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ikt YA QY EGE ARSI AE5EY AdS s B dFolA = o AlAETe] tig A
3 A7 AY QAL FREETHME AE FollA Sl &3] AuliE= AF(lettuce: Lactuca sativa L.), Bl
Z(Chinese cabbage: Brassica campestris L.), Z17Fuk(sweet potato: [pomoea batatas L.), F(radish: Raphanus
sativus L) 5 & 422 A235190 QEEF 3.3 kg A A EAH] ZE(30 cm x 10 cm x 11 cm)o]] 2 A&
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49 Ft st o, AujAzbE 2 JFHT A} 2] Sy wEE 45t AeFEH o A%
B AAZTS AALES Artst it Ak citric acid)E H715HA] g2 AEFEH A2 HEA A ¢
ZhE2 diF2ol elo 5E AL, Je R Holge vl ¥t 53] W] F7 AE F A5 27k o2
B 55 TE(YPEY: 404.48 ng/kg)E ot St AAFE 7HE ERA(HBES: 1179.47 1g), T tha2 Hi=,
Tl B ol Ad A, e s5Ee Sohe 2 EG W 85 7T kRS0 neg
AEFEHE EAskE SOl BlElshs A 2R UEhgth EYL 2R H 4E29 $2hs S-S 0
At H7HAI= 25 mMI} 50 mM FEAHEAS AlE 8 6 Aol 2442 300 mI¥ F{J5ke] AE5EH A
S 3T 23k 50 mM FAHEA S A7’ B9 FAHEA S H7ISHA 2 AR A E ke T
2 #4108 oA T 508, )= 24 v A ) 108)714] 715, f2he S8 =o17] A%
H7HAIE 50 mM FA4HgHS ARS8 Ao] vl Bl AL 2 et FALEAS H7IsHA ek
AEFEHY A9 27 $ohE =7 52 HEEY W e/ataEds FHE EA5ke ke
14%E5 AAL 4= AR S, 50 mM FALEAS 717 3¢ B W w /et 42 FeH= EAsk= ¢
ZHEES 100% A AL 4= AT of2et ks ALY A7 Bl EA%k: 2kl Sl=E T
THA &E SEhgo] a4t 7tERAT| 9 detste] AER A ol FehaL, AEAY AEBHES ST
A A W -2 Aolge S7H1717] dee 2 e
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Yikyeong Han, Sumin Park and Minhee Lee, 2014, Phytoextraction using citric acid for enhanced removal of
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ABSTRACT: The objective of this research is to investigate the uranium (U) removal efficiencies of the
phytoextraction with the addition of citric acid as a reagent for the naturally uranium contaminated soil. Four
different plants such as lettuce (Lactuca sativa L.), Chinese cabbage (Brassica campestris L.), sweet potato
(Ilpomoea batatas L.), and radish (Raphanus sativus L.) were cultivated for 49 days in a phytotron using plastic
pots (30 cm x 10 cm X 11 cm) containing 3.3 kg of U contaminated soil. As a chelating agent, 300 ml of 25 mM
(or 50 mM) citric acid solution was added into the soils. Leaves and roots of the plant were collected after 49 days
of cultivation and their uranium concentrations were analyzed using an ICP/MS to calculate the removal efficiency
(%) and the removal amount (£8) per each plant. When the citric acid solution was not used, U concentrations in
roots and leaves of lettuce were 404.48 (g/kg and 3.45 118/kg for Duckpyeong soil (initial U concentration: 28.85
mg/kg), indicating that the most of uranium extracted from the soil were accumulated in roots. Among the four
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plants used in this study, the lettuce roots showed the highest U concentration, and the roots of chinese cabbage,
sweet potato and radish in order. With S0 mM citric acid solution, U concentration of leaves and roots increased
by 10~50 times and 3~10 times, compared to those without citric acid solution, suggesting that the use of 50 mM
citric acid solution as a chelating agent is very effective in enhancing the U removal from the soil. Only 14% of
U in exchangeable/carbonate fractions were removed by the phytoextraction when the citric acid was not used.
But nearly 100% of U were removed when 50 mM citric acid solution was added to the soil. Results suggested
that the addition of citric acid to the soil can increase the solubility of U attached on the carboxyl group of citric
acid in soil water and thus accelerate the biological activity of the plant, following the increase of U transition

capacity into the plant.

Key words: citric acid, phytoextraction, uranium, removal capacity, soil pollution

(Yikyeong Han, Sumin Park and Minhee Lee, Department of Earth Environmental Sciences, Pukyong National
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A9 8 5ot ke SelLtehs 9
A Ao Za3t HARE Yo A% 500 ton A
£9] 53 Sehrg 100% W S915H Qe A%
ojm, o qA] AH|FE v 10% oA EojuhaL
St} (Korea Hydro and Nuclear Power, 2013). &
A = 470 AG(=X, D4, 8, FB)elA 7Hs
B3 Q= 237] fdos BE wid A 1SSt
£ A Al of 13,000che] g, 1
29 AT ES et A W AAATLE ©
+ 2016\ RS AlFe R 20189 HAHUA,
2019 G, 20219 EXYH £o 2 =3 A
B7} o] 20249 o] F-ofli= 2h 5] Zahd Agolth
(Korea Hydro and Nuclear Power, 2013). =<}t
RSt WAMIH 7 | & A7/ A o] E444
AR 8F(radionuclide)of| 2|3 & F 7] 412 vl A
2 oA Jlow, thREY YN kS
71 A7 AR 2B % sholch(Galing
and Fentiman, 2001). 9x}2] 2HHA| A 750 v
AHH71E A Y F 340 f=& e AL
41712 A& 5ol ofa) 74 EolLt Askert
£ g9 7FsA0] 9L, 2011 3¢ Y& S A|uk ¢
A2 xjze} ol Az} 2utole] ofet zjeiA e
o YJfr = YAFs ATl AH ez FEH 7
o] r}. w3t 2] S| olg Lol <A
= BT Aetert L 9E o ik AaEAel 7]
A3t Ao o3t BT XSk 2 Fof| gt
Q7 ol A zshgont, A Aol o5 &
gugts A dstH o2 ke SRt B4l o

2 A QoA et glom, ey JAS X3
Sh= 7|9keE Aol EAths EYY SehbE v E
EA Yehd AaEAy ARl Sehs LAESC] FH
oA Exdl= Ao 2 I A QlthLee and Chon,
1980; Kim et al., 1986; Chon et al., 1997).

