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ABSTRACT

Calcium (Ca) and potassium (K) were introduced to remove Sr and Cs in soil, respectively. Four factor and three level
Box-Bhenken design was employed to determine the optimal washing condition of Ca- and K-based solutions, and the
ranges tested were 0.1 to 1 M of Ca or K, L/S ratio of 5 to 20, washing time of 0.5 to 2 h, and pH of 2 to 7. The optimal
washing condition determined was 1 M of Ca or K, L/S ratio of 20, washing time of 1 h, and pH of 2, and Ca-based and
K-based solutions showed 68 and 81% removal efficiency for Sr and Cs, respectively in soil. For comparison, widely used
conventional washing agents such as 0.075 M EDTA, 0.01 M citric acid, 0.01 M oxalic acid, and 0.05 M phosphoric acid
were tested, and they showed 25 to 30% of Sr and Cs removal efficiency. Tessier sequential extraction was employed to
identify the changes in chemical forms of Sr and Cs during the washing. In contrast to the conventional washing agents,
Ca-based and K-based solutions were able to release relatively strongly bound forms of Sr and Cs such as Fe/Mn-oxide
and organic matter bound forms, suggesting the involvement of direct substitution mechanism, probably due to the

physicochemical similarities between Sr-Ca and Cs-K.
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1992), 2=k I olels ARde] oy H3k
A3s skt UF 23l ARte] AQEH T BRS
7}A3L I tH(Fuhrmann et al, 2002; Van Bergeijk et
al, 1992). WA, EFAAHL 8o il Ate] Aok
716 #=e AR 284S BT TH Abumaizar and
Smith, 1999). B A FoldlX= ofust A A|
(Washing agent)E AFE-3=A7F S 23 (Lee et al,
2008), HAETA Al ESF AlFol| ARk oz ALgE
<= ARAlE dgdittoloIE| Eglol| EXHEDTA), AlE
2XK(Citric acid), 22F:HOxalic acid) 2 1XH(Phosphoric
acid) 5°| Itk EDTA® 75 Sl tisl] =2 AlA
BES Uepie ZEolEAR & dEA loH, AlER
A SRS 7Rk R rRPIRIE dEolE
ol FEES FEoM, T2 A AEAS Ad <
AR B Al Beldorw FRkle FEEs AT
THAndrade et al, 2007; Apelblat, 2014; Fiume et al,
2014; Oustan et al, 2011; VilCiauskas et al., 2012).
Ty 919} 22 EYAIRAIES EY g} widS
7] wzell ESF AAkEo] otk ARl ATt
(Lanigan and Yamarik, 2002; Zhang et al., 2010).
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2. Materials and methods
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235190 (Sumner, 1994), F715 & Walkley-Black
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Table 1. Physicochemical properties of the soil used in this study

Property Value
pH 6.4
Total organic carbon (TOC) 3.83%
Cation exchange capacity 13.90 cmol/kg
Soil texture sandy loam
Soil bulk density 1.25 g/em®
Porosity 0.46
Sr concentration 89.32 mg/kg
Cs concentration 1.16 mg/kg

o 2 FRVIESERES ALKt Schumacher, 2002;
Singer and Janitzky, 1986). ol2n3ks 4L fsirie=
Ammonium acetate method’} AFE-EAT). o] HFHS Bk
AZ 508 50mLY 1N YEFOMIE O] E(CH;COONH,,
pH=7.00Z X3A|Zl F olojihxzd UFE(CH;
CHOHCH3) 50mL, 10% @shHEHF & somL 37}
3 5 HAF &9 5mLE 0.1-N H,SO0,2 FAsla
Kjeldahl A|2~®l(Kjeltec Auto 2400 System, Tecator AB,
SwedenyS AME-Sl] SA3l= WHo Tk (Bache, 1976).
Zer 2 2 89l o3t ~2E2ET Alir 77k A
AAHZEA =55 flsle] HRE3EHAA] (Response surface
methodology)z 34?1 Hr2=HlZll A% (Box-Bhenken
designy= AFE3I3AT). o] BREL 3AstaA; she A
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SAA dlolE] ¥4 W o]th(Solanki et al., 2007; Song
et al., 2021b; Yetilmezsoy et al., 2009). ¥ A=
3 4990 Bl A sl MEEAe]
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e 30822717, pHE 2~72 A} 2F 29ld
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AAY Aot s 892 Table 20, ZF &9
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Mo AF MEZL AAEEACH, ZF 7o A AF
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Table 2. Box-Behnken design matrix and Sr removal efficiency

