150*4,6mm Methanol (65:35)

ARE ot & F7HAE glo] A4 BAsHAL
1, A%7]2% UV detectors AH&8F1T}

25 ME==4dHo}t
251 Daphnia magna g8=M =7}

D. magnax= US EPA (EPA 600—-R—92—
111, 1993)9] "ol whet vjFstict, Hol=
= yeast, Cerophyll®, trout chow& =233t
YCTS} P. subcapitata (S. capricornutum)
S ARESEITE A Al AR Aoyt
)= synthetic hard water (pH 7.8, hard—
ness . 170+10mg/L as CaCO,, alkalinity :
110+£10mg/L as CaCO,)& A|x3s}to] ARE-513
ch, wjoFe 25+1C2 A% +E clean room?]
A Riskdl o, 7] YW FE+= 16h_light,
8h_dark, 10~20 uE/m?/secZ A5}t
D. magna®| w7357 B7F= US EPA Ao ¥
Holl wheh 3= glet (EPA 600-R—-92-111,
1993).

2.5.2 Microtox® g4 =4 =7}

FA=EY WHE=E Blustr] fJsto] D,
manga®} BlE°] Microtox® SAAAIES 3
sl Th, o] AFRH-S Microbics Corporation
9] 81.9% basic test % Whole effluent tox—
icity test EAAfol] whe} 35T, WA, BEC,,
= 7] fleliA = s e A RE gA A
2 3NHE (A 2) FYYFEES EA
#Hom, 10 uL®] V. fisheri colonys T3}t
Aok, 2t Alg= 3709 ¥k Itk EC, 4t

AEshr] f1gh =4 g 1568k Y 2
£ 7|50 2 31921, Microtox Model 500
Analyzer (AZUR Environmental)& AM8-3}
of SAskTE Aubd A -9 4% 7= A
2] & 100%2] A& eEAZ] §, g=e] 7t
a5 A= Blaste] Urerf ik

gw

b o

2 5.3 Pseudokirchneriella subcapitata S5 7}
279 ujoF @ EAFEIM= 25 US EPA Al
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Who] whel 359l (EPA/600/491/002, o] 2ebd 4= 9JoH 2 scanning HHHS A H
1994). AzH 22 ke =2 0.2 um] A3 SHE2 AR 2 Ao A] AL
filtler® o]-galo] ojTslgon ozgalel v ¥ xRe) HFEL 683 nmolA o e}
& =@t d+= autoclavings Foto] BEatAl wWow 2774+ Hemocytometer®} #w|7
A AMgErTh 2HEL 10,000 cell/mLe % & 0|83 Al Hom mL & AR Ve
=7t HEE ujdde] Solle Eekaae] 4 Wl 7 sl ST oF Al A
Fotgom, AEH 27 4300 lux?] FEZ = Fig, 29 2t}

25+1C Y 2kofA] 96A|7F B¢ oF 120 rpm & 229 =47} A= p%o] AAE A=
2 wurstel wjestel, 49 F o THMFOR kRt =S FHRs WSl 10p (nhibi-
FE A 2e S skl tion concentration)@ YERH o 2 IC

22 =X 97he 100 mLe) AZF Zekaa s o AASIT p%d ARE gas L}EHHL
ARgeRgloH, sEEE 349 RS FiL F gkie EPACA Al$dh= ICp program= ©|
% Agelel #3750 mLe] HES sk $stel Ansleck

Al

25 £ 3+ =, 10,000 cell/mLo] ==
2HE AFeen, AR #3927 4 3. 2o H 0F
Fol grH EFehhde oFolA HHE ot &
o] $9& 7] 943te] autoclaving®® Wit 31 SAEI} WHE H|lm HI|
H 23R E o8t TS Bkt 2R= Aok A2 A FA=A] it eWs, ¥
shaking incubatorg& ©]-83}o] 120 rpm, 25  Fulggo}, {2 54 Z3= Table 59} Fdy
T, 4300 lux®] A& =] AJeiollA 96417 o Z AlE F 7k, =L S0 =
ot MFEH A, 2Rl bRt SAYE Ad %oﬂﬂ 0.167~1.246 mg/L2] EC,, gro= 7}