SRR 0 gE B Aokt B2 3EHy
A o2 BECAAY, 133t/ HES, &
A7, G52 5ol AT, ol WHES F
3AZHE BET 4 9l B aH|go|w 3 uty]
2l 95 7H B o g 2% e JE o] IAT
T Q= HHE 7R QLoJA (Kunit et al., 2001),
F|Zofl= AES o] 83t FETHHRI Aol &
o] AFEHIL Utk AE9] 75L& ol&slo] Ede
Aol A B4 31 (phytoremediation)-2 AY el A
O] B} o] FA|of| 7Hssh A Aol 21gk
A Bdog deA QtkSchnoor et al.,
1995; US EPA, 1999a; Igwe and Abia, 2006). 4=
AePoll= AE7]15% o185t EF U a5 Al
Adh= AE521 (phytoextraction) i A&-2] Hig]
£ olg5te] A3 ) Pehrg FH-B4sHE B
o] 2} (rhizofiltration) ©] 713 Wo| E-g-E1 glom
(Gatliff, 1994; Macek et al., 2000; Reeves and Baker,
2000; Antonkiewicz and Jasiewicz, 2002), ©|2jo]l% 2]
29 2215 o] §310] EPU7} G F3pl £
G20l LBAIA SEEY] o5 dE ARTee] QFYEHA|
7= A B9 5 (phytostabilization) - 247 3He
=4 u|AyEf &3t 4~ &38| (rhizodegradation)
59| IeKSimonich and Hites, 1995; Schnoor, 1998;
Ghosh and Singh, 2005).
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Zre ol M= FaFS T2 4= Jltk(Pabalan and
Turner, 1997; Katsoyiannis et al., 2006). 2| &F&
Hol a5 AAREE 74338 2-&(Dhankher
et al., 2002), v|A&E ZA3KSouza et al., 1999), H| &2
U o] EA|(Bennett et al., 1998; Huang et al.,
1998) 59| A7l o8l 2 o= =T, ZEolE
A F2 AEo] 342 FAIL Holsh] At
Eope] Z34 Sa|wol YEBYEES ZHAIE
A7H2 AREE olgreHSchmidt, 2003). A1 E322
Hol| 2 ALg-H L o|EA| = ethylene diamine
tetracetic acid (EDTA: C10H1¢N2Os), ethylene dia-
mine diacetate (EDDA: CeH1sN2Oy), F-AAK(citric
acid: CeHgOy) S°] J+=d|(Kumar et al., 1995;
Huang and Cunningham, 1996; Brooks, 1998;
Salt et al., 1998), &3] Huang (1998)2 FHAARS A}
&l ES Y ke S=G AEZHEE F
7HIA A& s e =Y s At &
AstRtt. Chang et al. (2005)-2 FAAHE-] 30 mM
200 mlE 2k 28 B 43S o FAet
Q1% Ajo] eJ3t ks Fogol A Z7kectn
3}, Duquéne ef al. (2009)2 o8] 79| 29
O|EA| & A4S ARSHRS o JI=AR T
o] o3t L2hE F-&°] 7H Wol Skt
st 2™, Mihalik ef al. (2012)2 A ARg-0 2]
3 sfutetre ozt -2hs(U), A(Fe), ot (Zn)9
F2h&ol S7RHAL shleh B3 = = 2w
Tt & EGY APRE0] HAE EEEHL
Ao, o5 FAA i A ZEof gt L2k
FEY 555 (accumulation capacity)®] st A
T o} 271 o] 2ol A} glow, Egkom i of
2j3t 2go] )8 Al sk kol tig HA
21 AFE S8 Ho] gick.
£ ATolAE $ohs st we F) 2
o A 2L o FeAEElS Hrhe 4]

ol o £ of

EL‘q.
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B2 AALST AAZIAS ) AL F
stol FERORM, F F Sehs CUEY BYL
Sfat TGRS WK HBEEUS) 4 Tk

2.1 EQO| 2334818 ENM 7Y

S0 ) 34 AQET Hasto] F]uietols]
A ATAS] o3 ek o] £& Aow
Bl S5 At 9% (Shin and Kim, 2011),
Ho 222 (Lee et al., 1996), FARE FHAH
(Kim and Chon, 1997)9] Attt gk EQF 9Z]g 0| A
A7 BEFAR FollA, 2 Azt 7Hs T E =
% % 92 5=/ 1 e HHAe EHels
‘G EHDP soil)y 0.2 P EEI} 7P e
279 EoH(o]al ‘FHEHCB soil) 22 )
= 2 47 AR B AN AT (aH
1).

