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ABSTRACT

Lab scale rhizofiltration by using four plants was performed to investigate the uranium removal efficiency from
groundwater. Lettuce (Lactuca sativa L.), Chinese cabbage (Brassica campestris L.), radish sprouts (Raphanus sativus L.)
and buttercup (Oenanthe javanica) were cultivated during 3 weeks in the phytotron. Glass jar (12 cm x 12 cm x 8 cm for
each), containing 350 ml of the artificially uranium contaminated solution was used for 72 hours of the rhizofiltration. In
experiments with different initial uranium concentration (18.00 pg/L, 31.00 pg/L, 84.00 nug/L and 116.00 pg/L) in solution,
more than 70% of the initial uranium were removed by using lettuce, Chinese cabbage and radish sprouts and the residual
uranium concentration in solution maintained lower than USEPA water tolerance limit (30 pg/L). From the rhizofiltration
experiments at various pH conditions, the highest uranium removal for all four plants was acquired at pH 3 in solution.
Rhizofiltration experiments testing two field samples of groundwaters having high uranium concentrations (86.00 ng/L
and 173.00 pg/L) were duplicated and more than 83% of the initial uranium were removed from the groundwater within
72 hours of rhizofiltration by using radish sprouts, which, suggests that the rhizofiltration can be a useful process to
remediate uranium contaminated groundwater in the field. After the rhizofiltration experiment, the SEM and EDS analyses
for the root surface of the radish sprouts were conducted, suggesting that the main mechanism of the rhizofiltration for the
removal of uranium from groundwater would be surface precipitation on the root surface of the plant.
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22hEe] 3= (solubility)2} ©]%5%= (mobility)s S7H*171
TH(Waite et al., 1994; Murakami et al., 1997; Cothern
and Lappenbusch, 1983). $-2hg-2 A3l<] pHell st
of wi¢ oEF o tft oSt £, etE F
T, ZBREES ke B ol siME Wizt A
o7 ¢ Ath(Pabalan and Turner, 1997; Katsoyiannis
et al., 2006). Al FRE= e 7P AHiEQ
Fele TR ASIFE(UOAHCOs))0 2 deA Qe
™(Hodge, 1973; Almeida et al., 2004), JA| W =%
7h =5 W AFRE Zdlsle Ae® BHasEa Q)
(CEPA, 2001), -9-2hgo] wiol]l SH=d =44 &
e = Qe Ao=2 dHATKShin et al, 2002). $-2t
F T 3 AHAES HeE 3.7 ugday, 4E
1.1 pg/dayel™ AHE kg ol 22%, 24 5 o
ZA 12% A WRlE wiEElnh A AA At
F9 Hi 2 FEE 0.1~10 pg/LolH, ||=+ EPAC]
e e 28 38 55 30 ugLE TAlska
JITHMOE, 2007; USEPA, 1999).