2}

%2 7683 nmol A FHEES ZAsl A4E A A o wgE Zweld 54 9
A 25E AgSE Aol Mg AF Ao

2570 AE 4 24 27 N5 9 FuEe] 2 waEelnh Fuuie ool BrSL 3599
5 4
]

il
5
El
o
32
o
_\;

A FAS Aot FHE SHCE Al 4 mg/L~1750.67 mg/Le] EC, gto] Websom
£ Absie), 2Re] AL 4T AFE X AR WA g oot EAH Lol
FE 100%= sto] 28j¥ 3Aste] etAel AR 2 Aow AHE QT 2Rl gt
concentrationg A|&gH ¥ ztzF 683 nmollA 7} FAYEE S FE-vhgA 9 7t ahetu|E =
FEEE Sk, 4 AR 27 M2ZsE A Table 6 2 Fig, 337 2}, =2 IC, 4=
atol FAE o MESR A4S 2R ARe) Slstel 0~10 mg/Lo) F9 oA
e FREL AWHOR APl gleit A AR AR S-S TA HANL A
AAO 7171 v ol wet A v ZF 22 A2 0.96 oY =2 e E
e, 2 %él% Y=Y +axe" 2] 2o
Calibration curve of the algae culture 0
4506407 | -—‘J_:I—‘?‘E1 YO’ a, bo /\ Lo] ﬂz‘]E‘]o—]E}(Table
N | V:ZE:?T!'SQSSEE

s ; KCE000A WP 6). Ul 71A] td=4 F tetracycline?] IC,, %k
2 2s0me0r | o] 0.167 mg/LE 718 E4o] o Row |}

3 200E:07 | -
8 usom7 | — Byttt Lincomycin®] IC, %k 0.439 mg/L

1.00E407

st B g =2 L]-E]-‘/"Oﬂi sulfamethazine2 o|Xrt} &=
BENS sz oa 06 08 1 12 14 I8 I8 2 o] e 1246 ng/L——] 1C O%){g el ot
ARREEES Cephradine®]  27Fo] izt SAGS

Fig 2. Calibration curve of the algae culture
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Table 5. Evaluation of acute toxicity before gamma ray irradiation

. P, subcapi-
D. magna V. fischeri stbcapt
tata
Antibiot-
ics
(mg/L) EC, (mg/L) 1S
m _(mg
70 g 50 L=d (mg/L)
Tetracy- 0.167
6.56 5.9943.00
cline 30.5 35,993, +0.107
0.439
Li i c b
incomycin _a _ £0.052
Sulfamet- 1.246
Lame 66.22 286.72+21.36
hazine +0.852
Cephradine c 1750.67+375.04 d

- No observed effect at “the max. concentration of 3651 mg/L,
4990 mg/L, ©3680 mg/L, 41000 mg/L.

12
Tetracydine
ol N < Lincomycin
1.0 A N Sulfamethazine
= 0.8
£
&
= 0.6+
2
2
g
% 0.4
o
02
0.0 aalel
T T T T d
0.001 0.01 0.1 1 10 100

Concentration (mgL)

Fig 3. Concentration-relative cell growth curve

Table 6, Parameters for concentration-relative cell growth curve

Chemicals Y, a b
Tetracycline -0.0188 1.1207 6.4531
Lincomycin -0.0018 1,1668 2.3251

Sulfamethazine

0.0809 0.9522 0.6932

Y=Y +axe™"*

1,000 mg/Le] ==4
o] H3l7t gl= AL

ol gl= A

2 ent x
FEER IR

100 & [h0
_’,,/E‘r'
e F 08
80 a
-
e\: —&— TCN (Removal rate)
£ 60 - LMC (Removal rate) [ 0.6 o
2 —E— SMZ (Removal rate) z
E —8— TCN (G-value) ,E
é 40 - LMC (G-value) b o4
4 — B SMZ (G-value)
20 . F ooz
L ~¥1 oo
0.0 0.5 L0 15 2.0