FREokr} Sy Eeke] o) 515 B4 wlo}
317] 9J5te] EA(Soil texture), °4-0]2 5=(pH), &
F712AFEHTOC: Total Organic Carbon content),
o] 2135 (CEC: Cation Exchange Capacity),
$212(T-N) @ $<1(T-P), X-413/ 28 (XRD: X-ray
Diffractometer), X-A1333(XRF: X-ray Fluorescence
spectrometer) 248 AA5tRTE EQFO EFS
BA57] ffete] aAa EES AIAT F 30T
oA AxsFoH, EY U EXF S U=
7F 2 QAL o] A4 AR AR A 71E ARSI
oAkl M E QAR 79 1000 ml #l2A FE o 200
mesh =7] 0]|8}2] £} 5% Z=1(NaPO,)& 1
L& £33 5, ERte] 270 e Wsmie
o]-g3t= | 3E (pipetting)HL o]-&3ta] =45}
AthMoon, 1996). EFA RS = B4 AN E E
A2 vlsFAdol M AR B2 (soil texture
triangle) 2.2 EAZ AA3I . EFQ 40l
B (pH)E F) Bk AT FAE ol vet B9
NBE ZF8549H1: 5(W/ V)2 et 147 &
2|A1Z1 & pH Z=(Orion 3-Star Plus pH Meter)
2 ol gl ZATIAT F47IRATE, Fol2n
S5, A4, 29 FEE AL 54T
Het5-5717 1 9(NICEM) of| 241 =3ttt B
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Fig. 1. Geological maps around the soil sampling sites (modified from Lee ez al., 1980 (a) and Lee et al., 1972 (b)).



TAHAK(citric acid)2 H7sH MlEFE

of FALHE A 3] Slste] BagTe) m)
A|&(200 mesh 37] o|sh) & 2|8 =(glass bead)
ofl A&st &, X-Al &334 7](SHIMADZU-1800)&
olg o] 29U HES BAsllr Bkl 2 74
2 B S1ko] XAl B/ E47](Phlips,
Metheland, X Pert-MPD System)& ©]-83}o &
Hapsict.

A5 5 mopA o] tate] 20134 EAFFHA
AN AT T2 ATgFHo= HA
2]3le] ICP-MS (Perkin elmer, Elan 6100, FIMS
400)2 $ehs s=S ST AHT B
25Co|l A 4 ARAA 100MA =2 Z+2F A As &
£ 3 g& 48] FIsto] 250 ml ¥HE--§7]9f WL
°F0.5~1 mle] E2 M & tha G4k 21 mieh A4t
7 mig 7ste] HeiFsieh &4 87101 D05
M) 15 ml& 531 2X]7F B¢ AR & 225 70~10
0C2 &8 SF2Ad TYsIES g thg 247F
5} Balgh ¥ g-87]e] A4E5%E Whatman
NO. 40 oA & ARE-5Fe] 100 ml 5 S2kF0
oja}sla AAL0.5 M gHo R FATIA] P& oA
o] Sk S =S ICP-MSE B4k

22 ASFEE ME

Eofo]| ZA5H= BE Lalsg A2o| F48 4
Y= A2 ot B R SEhgo] B HollA of| )8t
2 P2 A= RE T 28t glen, 2
0] EAFENE Holgozn Seheo] 4SS &
s AEE &8 4= Jth(Kim and Fergusson,
1991). & Atelxe= B W EAsk= 2k FEiet
Fed ZAJFS 24517 $J8te] Tessier et al. (1979)
AR o s B Eeb R tstel A4E
AE(SEP: Sequential extraction procedure)< Al
Asteich A4E Aol ool B W ekl
A P 5PAR £7E o o, Eo =R
20] 21 wA U Tekol (1), Bt
HIEHQDEA), L A/ A= FEHCEA),
A w7 1e/ B E (AEA), B4 W AR
AR (SR 2 Bt 7 T A4z
ofgt -2 SEFE A =he S vlaste
EG U 5F79] &4 FHE S AFHIE A
AVSITE. AT Q143 AT Jung (1994)
9] =&l UEh AT

ot

]

(phytoextraction)2| <2ts MM =4t 7H 505

2.3 A|EFEH (phytoextracton) A&

U dE AES o83t AEFEH o7t 4
2o) ol AL FHSH= ABANZE (pot)
S AN a2 9-2hs AlA R digt
A3 477} 79 glon], F34 FaHeol £3 4%
ST} WhE A8 FollA, ) 105 Al 2o E3t
E]&= AF3(lettuce: Lactuca sativa L.), B]}5(Chinese
cabbage: Brassica campestris L.), I=-0}(sweet po-
tato: Ipomoea batatas L.), $-(radish: Raphanus sat-
ous L) 5 % 458 ASSIATHIY 2). AERE
H AFL 98 30 cm x 10 cm % 11 cm =27]9] 3]
A2 BetaY ZES AMgSlGoH, 48T i
£ glolod ZE B3 nES ol 45}e] oF 1 cm
FAR AL, 11 9ol $ehe s=TtHE A A
2 FHEJN gRPESFS TEHZ 33 kg¥ F
Askgler EEW FAF ABo] AREgon,
A B ZREE 27 £ 16719 A& A ZEEZ A
sl giey. A%, W3, i 2tzke] mE o Roke A
of ol o, mynkt guTnle] XE s
e o stel AMelsict TEv 3755
w2 100-300 mi2 FFsto] AA| EF 28 FF
o] °F 20~30%7 §AHES 2AsAT AR

Chinese cabbage
(Brassica campestris L.)

Lettuce
(Lactuca sativa L.)

Radish
(Raphanus sativus L.)

Sweet potato
(Ipomoea batatas L.)
Fig. 2. Seeds and slice of four different plants for the
phytoextraction.
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Table 1. Physicochemical properties of two soils used in experiments.

Soil name Soil texture pH ToC CEC TN =P U conc.
(%0) (cmolkg) (%) (mg/kg) (mg/kg)
CB soil ‘Loamy sand’ 7.66 3.13 21.74 0.25 2790.33 28.85
DP soil ‘Sand’ 5.43 2.12 17.20 0.14 556.22 4.53

*CB soil: Chubumyeon soil, DP soil: Duckpyeongri soil

Table 2. Uranium concentrations of each extant form in two soils by sequential extraction procedure (unit: /£g/kg).