Ca ' LS Washing time Experimentefi Predicted .
Number Pattern Concentration . pH Sr removal efficiency Sr removal efficiency

M) ratio (h) %) %)
1 0+0 0.5 20 0.5 4 56.5 56.6
2 ++00 1 20 1 4 62.8 64.5
3 0-0+ 0.5 1 7 46.6 46.0
4 +-00 1 5 1 4 52.5 52.7
5 0—0 0.5 2 4 452 45.5
6 0—0 0.5 5 0.5 4 432 44.1
7 0000 0.5 10 1 4 50.7 50.7
8 —00 0.1 5 1 4 30.3 28.5
9 —0-0 0.1 10 0.5 4 32 324
10 +0+0 1 10 2 4 57.9 56.6
11 —00— 0.1 10 1 2 32.6 32.9
12 —0+0 0.1 10 2 4 31.8 30.7
13 0000 0.5 10 1 4 50.7 50.7
14 00++ 0.5 10 2 7 452 46.1
15 0+0— 0.5 20 1 2 57.9 56.6
16 —+00 0.1 20 1 4 352 36.3
17 +0—0 1 10 0.5 4 58.2 57.7
18 00+ 0.5 10 2 2 48.9 50.1
19 0+0+ 0.5 20 1 7 54.5 52.9
20 0++0 0.5 20 2 4 494 49.4
21 0-0— 0.5 5 1 2 441 452
22 —00+ 0.1 10 1 7 315 32.6
23 0000 0.5 10 1 4 50.7 50.7
24 00—+ 0.5 10 0.5 7 50.7 50.5
25 00— 0.5 10 0.5 2 50.3 49.6
26 +00— 1 10 1 2 59.2 58.7
27 +00+ 1 10 1 7 573 57.7

TEE A

AARES HlasiEgTt AHA Y] S7
35 =3 A4s90eH, 0.075M EDTA(Wei et al.,
2016; Zhang et al, 2010), 0.01M A|EZAKApelblat,
2014; Fiume et al, 2014), 0.01 M <2F*KOustan et al.,
2011; Wei et al., 2016), and 0.05M <12k(Viltiauskas
et al, 2012)°] 2EEF % Alg Mgl A=A
AH AERT EF 228 50mL IYERFHEA @2 $
& 40 mLE FoIste] 18°ColA 1ARE F2t 1Rksle]
o 2EEF, AlgY EY W $55S USEPA Method
3052(EPA, 1996)5 WebA F=3i9om 945 F5e
FE A3 Selnl AF BAYN(CP-MS)E B3l 245
k. 3, A AT EF JeFS Bohi) I
s A1 F o] Ege] @ 8 Wb ¥ ZAskA
24 9 BF S0 2ERE 2 Aol tid AHA
A AHE Hetshr] 9t Tessier SHA F=HS S8
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slo] s}ehA] A FHjol WE AAEESS SAMNRAUT
(Tessier et al., 1979). Tessier SPAIE TAHOZ 19|
37 58 el (Exchangeable form), 29HA] BRI 23+
Ell(Carbonate bound form), 394 2 % "zt AkslE
A3 e (Fe/Mn-oxide bound form), 494 F71% ZAgt
&) (Organic matter bound form), SHAl= A el ol A
=740l A9 gi= A4 Pl (Residual form)OE
T/Ee] Atk 7 Tl me AREgE 8-l A Y
< Table 40l AE]=]o] Stk

3. Results and discussion
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Table 3. Box-Behnken design matrix and Cs removal efficiency
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Fig. 1. Parity plot showing the correlation between the experimental and predicted values of (a) Sr and (b) Cs removal efficiency.

E

K LS Washine time Experimented Predicted
Number Pattern Concentration ratio (h% pH Cs removal efficiency Cs removal efficiency
M) (%) (%)