Absorbed dose (kGy)

Fig 4. Concentration change and G-value of each antibiotics
after gamma ray irradiation

Table 7. Results of D.magna and Microtox® bioassay after gam-
ma ray irradiation

Target Absorbed Dose
compound 0 kGy 0.5 kGy 1kGy
Tetracycline 0.42+0,04 | 0.27%0.01 0.2940.03
Microtox | Sulfamethazine | 0.30£0.10 | 0.3440.04 0.39+0.08
(Toxicity) | Lincomycin | 0.30+0.04 | 0.28%0.03 | 0.36+0.03
Cephradine 0.21+0.03 0.29+0.10 0.24+0.04
Tetracycline 97.5+3.54 100 100
D;‘m;lgna Sulfamethazine | 97.5%3.54 97.5+3.54 89.5+14.89
(‘A;:E;_ Lincomycin 100 85+ 14,14 92,5+10,61
Cephradine 97.5£3.54 100 100
Toxicity=(I )T (T :luminescence of bacteria), Tnitial

contro L imple

concentration is 30 mg/L.

1000

m— 0 kGy
0.25 kGy
C— 0.5 kGy
=23 075 kGy
E==3 1 kGy
== 2 kGy
[0 3 kGy
=1 4kGy

100 4

Toxic Unit
s

Tetracycline Lincomycin Sulfamethazine Cephradine

Fig 5. Change in algal toxicity of antibiotics by the treatment of
Gamma ray irradiation

3.2 Ziokd x2|of ojst =L HT}
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27)% % 30 mg/L9| 7+ B chsto]
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3, B ogRe 5= U AARRS 23
A3kt 17 4014 B 4 o] RE 8

£ 1.0 kGy°llA 80% ©]4t (sulfamethazine

O
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80%, tetracycline, lincomycin, cephradine
L 90%0141) 0] AALS Yer Qe whebd &
Aol JAFE A o] A 7S 984 oF 1.0 kGy
o] ZxAAEFo] Q3 Ao g Tty gt}

ki Ao 5 A2 B4l BN, 3
Fupd|elo}, xfol e SABAE S
o] Ay= Table 7 ¥ Fig. 59} gt} #upA
24} A3t TGS o, B S} gt
oFe] 79 A ghol ZA WastA gh AR
EPRteh shAlwt 259 H$ Fig, 404 B
v} Zro] TU 16.05~459. 774 1,99~5.83
2 gaso] B4o] 27 gaEt o2 e
Wt Cephradine o gk =4do] yet
WA FHh7E A 2] S0l TU ghol oF 2714 S7F
Sh= A= YERT

¥ ot

¢

©

3.3 UV xjzlof ost =M i3}

Aupd Ao we =404 avE UV A g
W B ws Hodrh, HA AdEEEY] =
71%=%E 30 mg/LE 3}, UV ZA= 0~90
22 A S ol tiet B SRtEe W
Sl= Fig. 61} Z&t}. Tetracycline®} sulfame—
thazine®] ¢ UV ZAA|7FO] 605 o]Afol| A
80% ol AAEE Ul e, Linco—
mycin 38%9] A|A A& Uetsle =4
Bl A~E A¥b= Fig, 7oA H= v}k o] Tet—
racycline?] ZF=A4 A TU Zro] 152,429
A 61,422 A3, Lincomycing 222,12
oAl 63.68% Fasto] oJH3] £ w4 S
e AT}, Sulfamethazine 29,3204 90
= A S 1.567HA] faxsto] 7 kARl A
aI3= U Ith. Cephradine> UVE A
ot A9, IC, = AT = U= A=Y
=/d0] Uit AL oty e, =4do] 3lE A
o) A ARAA UV 24} AlZto] Zrfaes
relative cell growth7} Z4sl= 3aFS e}
RiPi=g O]h Aubd A2 el fARE d3E
HolFE Ao® £ v B SgkEe] BA U 2
T4 -57}73: E3}o], sulfamethazine?] 2%
Aubd 2APE B Al Ao