Soil name Step 1 Step 2 Step 3 Step 4 Step 5
CB soil 0.80 52.85 935.54 446.49 590.83
DP soil 7.61 2,970.67 13,258.04 4,370.16 1,612.11

Plants in

soil Duckpyeong soil
Fig. 3. Photographs of the phytoextraction process in
phytotron.

Phytotron

7](phytotron) ] A& 2= 25C, FE70%, 2=
4000 Lux (16A]7H/ 4), COys= 600 ppmoZ
gt 5 AEZES AEAR7] ol AXAA &=
== 49 F st e n, Aufet AL 25 7t
7o ZF 43] JFeI3t AEFEHS o83 &
£ Aul A 282 11 3o el Sl
AEFEH s A= ol 55E T
SA8t7] Yol AT AT QS Eest
A2 FHRTE N AFSAL, e &S ol
T FFT= AIAEE E A 0.1% HCIO, -84 35
B EE F SRR W o) AlA skt Chang,
2005). 5215303 (NIAST, 2000)of) whe} Helgh A
= 798 A& 2 g2 300 ml H]o]AH o] ¥ 10 ml
ZAHHNO:)S H7Fste] 10417 FAIAH T 24
@717} 25 dot 2 Yi7kR]| (7715 &3l) 1 ml ZH4E
Shp A2 (HaOn) & F7151e] 180°C o] atellA] 12} Ak
S AAIGE £, 2F E8AQl ternary solution
(HNO; : H,S0, : HCIOs=10: 1 : 4), 20 mlZ A7}
ato] R0l & w7kx] 160°C~200C of|A] A4 3]

7vgstact 0.5% A4k AMg-she] 2E Eaf g
HulZ 10 ml2 23 & Whatman No. 40 o3}%]
£ AESH] oA gt o H O] fEhE FE=E ICP-MS
2 ZAsto] e A7tol| w2 A1 ES] Hed 2hw
FTEE EA8AT 24 ZE W) EF 33 kgolA A
High A1 &0 AL} A& SEhs 55 55
79 by 552 245, BT AE
A Atol o] AFEE2RE AEFSHol 93t 4
2 Sals AAA&&(uranium removal effi-
ciency: %) oFel A& o]-&sto] AAkstT)

Uranium removdl ef ficiency (%) =100 — [(%) * 100

s

Aq71A, C= EXY 27] $2hs T=(ug/kg)E
Uehha, o 4822y AY F 420 531
Fohe9 5= (ue/kg) S LERHTE

AgEao] ot EFOoRNE Sehs(+6)o]
29] 48 52 2| Sohs 24 Yehot Aok
B2 YAk D Sl AE GaEe o
(Pabalan et al., 1997; Katsoyiannis et al., 2006), At
AN AL 22 U0, 9 ' Sahd’ ool Fej=2
EA st gafido] & ©AFE Atk (carbonate
complex) 52 AT =N B WA £
L3l = (solubility) €} o] &= (mobility) & S7HA]7 =
Ao 2 A Qtk(Waite et al., 1994; Langmuir,
1997). & QoM EGLREE A 529 LehE
FEES =017] A% ZEo|EAR FALMEAS
Ee] H7tsto] A= S 5= 5717
= ARS AN EYGE S Tl =2 9
PFEGFS ARSI, A oA AET Yt




TAHAK(citric acid)2 H7sH MlEFE

A5 HlE, A7) 75 F U SRE ANSSE] A
AR A &% 25C, &= 70%, 2% 4000 Lux
(16A171/ ), CO, 5% 600 ppm 2 A 2] AEAA7]
oA 56 ot AufstgEch FLAAEH-LE Lozano
etal. (2011)¢] 7]& Aol oaf A7t w2 A=
&2 25 mMI} 50 mME ARSSHETE AlE 423
6 Hef 25 mM1} 50 mM - A4HE-H 300 mlA-&
EF AR BEAlehs WA 02 AE Al ZE
217} AT Al Aol et {FHE AES ok
ol Al et sAEH o= WA 7 £ ICP-MS
2 A& 7 fehE =5 A

3. o3 At
3.1 EO| E|-38Hy EM W

Aol AMERE Eoke] B - 515k B4 B4 2
e 3 10 e gleh. SREe] B4E 2ol

(phytoextraction)2| <2ts MM =4t 7H 507

0.075 mME 23}3}= sand YA} H]&©] 86.90%,
0.075 mM ©|3}21 siltJ=}e} clay YA} ¥]-&©o] Zkz}
10.96%2}+2.13% Q1 ' FHALE (Loamy sand) RL2.H,
Y EL sand YA} 91.12%, siltPYA= 5.22%,
clay A7} 3.66% & AA| 8= ‘AHE(Sand) o S
Huok FRESY pHE 76622 F4 EFCI
3 TOCE 3.13%, CEC=21.74 cmol/ kg, 8 4%
2 0.25%°]Utt. GHERFS] pHE 54302 2kiHY
EQFo|3a TOCE 2.12%, CECE 17.20 cmol/kg,
FA4FL 0.14%0]%ck F %] TOC, CEC, %
A ulah) UehgAIR Fe13e SR Eopo)
2790.33 mg/kgo =2 HWESQF 556.22 mg/kgH T}
= et & EGY FAAEEA 2, FRE
&L Si0, 66.16%, AlOs 16.36%, FexOs 5.55%,
K20 0.25%, MgO 2.64% 40 2 o]Fo|A Qe
GYEUL SiO7F 68.02% 2 thEES X[l
A1,0316.48%, Fe,05 6.38%, KyO 3.54%, MgO 2.44%

Soil

Cultivation time (week)

Fig. 4. Photographs of the plants at different cultivation time of phytoextraction.
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Table 3. Uranium concentration (#8/kg) in leaves and roots of plant during the phytoextraction for two soils.