ek, AlE, 2EER, ETEFY 22 W 8%
< AA] g AEAHS 27lelle F2 AsETs
o] i A=A A3l tir] Fo L9EE A
A, BY T f7Ief=olv 55 A FHeE o
=] $kk(Briggs et al., 1982; Burken and Schnoor,
1997; Dietz and Schnoor, 2001; McFarland et al., 1990;
Thompson et al., 1998). 53] 14A#H] A== A1z
7} o] Sy A ANIAGE thoe o)l
2 At ARERE k], IS o83k AEG3hHol
Et AelraiE, Wks AES AAsk=T a3t
& Aog YA TH(Cornish, 1995; Dushenkov et al.,
1997; Dushenkov et al, 1995; Willey and Collins, 1996).
TUlellA AR B I T2 ES Y T
&5 o g 3 A9 (Kang and Kim, 2000; Moon et
al., 2000; Kim et al, 2010; Choi et al., 2010; Jeon
et al, 2012y} tIFEOIR0AL, 7| AELS o= g
Ao e dEule}l Fe 2ERE o83t g =5t
FAck(Baek et al., 2002; Kim et al., 2002; Shim et
al., 1999). 7|1=2] =] A&74s}t A7l F2 AREHU
G AE T2 IEY, AR, HEWY 53 2 SE2
Fob F3h, w3, AAEk, dEge 5 2ER Solt
(Chang, 2006; Kim and Sung, 2011; Jeon et al.,
2012; Yeo et al., 2002). O}9F EkC 2 RE F3F457 #
7Q4Ee AASE Qsll, 484sho] WAls 9
zoz o@E Aslt sl Aew T Akl v
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271k FA Al 7R O AEe] AlE 5 -, @
Ay AT 2, O MER 78 e A3 o3tk
A e &3 Fo] Aok AE2 AE dlo] K, Ca¥,
Mg, NO7, SO/ 22 & o] 9] 20| 7}s3itt.
O 2159 AlaEoly %952 SX3IE tjx=o]
o1 (Beveridge and Murray, 1980), A3}l EAI8H=
Fole-g 71HoZ A Frh(Suzuki et al., 2002).
SEhFe T2 AE He AxHe 7l=847](co0)t
Adste] FEE A2 A Utk(Waite et al,
1994; Langmuir, 1997).
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Aol AFE Rsl= o ARkEel o8l ekE
Shko] =2 Aoz HudE A 2iFs(Han and Park,
1996y} F4F F=&(Jeon, 2009) A AslrE AHES)
Aok kA W SebE gEke dubEoz ARl 3
o] A7IUR] AR =A Yehk=t, =) =3}
] ehE T Y > SAARNAEY > BEY > 8
2R o2 =4 YEPATHMOE., 2007). tiA £its
A W fehEe AU e SRR 35
7] Bk, 9 3ok A3)Qr 7199l Ao g Haly]
31 Ach(Hwang, 2010). F2F F=rE Askre] kg 7]
Ao F7 v e r N W Sehs dol
3.00 mgkg® 2 A Yep) FH ol G vkl
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5, i, T, vIURIE o] 8¢k BE] ol 3P (thizofiltration)®] S-2HE 02 QA RSk 4GS} A& 71 39

AR WaEIl glow, Pk S RO R ke
ZHFES W $ehee] B = 3.79 mgkgS® E=A
el oiid ok Aekrst rRIAR 2 e
FeES " Ao T FATUETKNIER, 1999; Lee et al.,
2008). & AT-E fl8l oA eikE Askre ks vt
= W 7Rl ARE s FElA Agsidar, ik
=5 A= w87 W WelETiels Aasio
Al ARSIt F A Aol 2S4S etet
71§13t ke %, TA0l FE(pH), AR
(Eh: Oxidation Reduction Potential), =4 F%=(DO:
Dissolved oxygen), 7|H=%(EC: Electric Conductivity)
£ SAsIHE AgkrY] 2H 5 ICP-MS(Induc-
tively Coupled Plasma Mass Spectrometer)Z =733}
i, 20 F== pH 4715 ARS8l SAs8lem,
deladeiel ik T a9l A IHEEE Istek
3L AFS) W5 27971815 PDCO)E AMgsle] S35}
k.

2.2. 82|04 2HH (rhizofiltration) ALY A%

2.2.1. A 22

Al AH8E = ke o9 Aske ek v
7} =& A oliks AT F5: 86.00 pg/L)ok
AF Bas AT 5 173.00 pg/L)yE ARSI,
L A= SIGMA-ALDRICHOIA 7918t ek 3%
8991000 pg/ml in 1 wt.% HNO;)S SFo) 348}
of Az A3l AFE AESS A5 (lettuce:
Lactuca sativa L.), BJ5=(Chinese cabbage: Brassica cam-
pestris L.), F-<>(radish sprouts: Raphanus sativus L.),
vl U2 (buttercup:  Oenanthe javanica) 5 % 4%°|t}
(Fig. 1). P[UE ALl AEES9] Aok 2= s
AR & A= AALS AR FEEE(12em x 12
cm x 8 em)ll Hol 2154377 (phytotron) Wl 35 &
Qb o} gl Az on, myele] Aol A 2
71E2 Addt 2715 felrdxel 'l 3 B