1 00— 0.5 5 1 2 59.7 59.6
2 +0+0 1 10 2 4 75.8 76.6
3 0+0 0.5 20 0.5 4 62.2 63.2
4 0-+0+ 0.5 20 1 7 61.3 62.8
5 -0-0 0.01 10 0.5 4 51.7 524
6 —00 0.01 20 1 4 57.0 55.0
7 0000 0.5 10 1 4 582 582
8 00+ 0.5 10 2 2 64.2 63.6
9 —00 0.01 5 1 4 48.8 50.0
10 00++ 0.5 10 2 7 59.2 593
11 0—+0 0.5 5 2 4 56.4 55.5
12 +0-0 1 10 0.5 4 73.8 75.2
13 +00+ 1 10 1 7 74.7 742
14 0+0— 0.5 20 1 2 66.4 67.7
15 00—+ 0.5 10 0.5 7 58.2 573
16 —00— 0.01 10 1 2 55.8 56.2
17 0—0 0.5 5 0.5 4 552 544
18 00— 0.5 10 0.5 2 65.3 63.8
19 —00+ 0.01 10 1 7 52.7 523
20 0000 0.5 10 1 4 58.2 582
21 +-00 1 5 1 4 69.4 69.9
22 —0+0 0.01 10 2 4 52.7 52.7
23 0++0 0.5 20 2 4 63.1 63.9
24 +00— 1 10 1 2 80.7 81.1
25 0-0+ 0.5 5 1 7 53.7 53.8
26 0000 0.5 10 1 4 58.2 582
27 ++00 1 20 1 4 84.7 82.0
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Y =53.51 + 13.11x; + 3.98x, — 1.67x3— 1.13x4— 6.51x,> -
2.07x," — 1.22x5° = 0.16x4> — 1.00x1x,
+ O.ISXIX3 - 0.18XIX4— 2.16}6’2}6’3 - l.lleX4— 1227(73)(74 (1)

Y =58.19 + 11.70x; + 4.29x, + 0.42x5 — 2.68x4 +
5.51)(712 + O.SZXQ2+ 0.52)(732 + 2.27X42+ 1.75)(71)(72
+ 0.27)(?1)(?3 - 0.75)(?1)(?4 - 0.09)(?2)(?3 + 0.24X2X4 + 0.53X3X4 (2)

7y 219] A A} 31A2S &85 o5 A
£ H|w8}e] Parity Plot(Fig. 12 AL, ol& 53l v

foe Rl
2zl Ao AEAIE et #4HEA(ANOVA)
AN g N Table 59, ZF 8NHLE Table 691
HeRlIglor, o] 235 EdlZ 7} 219] Wl ue}
AGA| AAGE] HR=AE FAFCE A8t 2+

29150 AGE ZEEE 2 Al AATR s o
g2 A5 goeA Aojge] 255 JPelo] anh

I FE S Qo TS B QIAE T ot Sz}
o84 Fekshe STt Povalueld], ©] ko] 0.05 H
O e Q158 fodh QixbeElar s L 899

Table 4. Sequential extraction procedure applied in this study (Tessier et al., 1979)

Steps

Extraction Method

Exchangeable
Bound to carbonates
Bound to Fe & Mn oxides

Bound to organic matter
occasional agitation

8mL of 1M MgCh, pH 7, 1 h mixing at room temperature, continuous agitation

8 mL of 1 M NaOAc, pH 5 (adjusted by HOAc), 5 h mixing at room temperature, continuous agitation
20 mL of 0.04 M NH,OH-HCI in 25% (v/v) HOAc, 6 h mixing at 96°C, occasional agitation

(1) 3mL of 0.02M HNOs and 5 mL of 30% H,O,, pH 2 (adjusted by HNOs), 2 h mixing at 85°C,

(2) 3mL of 30% H,O,, pH 2 (adjusted by HNO;), 3 h mixing at 85°C, intermittent agitation
(3) 5 mL of 3.2 M NH,OAc in 20% (v/v) HNO;, diluted to 20 mL, 30 min mixing at room temperature,

continuous agitation

Residual

(1) 2mL of HF and 10 mL of HCIO,4, waited until dry
(2) 1mL of HF and 10 mL of HCIO,, waited until dry

(3) 1 mL of HCIO4, evaporated until the appearance of white fumes

(4) residue dissolved in 12N HCI and diluted to 25 mL

Table 5. Regression results and significance of the model components (Ca-based solution)