Soil name Plant type Part

Cultivation time (week)

1 3 5 7
Leaves 93.14 2.78 242 2.09
Lettuce
Roots - - - 47.73
. Leaves 30.66 6.27 3.63 3.12
Chinese cabbage
) Roots - - - 21.76
CB soil
Leaves 9.85 1.65 1.44 1.12
Sweet potato
Roots - - - 19.73
. Leaves 8.29 2.67 2.55 0.67
Radish
Roots - - - 19.49
Leaves 121.73 29.49 25.81 3.45
Lettuce
Roots - - - 404 .48
. Leaves 65.06 17.11 14.18 10.21
Chinese cabbage
) Roots - - - 326.38
DP soil
Leaves 4.44 4.19 2.72 2.15
Sweet potato
Roots - - - 315.72
. Leaves 20.00 18.59 15.10 3.99
Radish
Roots - - - 206.81

* 2% not analyzed

Lo o|RolA ggiet ¥ A9 EF| FLYYE

Y 2y, FREGH HPEY BF 49, udE,
=40 F43E9) 20 2 vekitth(Han, 2014).
$ehE 5= 4 Al AE A7t 7sst B S
A SekE gaFo] 28.85 mg/kgo & 7MY =2 28
it g e EG S2hs ol 453 mg/kg
o2 7 HE E FRAGY T EGS 2 AY
St EFARE At

28 ¥ ek 2HEE st
517] §a A453 Y Ak T 20 ekl

ke
)= 52 1g/kg, 3TA
(B /U EFe)E 15,258 ue/kg, 42
A 2712/ FoHB )L 4370 us/kg, 58
AFEAR ) BRI E 1612 pe/kg 0 2 &
Eop o 4] Seke] 97%7h 9 9

FREFY B9 18RI FH) Sehs SEE
2R (AT
a

Al Eof, S5,
Q1 3EHA|(46%), 4,5HA(22%), STHA(29%) = EA)
stgar, A4 eRso 3%(53.65 1g/kg)qt A1 Eo]
T3] 412 1dA9 21 A FEiE B Yol &

Astact SHEG] 13A(ned FH) S 5
E=761 pg/kg, 22A(SFATE I =)= 2,970.67 18
/kg, STA|(EHY F/I7H4EHERH|) = 13,258
1g/kg, 4GA|(AEHY R71E/FsHEFH) = 4370
1g/kg, SHA(CFEAA W IRAAFH) = 1,612 18
/kgl & EAEo|, §PEYF Y 87% 2] L2hHgo] E
F W g FEfl 32A|(60%), 45A|(20%), 5
A7%) 2 291, AA e 13.4%(2,978
1g/kg)7F AEo| F3l7] 42 19419 234
B2 B Woll A5ttt

3.3 AEFEH (pytoextraction) AE

3.3.1 FHLEAS H7FeHA] g2 A8 A A

FREGN YPEGS o2 A5 vis, 1L
Tt £ 5 U 7Y AES A8 0A 49Y
SOk QAR ABS AR M 19 4] ek
ek HOkS HobAI7] A9 ol 381 FHE Aol
£7] Aits}o] 15 ol BE 41Z0] 1m ol 4
BRI, 5% FREE 2243 APatol 77 T
= Aol B3] 7ok F 55 ol o
sl 4B 4 SEl |ErT Aulet e
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A E3 vl A Al I olA A
o] ¥z AlEo] sk I Foll YolAl Al
ARPER AFiete] B4alA ZaAL(AM F= F
), A Qw2 Ao F 431, 3, 5, 7F)
AFste] Soks SES BASATt Ay Az
A A1 v} Wl o] Loby BEE E 3of Uret
Wit SR ol F 158 A8 Qo] $2
B 5Tl A1 121.73 1g/kg O 2 7H EgkoH,
I ohe-L i3 65.06 1g/kg, T 19.99 pg/kg, T
u}4.19 pg/kg <=0| 1L, 35+ FHRE= AF71 2949
rg/kg, w3 17.10 pg/kg, 1150t 1.65 ng/kg, F+=
267 1g/kgo 2 opgom, 73 o= A5t
3.45 ng/kg, w3 10.21 pg/kg, 0t 2.15 ng/kg,
5399 pg/kgo 2, BE AF QY] fehF 5=}
10 1g/kg olot= Rt B4 L2hw w=ol 4
Tglo]l e FFY AE 92 ol T 15 oy
s =7 7P =L, Al 3 o] F R E =
A3] dasto] wj-- WA FASH o] Hg At
£ 15 35E A=Y AAZe] 943] F7HAE

W 7N AR ek 532 QR

"
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o
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of F
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Fig. 5. Absolute uranium removal amount (¢8) in leaves
and roots of plant after 7 weeks of phytoextraction.
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A9 AL by 55T 298 )=
o] A& AT F7tol vlsl 2= fehw =
£ ° ol 3A F7HHA] &7] wiZolth whabA 4]
EFEHE EY W S AAE H8 &&st=
7% 7HA AlE A ARk E0lE A -5
F7Fet= S Agste Ao viERE Ao R &
= ST

FH EH&Z7]5%: 453 mg/kg)ollA 499 F<t
Aufgt & A3 AE B ss AFTH47.73
1g/kgo 2 7WAF =9k 1 thEo] v 21.76 48
/kg, 70} 19.73 peg/kg, §19.49 pg/kg <0102
o, A& Y L2 sRET A8 B 5=t
2 =30 B EY(28.85 mg/ke) ol HL- A&
B s FRESY R 2 4571 404.48
1g/ kgl 2 71 &9k 1 th2o] v 326.38 18
/kg, 171} 315.72 pg/ kg, F206.81 g/ kg &=01
ot A ZAE2RE AEA A S R
o FENN Qo2 = uf$- HL2 o] Zo|E
Pos g 5 USTh F FF ESlA Auiet A=
45 19 S s P B 1 o
o] vjjg, ai+tut, F ol it B¢k S2hE &t
Ao g2 2o YBPEY(27]5x: 28.85 mg/kg)
oA At BE AlE Qut el ks w7t
AfH oz o 2 ek x7]%E: 453 mg/kg)
oA At Al At ey FrRoh =4 vt
u, AEA Y Sk e EYY S R (&
3| W3/ e (AEGFE DAL 23A) =
EAet= S2hE )0l vlEshs A2 YeTth
(9] 3.2 A3 & =x).