(a) 1 day

(b) 1 week

£ =l XA THFig. 2). BE oy A3 A}
Lozl AEES 35 T AR viwd wdsk A
719] AEES ARERIR O, 245 350 miE Al &
FRAZ A& Byt FE8] AES HE &
AIRE Bt AR RS AAEET. AEA
AAN] 202 AE Polel Aol AR
25°C, % 70%, X% 4000 Lux(16*17HY), CO, T%
600 mg/LE A8k H(Lee and Yang, 2010). A& 2w}
o] 2EdE gHal] el 2 AEE FYg 274 3
3] FAN] AES THESIAT

T o
.
Fr Jﬁ Ha

22.2. LG50 e AAEE 79 AF

QAFENE AEA g fehs AAEES T7Es)
7] 915t 294 350 mloll 242} W] 9] AE BEE
T &, 2R Bl BEodry AR AAIETh £
Are 12207), 24717Y, 48A17Y, 72X 10 mPY

il

(b) Chinese cabbage
(Brassica campestris L.)

(a) Lettuce
(Lactuca sativa L.)

(d) Buttercup
(Oenanthe javanica)

(c) Radish sprouts
(Raphanus sativus L.)

Fig. 1. Photographs for the seeds and shoots of different plants for
the rhizofiltration experiments.
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(c) 3 weeks

Fig. 2. Photographs for the plants cultivated in the phytotron for the rhizofiltration experiments.
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43] AFsI] A7} A-E Whatman No. 408 A= o
FAIZ) F, ICP-MS(Perkin Elmer, Elan 6100, FIMS 400)
2 ARl fehy FEE S8 BE A4S 33
HHE g Aie] Akediihs ARSSt] AEAde =3RS
H, 2A5e] ke 27 w5t 2EAC o5 AAH
LA 2t ke RS wAsle] ofel 22 i
o7 BylodzpHel 9ElE A A& & (removal efficiency:
%)= ARkt

Cc-C
Removal efficiency (%)= (’—C—[)x 100

A71A, C= AFLFFY =7] $EhE FE(ugL)E Y
ERfH, G AN $ 2A5e) I SEHE FE(ng/
L)E vehdct.

2.2.2.1. F73ANM] A7l W HEE AAEE

243 AN AR A flske] AN A
ol g 29950] $ebE Tk WIS Sk A¥e
AT Q1FeAge] SikE e XT89S g
Aate], ] 2 A ke sEREAES: 86.00
ng/Le} BIS8l 84.00 ug/LZ AZSIATt. =734 A7k
S 1287, 2407Y, 4821%F, T2AZY, 120417k E s}
I AR E2 QAR et TS Al 4

A A7kl W ek AAEES AT

2.2.2.2. IFLEFE SEE T W3 wE HEd
AAEE

Al W ek 271 % zfolel ogk 215 AA
& Wgls FHTeEA o o) AA ks
g 0] fEkE R HAE A flsk, o
T S2hr TEE AAEES ek SAAM 249
AN AE 20 o) FAANM) 217 2A A
AR, QFedre] e $Elg ¥FENS FF
Fol| Xt 2@ Sk FEE 44 18.00 pg/L,
32.00 pg/L, 84.00 pg/L, 116.00 ug/L, 173.00 pg/L, 263.00
pg/L2 Azste] ARBSIATE. AN 12417E, 24417,
48A1ZE, T2AIRIITE @G0 ke BEE #Ase] A
Hl A)7HE AAEES AT

22.2.3. JFLQTE] pH W3] WE 428 AAEE
Askare] TRt pH 230l whE AEAS] $ehy Al
ABES TEs] 13 A AEE Asiin &
H59] pHe NaOHSF HCE: F7isle] 27gaiglon, §-
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2 = ll6pglold pHE 3,5, 7, 9 5 & Wl &
= Alzst A4S A8kt 28 AmE 124173E, 24
AIRE, 48AIZE, 12713Y Witk @ ] fehE wRE Y
sl AAEES ALFeIA-