_\::l

_E n‘

—a— Temacycline
+Cr- Lincomycin
oy —-w— Sulfamethazine

03 -
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06 -

04 4
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Fig 6. Concentration change of antibiotics by UV treatment

UV-treatment

1000 §

R Tetracydine
[ Lincomycin
[ Sulfamethazine

100 4

T oxic Unit

10 4

min

Cephradine

125
1.0 -
0.8

0.6 -

Relative cell growth

04 _o— smin

—— 15min
—&— 30min
—0— 60min
—&— 90min

0.2 4

0.0

T . : . . T
0 20 40 60 80 100
Dilution ratio (%)

Fig 7. Change in algal toxicity of antibiotics by UV treatment
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Fig 8. Concentration change of Cephradine by adsorption and
biodegradation before Gamma ray irradiation

RT 7.15 min
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Fig 9. Concentration change of Cephradine by adsorption and
biodegradation after Gamma ray irradiation

oJgt AZsfet F2toll oJsf WH3}E= Cephra—
dine®] F&=& HojFs Ayfolrt, HupkdS AL
812 ¢F2 Cephradine /&8 A|qte] 2]t
AEsfj el g2toll &A= 20 0]
oF 50% ©]atqto] A A= L S 2
it 7Pu}/1\j.‘% 1.0 kGy ZAFREE o—roﬂt 53’:]'
= 20| o=l EofjakEst Hol 2
ol /\}50] retention time 7,159 4 HEE 3]
o}, o|# A Zmpiol s Aj=o] AFAdH e
cbzol sl A& Ao g sl 2 &
A3F2 Fig, 904 B = ule} o] 1nten31ty =1
oA & o X =2A 2Hgsto] ol FAES 4
Al AASIL = & = Ut Tk 7“3}“ A
S FA=Ho| AR HEEUS FF A&
3 7Hset EEE Ak 6““%@%'011 il A

A A5
].

=
< 3A =wol 2 5 3= ﬁii *&474?}13}. =3
Cephradine &+ =0l tisir= Hobid A=
& 24 SEAE AR $HS Sl aaE
A7 Z&S 7IdE = & Jes ey
42 E

4.1 X ABEZ(D. magna, V. fischeri, P.
subcapitata)& o83t the = sl 2t
R, UV &8l e A% =4%7F 243, 5895,
Fgvte ol 27 & S4Ed gk =t

7V =& 277 5387 el At sANES
o= WgEdh

4.2 UVAE Bt vlas) Hoks o, rpd
o] i 24l sl =2 AHa&S el
on, EATEIE 2 A0 Uehgrt, w3,
UV Heit BYSeA] o3 Helt g 34
20le} b AR et qelag 3
SN AoV A el TeA
vpe) A9 GaEAe) FRol ool Hok
A HelEgo] RO, A5 AN oby A
o2 olgolA| Aoz PerEg

13 7004 A A, ¥ ed AP 5
@ SR ® ohe Zubd Hel F YT o)
Argo] ARa 34T LeiA0] FEol vl
Fashs BARE ek sich, mebl Zobd A2

r°1‘



PNE IR 7IRT - UHY - BHE - ofF

0l

dolrstslX], =&
26, 35 pp373-381, 62, 2012

S i ofEel AR HwiEE S
afjof] ok F7FAQl Eej vyt 9l AR ¥
=it (Hyun Y. Kim et al, 2009). uje}bxs
npAd A els v AP 38dE oEA =
s Hojpglom 2 AtoA] HESE
of tfste] EofabEE S0 BA YEtl=
= HojE]lnt

o,
o
- ooz

i ez flo
o Ao it oy L [

Hnes
R+ UAAA005), FEE FHA S5 A48,
FYIABAAR06), BAF ok LAY AT

o
4
fiet
_(-E

S, oW, H52(2008), LA
o] &gt 3HPA| &af, S-83ket, 12(2), 337-340,

A7) (2006), Ecotoxicological Risk Assessment for
Acetaminophen in Kyongahn River, 3t=+ 3}
78S A] 32, 440—445

AZTt 9] (2009), LC/ESI-MS/MSE ©|-&3F FAtH 4
Aol oorgd mUHEY, =i
], 12(4).