FREGI YHPEFOA 49U T Auiste] 2
e AE QB9 fehs = d #elg
Az SFE Foto] AXREE A5 £9d ks 4
A A S (absolute removal amount: ¢g)& I1H 5
of et et FHEHZ7]5%: 4.53 mg/kg)ollA]
At & GFHeH A Qo Sehs AlAH 53.63
18O 2 7wk om, 1 th w5 52.42 g, a1
n} 4311 g, B 14.58 ug <o)} A1 Majo] &
e AAR A AF71 11933 g 2 718 &5k
1, 71 th2o] HjE 69.63 pg, 11Fuf 7497 pg, T
40.93 pg 2:01QtHaY 5(a)). ZRE}oZ HE
AEFER 3 A=Y & ke AARF A5t
17295 (g2 2 7V %9k1, 71 thgo] vl3 122,05
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Table 4. Results for soil property changes by adding 25 mM and 50 mM citric acid solution.

pH

TOC
(o)

CEC
(cmol/kg)

TN
(%)

T-P
(mg/kg)

Without citric acid solution 5.43

2.12 17.20 0.14 556.22

With 25 mM of citric acid solution 4.95

2.18 16.16 0.15 556.67

With 50 mM of citric acid solution 4.79

2.06 17.44 0.14 576.67

= Without citric acid
W With citric acid 25mM

With citric acid 50mM

U concentration (pug/kgy

:n:w.l:ﬂi

o+r——m———— T

e o8 X0 Bl
(e . ‘a“b: et pn“’ ?‘.Ach
o

(a) leaves

3,000

2,500
2000 7

1,500 1~ = without citric acid

et

mWith citric acid 25mM
1,000

With citric acid S50mM

U concentration (ug/kg)

w
Q
=1

e @‘D"ﬁ’eze‘ oo
ol

(b) roots

Fig. 6. Uranium concentrations in leaves (up) and roots
(down) of plant for 7 weeks of phytoextraction with/
without citric acid solution.

©g, 11}k 118.08 1g, X 55.51 pg <o)tk =1
OF(Z7)%s%: 28.85 mg/kg)ollA AuEt & et
AE %9 SehE AAZTE AT A 59.06 182
2 71 29k ar, ulj3=71268.491 ug o 2 71 =9k o
o, et 39.45 1, = 170.48 pgo] vk
5(b)). #e|9] Sehw AADE FHEST vt
2|2 A7 1120.41 18 0.2 71 =9k, 1 theo)
= 848.58 g, TTu} 842.96 18, T 686.61 1g &=
ollith. HEY L ZHE AE5EH 93 A=
9] T e AAFZ AF71 117947 182 2 717
=931 1 ko] vl 1117.07 pg, 10} 882.42
g, T 857.09 g ol itk Ad A, B9 92t
F =0 #AJ] AEY F 2w AATS A
F7F 7P =93 1 ok ullss, vl F ol$l

f

o $ehs FEsl We RREgNTh SR} e
S Eol A AE BE AlEe) $ak A7 o]
A Uehgton, Qut wejo] 9ok AAwHE
Y EglN £ ek, A2A0] S48 9ok
o] Z7H4E The Renr) Belo] H 3 &
e S70He 202 et S Eg] A9
499 F3 A5 Aol ©J3) =¥ 1 kgO =N E A
Af Sehewre A2 5% b5 § SoEH@
S50 o8 Epo =N 21 1979} 28
2 EA5Hs Sehew) e Bheldl, SHEY
o B9 AEE ol 43 13] ABEE Y] o) £}
kg o2 R E AR Sehsde 14%e] 233
4 $ohs SEHES Uehhs 452 ol g3k 42
Zavom YUEge] Seheg AAS: H9et
£ 4 22 22 At Bas Ao 2 BeEt.

3.3.2 Ao EAIQ FALLGRE H73E A1E Al
A

z27] 92 Tt w2 UHEYSE 2EH 4
£ Sk &2 wol7] g AeolEAR
AAF25 mMZE50 mM G4 A EFEY T2 6%
Aol Z} A& ZEo| 300 mI¥ F¢I5te] A& Aul
AES T T BEGY EAS EAT Ae E 49
Vet ok, A4 25 mM 50 mM 89 2912 &
% FR7IH2AHTOC), Fol&1ehs(CEC),
T, FUF Yolle 2 I9FE A g2 A
2 Uepg o, B9 pHe 73425 mM 95 3
7h & o 4.952 253, 50 mM 8- 37t 9
3 4.79% a8ttt ol2|gt Ait= Sehge] pH
5 0|8} A ZAC|AE 2 U0, 9} 22 92
(+6)9] ‘f-ehd” Fol2 FHj = EA5h=tl|(Grenthe
etal. 1992), 4 W FUE 7Aool EG Y 9=t
g’ ol 23t vh-gste] 454 0| E BRlA= EX)
doN EGoniE oY &=t AT
HEE F7H717] Wi e 2 AaE ¢t (Huang et
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al., 1998).