223. S 2 24 ASlE o8’ 49

A 24 Aslret Q1FL AT FHEL Ak o
2 golale] BejodaRe] 8o tEA JERd F A
22, 24 24 ARleE dhdes Hejolapy A43S vt
E35ich. AF o AAl 24 A= HulelA S8
st #A BRaud ol oikEsd ¥ B
A HellA Ag=ste] ARSI, 45, v, T, PivkE
£ o83t Hejojzhy RS Al g 5 12A1%E, 244%E,
48, T271ZF, 12077 vit} @ ABlRE AFE] o
2slre] A ebE FEE BAge s A8 g

' AAEES AR

i

O
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2.2.4. 2EA W S2hs AAT 4

sEjojapgel] ok )1 dr Wl & 2k AlA A,
AEA U Sk 3 2 g2hikgo] 7oz s
o eEg W & WPt dojubA] o= S
SEetA ot webx AEA U $ehg A AS (removal
capacity: q) T8 AT 7€ FANA TE59] 3
Hhgo] HH FeEd of 35S ke A3 fAkst
o £ dgllae 72217 el AE 5 AEA W
ol 49 ks =5 9%, 2E T2 ey
AASE Akl fejodzpiel] ARSgE 25 A&
7] ¥3hu ele Balsiion e FHEE 3 Al
3L, Wele SR 3 AIFE 3 B4 0.1% HCIo,
golof] 3 Bt BT F SRTE 3 ol AlHstant
FEREANH(NIAST, 2000000 whe} F2j3t o 254
B 2gS 300ml Blo]A ¥al 10 ml FAHHNO)S #
7kt 10A13F BXAFTE 24 Q4717 25 gol 2 of
A 71E 23l) 1 ml ZRESHFAH0,)80S ¥ar
180°C ©J3lollA 12} AHES|E AAISH &, HF Ealdd
ternary solution (HNOs;: H,SO,: HCIO4=10:1:4) 20ml
= A7elel wigaeont F4o] & mj7hx] 160°C~200°C
ol MA3] 7HEslATE. 0.5% Aaks Al HE &
sjde] HulZ 10 mlZ 9= 3 Whatman NO. 40 oJ3}
A5 AHEsle] gl ode] by TS A

A2 B9 F48 92hy FES RS 2959 4
BA) Alole] ARAEIE HBE S AASL

ARl Aed ks Ars (@ oFlel e o8
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AN, ¢= AEe] ddH T 29 ey AA
S(pg/es YEIH, 1= 29500 Fa|(ml), C= 21EA)
o ol AAE kg FE(ug/ll), mS A= Ax T
Algys Hebdth

21FQ Ao thakst pH ZAodA 2159 Sahg Al
5 WSS Tl fIst 57aAm] AES A
$49] pHE HCIF NaOHE F71ske] 2733819dar, pH
3, pH 5, pH 7, pH 9 5 Ul 7] pH XA
ZAAet & A5 §3E ks s 27} Bl
th 05 2] 9k TS 116 ng/LE A7g3I
AP on, A& 747} Heel Qlog FeEst & 5

ARao Axs] 7 9] FHY Sk v
2 B45je] pH Wl HE A% TR $2kE A
< At

O

(pH 6.65)°F 2hr F57F 173.00 pg/L]l F4F Habs
ASF(pH 6.86)F POz A, HlE, B, v E
o] 83t BTl apy AFS A g & 21EA] o {3
H ek FEE At AE TRE ek 9o ¢

iy AAsS ARkt

%27] $2Hs 571 86.00 pg/Lel A 2aks A8k
5

23. A= 2|0l EXE ?2hsel SEM/EDS 4
L Pt =

S JTLETE e E AAESe] 7MY =2
AEQ] FoS o83 HElojahy] A9 & AE e R
™2 SEM(Scanning Electron Microscope) ©]F]A] 4]
7} EDS(Energy Dispersive X-Ray Spectrometer) *d+-
S AABl AE e 39 ks §& FuE

0,

R84} Y. ek FEE 500 my/LE AAE
FLET(pH 52 AA)E Axst A1F2AT 200 miol
24A3F B s AN 3§ Fe B 3Rl o
ted SEM/EDS #2418 AT ¥e] EHS 5000H]
gt SEM ouRelA 17 AAo] FR1E 3RHE
o2 XH3led EDS ¥48 AAIgozy A& ] 3
o] 2 ek SAFEE gttt F<oe] e