Factor® (Coded) Coefficients SE® ¢ ratio Ss¢ PC (%)¢ P-value®
Intercept o 53.51 0.9270 57.72 - -
Conc. X1 13.11 0.4507 29.08 1535.4271 76.2271 0.0000
L/S. X 3.98 0.4256 9.35 158.7626 7.8819 0.0000
WT. X3 -1.67 0.4256 -3.93 28.0583 1.3930 0.0015
pH X4 -1.13 0.4429 -2.55 11.8338 0.5875 0.0231
Conc. * Conc. X1X1 -6.51 0.5925 -10.98 218.8436 10.8646 0.0000
L/S. * L/S. XX -2.07 0.6724 -3.08 17.2235 0.8551 0.0081
WT. * WT. X33 -1.22 0.6724 -1.82 6.0230 0.2990 0.0902
pH * pH X4X4 -0.16 0.6133 -0.26 0.1251 0.0062 0.7986
Conc. * L/S X1X2 -1.00 0.6480 1.54 4.3277 0.2149 0.1458
Conc. * WT. X1X3 0.15 0.6480 0.23 0.0986 0.0049 0.8214
Conc. * pH X1X4 -0.18 0.6626 -0.27 0.1277 0.0063 0.7910
L/S. * WT. XoX3 -2.16 0.6280 -3.44 21.4493 1.0648 0.0039
L/S. * pH XXy -1.11 0.6428 -1.72 5.3985 0.2680 0.1074
WT. * pH X3X4 -1.22 0.6428 -1.90 6.5816 0.3267 0.0782

* Conc.; Ca concentration, L/S.; L/S ratio, WT.; washing time
b Standard error
¢ Sum of squares
d pc= 38
PC £ 1100

¢ P-values <0.05 are considered to be significant
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Table 6. Regression results and significance of the model components (K-based solution)

Factor® (Coded) Coefficients SE® ¢t ratio SS¢ PC (%) P value®
Intercept o 58.19 0.8718 66.75 - -
Conc. X1 11.70 0.4359 26.85 1643.2768 76.0418 0.0000
L/S. X 4.28 0.4359 9.84 220.6656 10.2112 0.0000
WT. X3 0.42 0.4359 0.98 2.1795 0.1009 0.3475
pH X4 -2.68 0.4359 -6.16 86.6364 4.0091 0.0001
Conc. * Conc. X1 5.51 0.6539 8.42 161.6863 7.4820 0.0000
L/S. * L/S. X% 0.52 0.6539 0.79 1.4229 0.0658 0.4449
WT. * WT. X303 0.52 0.6539 0.79 1.4358 0.0664 0.4429
pH * pH XaX4 2.27 0.6539 3.47 27.5076 1.2729 0.0046
Conc. * L/S X1X2 1.75 0.7550 2.32 12.3089 0.5696 0.0385
Conc. * WT. X123 0.27 0.7550 0.36 0.2898 0.0134 0.7276
Conc. * pH X1X4 -0.75 0.7550 -0.99 2.2320 0.1033 0.3420
L/S. * WT. X3 -0.09 0.7550 -0.11 0.0296 0.0014 0.9112
L/S. * pH XoX4 0.24 0.7550 0.31 0.2223 0.0103 0.7602
WT. * pH X3%4 0.53 0.7550 0.70 1.1237 0.0520 0.4961

* Conc. stands for Ca concentration, L/S. stands for L/S ratio, and WT. stands for washing time.
b Standard Error

¢ Sum of Squares

4 PC =2 #100
Zss

¢ p values <0.05 were considered to be significant
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Fig. 2. Three-dimensional response surface plots for reciprocal action effects of operating parameters on Sr removal efficiency: (a) Ca

concentration and L/S ratio, (b) Ca concentration and washing time, (c) Ca concentration and pH, (d) L/S ratio and washing time, (e) L/S
ratio and pH, and (f) washing time and pH.
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(Vildiauskas et al., 20127} Hlwsle] Fig. 49 YERS]
th. EDTAE 14359 ZHolEAIR, W Be] 722
58 AASRE a9 EY AEAzE dEA o
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ABE complex= =2 FYAS AdTH(Apelblat, 2014).
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AA B D o|ER 283 (Pelc et al., 2005).
SAe Eoke] lelHs &afste] Alslde EgE o
A= FFES 853 (Lee et al, 2007). QXS =&
TR FIAE 7RI BEYF YAl SolAd 2
T3l SE45S FE3TH(Becker, 1983; Viliauskas et
al,, 2012). Y} 22 o]fE T AFAEE EAF AF
Fofoll A A AEal Uth(Lanigan and Yamarik,
2002; Wei et al, 2016). Z~EEE2] Z-9ol= EDTA,
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Fig. 4. Removal efficiency of (a) Sr and (b) Cs by calcium solution, potassium solution, EDTA, citric acid, oxalic acid, and phosphoric

acid.
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