Eo] Sihs TS Eol7] Yg dHo|EA
2 FAAF25 mM3} 50 mM 89 H7lshe] =333t
AEFEY T8 T AE d Y ek =
24 di= 33 6o yEhligich a4t 25 mM
BHS U B EFIA Auligh A E Qo] #2
F 5Es 17ubr164.26 pg/kg o 2 7 =3k,
theo 2 AR 9519 ug/kg, ¥ 73.32 ng/kg, HiE
67.88 1g/kg <=0l om, A5 HY L2hg FE
L3571 949.03 pg/kg 0.2 71 E9kT, The o g
AFZ553.90 pg/kg, 70} 544.69 g/ kg, T 325.74
18/kg 40| ATHLE 6(a)). THAF 25 mM §HLS
7Rt BEgollA] AufE AE 49 e sEe
85719519 g/ kge 2 FAAENS bR ¢
2 EFollA Aupgt g5 A(3.45 1g/kg)Tt v aL R
<= o 308 o4} =A veht bl 7 AE 4 S 7t
% wol S7Fsk3lt) 25 mM FALREAS H71gE
EolA Auie AE 29 2k s w5t
949.03 118/ kg O 2 FAAGN S HIIHA] ¢k B
Foll A el vl 5(326.38 1g/kg) BTt oF 3u) Z7}
sto] o] 57 A& e F 7HE SVl 28H (2

= wWithout citric acid

mWith citric acid 25mM

Absolute removal
amount (ug)

With citric acid S0mM

e e 20 e

\e‘_m ca.eha% lvo-@ ?\3“3‘
e e

o

(a) leaves

600 1~
400
20 7"
e -~

\_&une @b‘,ai,:e‘ 93\3‘” RB(‘J\',‘\
A

e s

mWithout citric acid
mWith citric acid 25mM

Absolute removal
amount
o
[=}
[=]

With citric acid SOmM

(b) roots
Fig. 7. Absolute uranium removal amount (¢g) in leaves
(top) and roots (bottom) of plants for 7 weeks of phy-
toextraction with/without citric acid solution.
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2 6(b)). T-24F 50 mM L& 713 B A 7]
uig 412 Qo] $ehr i Wi} 500.83 e /kg
0% TANGNS FrF5H e BN ket
H|5(10.21 128/ kg) BT oF 508 E7}3te] o] £F
AE A F 7 gol S7kskleh A4S
7kt EollA Al AE B SehE vhe
F7h FAAE NS H78HA] 92 EollA Al
FETE 108 o]} S7tste] b F7 A& e S 7
& wol F7Ieleh A 21, EGorRY Mg
29 L2hE 555 Eol7] fgt Aol EA= 50
mMe] TAAENE g3 Ao] BakE el Ao
= Ueha, £3] v 50 mM &2 J7HE
wf 91(429.43 pg/kg)d} ¥2(2913.68 ng/kg)<] -2t
¥ 5=7F 7 ol S71skth FaAE 7t
o &Jaf A ehE Tt Bol SV A2 4
& B FAE AW SehEe] A £
(CaHsOy) W 374¢] 72 847)(R-COO) 2} Best
of Ag|o|E 3RMES FAstL, A EAY AEZFL
2 ol5% F, AlEH 9 7t=2547](CO0) et A9t
st F2tel7] WiERl Ao wETiWaite et
al., 1994; Langmuir, 1997).

T4 25 mMI} 50 mM -&-HE 7R & A&
FEHE YT AE dT By F S A
A A AL Ak 238 790 dehl ok FA4E50
mM -§H-E AT B4 Aufgt AE 1) £
s A AT F7} 2661.97 1802 71 =9ro,
I otk aFut 1746.75 pg, A 1293.24 pg, w5
320.53 pgolieh. A& FelY Lekw AATE 4
27} 172398 ngo 2 714 &=9fon, 1 g F
1022.89 1g, 1151} 487.76 pg, v 288.39 ug <=0|
Aok £4 23 ¥ TR/ AE A 5 7Y e A
AFo] 2661.97 g2 FALENS H7I6HA] &
< EolA ARt 7o) S-2hs AlAZ (17048 1g)
e} 15H] o}ARo 2 714 Bo] Z7FeHTH L 7(a)).
AlE Be 9 Sehe AATE 457172398 g
2 FRAEANS W71 e ol A Aue A
F 2](404.48 18) 9} B WP wf 4uf o]AFO = |
5 A8 99 3 714 Bol 2718 9TH2HE 7).
TFAGNS WA ABEEN ) AL, A2 AR
o] S2hg AAIATE 771 3576.86 s = 7MY &
Qrom 1 o Ak 3017.22 pg, I1-0} 2234.5 118,
Hj 3= 608.92 1g =o|Uth. F9] B9 LEhs T
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QEoh 7t AT 9o Ao Br] wEol
A& AA o3t F ke AATES e ¢
o] B A Yetsith A& T7E AAZFE <4171 4]
EIFE S s A HEIR=AE S
T AEET gL 24 2E W) AR A= A
2e] 2jo| T A7 47} A ekt
mpeo 2 B,
4. E 9

EGF U F25Y 2AFHE a7l s
STAZ ERT o, A E0] o] 7T FEES E
& W SAFEZHIGA Q] w3 et 20A o] g
ArAZRFH R FaEolzta A ok dRky
oz AE U ke %S 2Hs= satt 8
2= EY Y s dFo|AT, Alloway et al.
(1988)2 B S5 &gl 2 AFollA Azt
AEY Fa& STl L3y WA vEhd 5 9l
= o= EY W 5550 3 A/
P}t ASHY frlE/BEETEHE EAT BS
AlEo] F42 F5l7] o187 dlizol2har g5t
At Zhang et al. (2006)2 71 =g, 728, o2 @
HE ESORRE A2 Holgf 57 AHS AA
gt Ad, AlE 2R YR Hojd a5 = U
2ol 1A%l e dFejol A 7]Q1g Ao, w2}
A 1A a5 A& HolgE d&she AA
Az AHE 5 LS AFE B Aok Li et al
(2007)2 B & o] &3 AP Bl 12A 12 224
ZAFH Y FaE0] FETH LR Hol7} 7Hsst

100
a0 17
80
70 1
50
s0 1
a0 T
30 1

20 ¥
0 7

Lettuce

W Without citric acid

= With ctric acid 25mM

With citric acid 50mM

Removal efficiency (%)

Sweet
potato

Radish

Chinese
cabbage

Fig. 8. Removal efficiency of plants based on the ura-
nium amount in step 1 and step 2 of the sequential ex-
traction procedure for the Duckpyeong soil during the
phytoextraction with/without citric acid solution.