0

O

Table 1. Properties of groundwater for the experiment

IelE ]88 Relofab (rhizofiltration)) $2HFO 2 QA A3 Y3t B 7 a1

=]

1S & IR 3 7SR 20kV, HIE-S 500008)
2 3lo] SEM(HITACHI S$-2700)% EDS(KEVEX Ltd.
SIGMA) #2438 ]85}

3.1 X[l & S Y

T AY Ay d 54 B4 A= Table 190
e it 4 29, did QiHs Zskre] pHe
6.65% F/dollom, AR IAS = 15533 mVE Yxk
20l Y Mg ASH(MOE., 2000) 9ol sidsl=
Jbaiste] 2a F2 2slg Ao o, 854t
2% 9.53 mg/LelATt. A7IHETE 368.67 pS/cmS.
2 S3A WA He AR Xl HA(T5 S/
em~314 pS/em)2Tt ZF EX2™(Choo et al., 1998),
$2Hs BEE 86.00 ug/LE H|F EPA A L7IEX
(30 pgLyEtt =9ith. Ha5 A5l42] pHe 6.86% &
Aolar, 2BIBIAL= 158.67 mVE 2aFs A8l5ee} v
AR R AEE o] sFEASH, EENALTFS
11.67 mg/Le]At}. A7|AEEE 987.01 pS/em=E w9 =
A YeRt A8l 8 o] B39 Fgo] =2 o=
Uehdth 92bs B5% 173.00 pg/LE W =4 Vet
ow, olegjgt A= Wit B Asle] fehw 71
o] F= Wl et 7R W EAlske Sehe a3
2 3.00 mgke)e]7] HEOE FEEQTHNIER,
1999).

3.2. 822]0{ 2P (rhizofiltration) ALH A

3.2.1. LE5e] S2hE AARE 79 48

3.2.1.1. AN AlZtel| mE AlEH AAEE

z7] e F5E ibE Fslret visssiAl 84.00
pg/LE AAT IFLATE o83t el A
St & Q4] BES Ak whE AEE e AAR
& AYE Fig. 39 YeRIISE A8 Ao, #73Am) 12
AIZE oyl AIAEEC] 4T 66.43%, BT 68.09%, -
<= 80.78%, MU 5836%= "¢ Al vERY, 12417F
olljell AAREC] F43] F7FIATE 12A17104 724
7t Fotoll= AlAGSEo] A5 83.39%, v 73.78%, F-

Groundwater type pH Eh (mV) DO (mg/L)) EC (uS/cm) U Conc. (ug/L)
Oesamdong 6.65 155.33 9.53 368.67 86.00
Bugokdong 6.86 158.67 11.67 987.01 173.00
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4

17 -
& 86.95%, LI 64.29%= U] 7 A& ot =
7betRar, ol LHAF] 2k FET 14.00 pg/L,
22.10 pg/L, 11.00 ug/L, 30.00 pg/LEA H|=- EPA 3

0
oy 80 —t=Lettuce
z Zg —@=Chinese cabbage
s ;0 == Radish sprouts
=
LR v ===Buttercup
E 30 W == EP}k Tolerance limit
g2 —,
210 ~ i
0 T T T T )
0 12 24 48 72 120
Rhizofiltration time (hours)
(a)
100
~ 90
=
E 80 4 3
=4=_ et
e 704 + e'uce
3 60 =&-Chinese cabbage
E 50 4 =i=Radish sprouts
g -313 =e=Buttercup
g 20
-4 10 -
0 T T T T )
0 12 24 48 72 120
Rhizofiltration time (hours)

(b)

Fig. 3. Results for the uranium concentration in solution (a) and
the uranium removal efficiency (b) of the plants at different