Al=Ani, M, Y. and F. R. Al-Khalidy(2006), “Use
of ionizing radiation technology for treating
municipal wastewater”, Int. J. Res. Pubic
Health, 3(4), 360—368.

Alexy, R., T. Kumpel, L., and Kummer(2004), “As—
sessment of degradation of 18 antibiotics in
the Closed Bottle Test”, Chemosphere, 57,
505—-512,

Andreozzi, R., V. Caprio, A. Insola, and R, Ma—
rotta(1999), “Advanced oxidation process
(AOP) for water purification and recovery”,
Catal Today, 53, 51-59,

Andreossi R., Canterino M., Giudice R., Marotta,
Pinto R.G., and Pollio A,,2006, Lincomycin
solar photodegradation, algal toxicity and
removal from wastewater by means of ozo—
nation, Water research, 40, 630—638

Chanda, P, K., T. Ganguly, M. Das, C. Y. Lee, T.

T. Luong, and S. Sau(2007), “Detection of
antistaphylococcal and toxic compounds
by biological assay systems developed with
a reporter staphylococcus aureus strain
harboring a heat inducible promoter—lacZ
transcriptional fusion”, J Biochem Mol Biol,
40(6), 936—943,

Choi, T. Y.(2003) “Quality assurance for commer—
cially prepared microbiological culture me—
dia”, Korean J Clin Microbiol, 6(1), 56—62.

Hyun Y. Kim et al, “ Radiolysis of selected anti—
biotics and their toxic effects on various
aquatic organisms”, Radiation Physics and
Chemistry, 78(2009), 267-272.

Johnson V.M., Allanson J P., Causon R.C., 2000,
Determination of the cephalosporin anti—
biotic cephradine in human plasma by high
performance liquid chromatography with
ultraviolet detection, Journal of chroma—
tography B, 740, 71-80.

Kim, H.Y., S. H, Yu, M. J, Lee, T. H, Kim, and S.
D. Kim(2009), “Radiolysis of selected an—
tibiotics and their toxic effects on various
aquatic organisms’, Radiat Phys chem, 78,
267-222.,

Kim S.D., Cho J., Kim I.S., Vanderford B.J, and
Snyder S.A., 2007, Occurrence and removal
of pharmaceuticals and endocrine disrup—
tors in South Korean surface, drinking, and
waste waters, Water Research, 41(5), 1013—
1021,

Marzo A., and Bo L., 1998, Chromatography as an
analytical tool for selected antibiotic classes:
a reappraisal addressed to pharmacokinetic
applications, Jouranl of chromatographty A,
812, 17-34

Reyes, C., J. Fernandez, J. Freer, M. A, Mondaca, C,
Zaror, S. Malato, and H. D. Mansilla(2006),
“Degradation and inactivation of tetracycline
by TiO, photocatalysis”, J Photochem Photo—
biol Chem, 184, 141-146,

Sanchez—Polo, M., J. Lopex—penalver, G, Prados—
Joya, M. A. Ferro—Garcia, and J. Rivera—
Utrilla(2009), “Gamma irradiation of phar—
maceutical compounds, nitroimidazoles, as a
new alternative for water treatment”, Water
Res, 43, 4028-4036,

Singh, B., D. V. Parwate, and S. K. Shukla(2009),
“Radiosterilization of Fluoroquinolones and
Cephalosporins : Assessment of radiation
damage on antibiotics by changes in poten—
tial property and colorimetric parameters”,
Pharm Sci Tech, 10(1), 34—43,

Yu, S., B. Lee, M. Lee, I. Cho, and S. Chang(2008),
“Decomposition and mineralization of ce—
faclor by ionizing radiation: Kinetics and
effects of the radical scavengers”, Chemo—
sphere, 27, 2106—2112,