2o 2 B35, Zheljazkov et al. (2008)2 A&
29 7IEF L EUS o= oAl 717 o8&
AES Auiste] EG W 559 5= AER
Aold F54% 55 d5551 279} Hlwsty
AE 22 Yo 549 dF2Y Fa5° ESF W
Fo5Y 19419 e Fejel 29419l ehitd 2
el o] S ERI5H3TE Hong et al. (2009) =
L5508 A B9l e AAET T Y
3 ATE Ao, 2445 o] 83 CCA (chromated
copper arsenate) 2 2 F¥ Bl Ho|FS o=
She A5 3T 29, 19419 wedFE e 2
ARl BAE AT F ol AFE = FEE0] AE
2 o] gAde 7HAIH, A H/UHEHE R H
A 3GA, A 7=/ BB FE 424, F=

A7 Y ARG SR EAse SEE5S

AE29| o7t A9 HA| gertal FFsIAH
Alloway et al. (1988)2 E%F9] pH7} v|1 & &1l
(75~7.8), EF W B&50] F/U7t ASEFH
o {7183 A oW EGOREE 4F0]
452 Sl offrkar Husiith weba] B
US55 SAFHE A&7 A9 seEA =
R o, B WellA 19419 w3dgeet 2d
ARl FAABRFEHE EXdH= FFE0] AEC]
ol 7Fsd FEjzta Wols oA aL JITk(Li ef al,,
2007).

oA AFE o) A=Y AT Aol 2
Aste] & AFoMe F F7Y EF W ==
ZAFEH Y 54 gotste] Y23 o8 74
o] = FEREF(AEAIRY HolF)S B4
ot $ehE Tt 22 HBES tete] BES
A o]g 7FsAo] T 19A1¢} 2A o sd==
SRS EGCRRE AERY o7t bt
T FHEE(100%) 22 7Hgst vl S/ A=l
o3t AEFEHY AARES Altstglen, +4
ARgHS H7eHA] G2 AlEFE T VIR AE
F2H 295 39 8 Yeh itk 9 ESY 3
S BESHA o] 7Hs/dol w2 19A1Q] ndAd
gjol 241 SAEATFEH Y Lok o HlE
o] 13%(2978.28 ng/kg)olRom, AEFEHOR
499 F A = A2 F ShE s 4T
407.93 pg/kg, viZ 33658 pg/kg, 1tul 317.86
1g/kg, 5 210.80 ng/kgolitk. SH A& ¢



By FEEREH 0FEgF1kgo 2 ARSF 1 kg
Ao AAL = A= FEFE =
Apol o] AFRUEERE ALt AEFEH
%t S2he AAEES AR 29, 45 kg
o83 AEFEHOE YPEYF 1 kg Wl 1-284
P = 2t LS 13.70%, WiS= 11.30%,
ks 10.67%, B2 7.08%AAT 5 Qe AL
2 Ueh, B W SAske 1294 FE9] Sk
o] HlnA & HREYY B HEFEY
& A AEY s S d =Y e e AVt
AE A-83h= 2o vl A & Aoz A E
HREGeERE S AE FrES &0
7] $15te], o] EA| 2 FAAGHE TRl A
et Az, L A4 25 mM §HS H7keE A9 AE
o] Sabg TEL A0 AL 649.09 1g/kg, WS
& 101691 rg/kg, AFrk= 708.94 1g/kg, F=
399.06 18/kgo2 ZA o], 1-264 AP
S A i, ) FE 0l8R 1819 A
=2 og 747} 21.79%, 34.14%, 23.80%, 13.40%
AAE 4 A= A= YEsdth A4k 50 mM &
N M7 A HEY e AASE o St
sto] 1297 ZAFE S| $ehas e 44.94%,
i3 100%, L0k 40.91%, T 100% 2 AA
S THLE 8). o]2gt b= A 50 mM 8-
A7l &3) St 79 9 13] HEFEHS A
g3lo] 1 kg G EGORHE Bk ) 12042
Este SRS AY AAT & o= A

o]u|ghe}.

NE220 ofs) Bopo 2HEl AAT ot
e EOF o] A1Eo|7 T e $ehe S
(G2 M/ B R R EAH Soke
ol vlelshs Ao tehget.

2) TR 50 mM S Eofo] FUHS T 4]
2 9o] Saly FEE TG )5}
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A g2 EGFOIA At AlE3t v n s o
AE F5ol whet 24 1080l A 2 50u) o]
=}, AERE Y L Tk G4 AE
ol w2t 24 Sl A Hdf 106 o)l =
AT

HBEY 1 kgoll Histe] FEAH-E-AE M7t
A g2 HEFE A B U 1284 =
ZA5h= $eHse] 14% T AAE I o, A
450 mM 84S FARE A9 ES Ul 12
HAR EASE FehES HiEe FE ol 87t
13]9] AEFEHo2 100% AAT 5 AN
ok o]HE Bik= A Auliskes Bl +
AHEAE A7lshd B A5k 22k
o] Sol=ot AEBAHEE STHAA SRS
A F2E L, WEA dolshr] mlEelH, &
3] Abg=AA “petd” Fol2e = EAs)
< feheel A Weste] 54 01E
EAE 5] di2el B Wl 1294 ¥
B2 E2A5hs tiiwe $eheE AEA7t &
o2 AL 4= 3= A o= Hkdr)

&3]
=

AL At

o] EE- BATEHE A BHEATH| (2013
W)ell olste] ATHGLS. B T A Al
Sei54l HAREA A0 2 AR,
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