A -

577 - 0|13

887152121 30 pg/LRTE YA Uty 737 120
ARt o]Foll= AAEEC] A5 75.09%, HIF 61.80%,
F<E 69.75%, PV 54.92%2 72471 wiRo 233
oft wroliint. olelgh A= AN 7241%F o] FFE]
2159 o] el FREAE I ko] AE 4%
Fo| GolAHA g3tEo] Yehe dGo=, AN
Eo] QS AAskH AR e A&
Aoz AAF ALt wepr] o] &
A A7Re A7 E ST

3.2.12. 9FESY] e T W mE AEd
AAEE

%27] S5 57F 18.00 pug/L, 31.00 ug/L, 84.00 pg/L,
116.00 pg/L, 179.00 pg/L, 263.00 ug/LS! S1FLAFE oj
FoE, ARE ey A3 $o] AAEEY LA
2 e = A Z3= Fig 40 YeERISIT

ANFATe] 7] $ehF F=7F 18.00 gLy o 8
oy A3 2ARF F 550 AAREC] 88.89%=
71 E=okar, TR0 2 vl 81.67%, A5 79.94%, WLt

T 69.94% O 2 vlyg]e] AAEEe] 7Y wieker,
Lo AF $EHE FEE 2.00 pg/L, 3.30 pg/L, 3.61
pg/L, 5.41 pg/LE W=k EPA F2387]5X](30 pg/L) ©]
Sl YERdT) 1395 7] fEhE $57} 84.00
pg/LY w F<eo] AATELS 86.95%% 7FY Eqkom,
02 A5 83.39%, vlF 73.78%, PIukE] 64.29%

rhizofiltration time (initial uranium concentration of 84.00 pg/L). 2= 2=0 2 oo =
( ng/L) &olgont, e9dge IF $EHE FEE 11.00 pg/L,
(a) Lettuce (b) Chinese cabbage
o ;go | 140 100
28 80 i Z120 0 g
k4 70 4 b 2 3 80 >
= 60 - g =100 70 £
£ 60 |5 0 £
o0 50 §|F % 50 €
£40 La C|E e 0 °
e 30 30 5|8 40 3 €
g 20 4 =—+=U concentration 20 g g —+—U concentration 20 E
= 13 —m—Removal eficiency 30 &|> 22 —m—Removal efiiciency (1]0 K
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Initial uranium con. in solution (xg/L) Initial uranium con. in solution (xg/L)
(c) Radish sprouts (d) Buttercup
— 38 ;gu £l 160 100 _
i 5 g3 5e
< 70 52120 0 B
L zg §g £|5 100 60 2
= o] . . -
£ w0 =|E 80 50 §
] =5 60 40 _
£ 2 0 glg L
8 ~¢=|J concentration 20 S g 40 f=+=* concentration 20 E
= 1?] ~@-Removal efficiency SU =) 23 ~&-Removal efficiency 80 &
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Initial uranium con. in solution (xg/L) Initial uranium con. in solution (xg/L)

Fig. 4. Results for the change of the uranium concentrations in solution and the uranium removal efficiency of the plants according to the
different initial uranium concentration of solution after 72 hour of rhizofiltration experiments.
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5, W, T,
14.00 pg/L, 22.10 pg/L, 30.00 pg/Le]ATt. Q10 949
%27 2 ¥57F 116.00 pg/LY o) AAELS ¥<=
74.40%, 35 75.96%, WIS 73.36%2 YEREL, iy
65.54%= 7FF wgkom, e d4el I fekE =
29.70 ug/L, 27.89 pg/L, 2991 pg/L, 39.97 ug/LZ
i, U E AlLlgt Al TR AES $E58TIEA
(30 ug/L) °l3lE YERT 132959 27] S &
S7F 179.00 pg/LY wf AAEEL F<o] 72.18%, 45
74.13%, Wi 68.32%, PIUZE 77.65%C10H, Q94
o] A7 $2HF FEE 49.80 ug/L, 46.30 pg/L, 56.70
ug/L, 40.00 ug/LoIATt. QIFdse] 7] S T
7} 263.00 pg/L ZAY w AAZEC] Fo2 71.05%,
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Fig. 5. Results for the uranium removal efficiency of four plants at different pH conditions of solution in rhizofiltration experiments.
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