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Adsorption Removal of St by Barium Impregnated 4A Zeolite
(BaA) From High Radioactive Seawater Waste
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This study investigated the removal of Sr, which was one of the high radioactive nuclides, by adsorption with Barium (Ba) impreg-
nated 4A zeolite (BaA) from high-radioactive seawater waste (HSW). Adsorption of Sr by BaA (BaA-Sr), in the impregnated Ba
concentration of above 20.2wt%, was decreased by increasing the impregnated Ba concentration, and the impregnated Ba concen-
tration was suitable at 20.2wt%. The BaA-Sr adsorption was added to the co-precipitation of Sr with BaSO, precipitation in the
adsorption of Sr by 4A (4A-Sr) within BaA. Thus, it was possible to remove Sr more than 99% at m/V (adsorbent weight/solution
volume)=5 g/L for BaA and m/V >20 g/L for 4A, respectively, in the Sr concentration of less than 0.2 mg/L (actual concentration
level of Srin HSW). It shows that BaA-Sr adsorption is better than 4A-Sr adsorption in for the removal capacity of Sr per unit gram
of adsorbent, and the reduction of the secondary solid waste generation (spent adsorbent etc.). Also, BaA-Sr adsorption was more
excellent removal capacity of Sr in the seawater waste than distilled water. Therefore, it seems to be effective for the direct removal
of Sr from HSW. On the other hand, the adsorption of Cs by BaA (BaA-Cs) was mainly performed by 4A within BaA. Accordingly,
it seems to be little effect of impregnated Ba into BaA. Meanwhile, BaA-Sr adsorption kinetics could be expressed the pseudo-
second order rate equation. By increasing the initial Sr concentrations and the ratios of V/m, the adsorption rate constants (k,) were
decreased, but the equilibrium adsorption capacities (q.) were increasing. However, with increasing the temperature of solution,
k, was conversely increased, and q. was decreased. The activation energy of BaA-Sr adsorption was 38 kJ/mol. Thus, the chemi-

cal adsorption seems to be dominant rather than physical adsorption, although it is not a chemisorption with strong bonding form.
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of Alzskglom, o]ef i Y 2442 Table 13} 2}, 24
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4A AlLeolE (NaAH)= Aldrichol|A] Alekge] 2
(powder, 2~3 um), pellet (1,6 mm) 2 bead (4~8 mesh,
4.76~2.38 mm) FEIE 717t Tske] 24 ARgskRlrt. Rkl
BaA A|-&2fo]| Ex= Azl ujel BaCl, §-H ol 4A Al-&-2}
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Table 1. Components and composition of SHSW

Concentration, Concentration,

Element Element

(ppm) (ppm)
Ca™ 420 cl- 19,700
K 424 S0, 2,610
Mg* 1,200 Sr2 (10, 50, 100)
Na' 10,675 Cs' (100)
Br- 73

o2 BaAR ¥ 7)5FYITh 183 4A 2 BaA AlLEolE 1
T F7ke] AAHA glo] &Ld<57] (dry keeper, SANL-
PLATEC. Co)oll Z}7} B33} o] AFg3}ict,

+1°C, 400 rpmollA]
= 77t
gk=0o] 3}8#]-S (chemical balance, Precisa
XT320M, Prescisa Instruments Ltd,)2 A &3}7] 3 wFs}o],
n)g] FHlgk SHSW 20 mLol| H7Fghe}, ejal 2%, uyk
E /A7 5] Z4-o] 7153k thEwRky] (Multi hot-plate
stirrer, Super Nuova Multiplace, Barnstead/thermolyne)E- ]
231 8 AIZF Wk}, F=H AT R (tracer, 3.7x10" Bg/mL)
o AP AL (5, Cs) A A g WP A
A FA 239 WS 2 27} SHSW 5 mLol] &9l
5 W5 B7kee] S BsheInt, ol s TCse] ek ek
77} 0.1 M HCL 89 o] SrCl, @ CsCLZ 455 99% o] 4o
Eckert & Ziegler Isotope Products (USA)ZFE 1 mCi 4
FYstol o) & 2AATE FEE 545kl AT, 2
9 o2 9AEE]l7] (MFSO, 3,000 rpm, Hanil Science In-
dustrial) & 31-9 Fg]s}le] 45N (supernatant) U] &3}
= Foles) B (Ei BARD) # B4 8] 2853

2.4 B4
%7] SHSW 9 ASdlo) 3hfwo] gl Ca, Mg, Sr&

ICP-AES (Inductive Coupled Plasma Spectrophotometer,
ISA Jobin-Yvon JY 50P and JY 38 Plus), K, Na, Csi= AAS
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(Atomic Absorption spectrophotometer, PrekinElmer, Pi-
nAAcle 900F)&, 7€} CI, SO,?, Br 52 IC (Ion Chroma-
tography, DIONEX, ICS-900) 2 7}t7}+e] =& #2438k 3t
I2]31 BaA W -39 Ba2] 22 SEM (Scanning Electron
Microscope, SNE 4000M, SEC Co.)/EDX (Energy Disper-
sive X-ray Spectroscope, XFlash detector 410M, Bruker
AXS Co)E AHgste] SAsT. g A S 4
(*°Sr, WCs)E AFE-SF A5 °Sr& a-f sample counter (LUD-
LUM, model 3030) %, ¥’Cs<> MCA (multichannel analyzer,
OXFORD TC702, HPGe detector) & 2zt WAbs-S 2743}
o] F=E 43t} a8 89 9] pHE pH meter (ORI-
ON 820A+, Thermo Electronic Corporation)< ©]-83}¢] Z
A, E2A 9] YAFAT)E A (sieve) AW O Z 423)
ahsick, A 7t Pe) 2
25 (2 A2 21, ()¢l 2J3iA Axtst o,

£ (Adsorption yield, A) & &

A(%)=%X 100 (1)

i

q(mg/L)= (G- C) @

q7I1A C B G A7 27] SHSW ¥ o
St Q= 7t &0l T (mg/l) Ei uow%q A7)
(counter)E oJn|3ln], vV 2 m¥ SHSWE] H3] (
ZA] (BaA = 4A) 9] &F (g)& YHERATE

3. A% ¥ B9
3.1 BaA A|&go|E 93t Sr# Cs9 &5

Table 2 BaCl, 89 9] ‘s o u}z} 4| %31 B
H Ba % (wt%) o2 BdClz oy EE45E 34 6] =715}
3 e}, o]l BaA A|lZEE myn/Veae Hl(4A zeolite weight/
BacCl, solution Volume)=50 g/LolA powder FE| ] 4AZ
skl

Fig. 1 BaA W] 39 Ba 5% (wi%) W3} 2 m/V H]
(absorbent weight/ solution volume, g/L)°l| w2 Sr1} Cs
o] F&&olth srojuf Cs F& BF Ba $REE S7tel
wre} ZEASEaL Qlvt, o] Ba $H3lEE SVt wet 4A

aA ] g
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Table 2. Amount (wt%) of impregnated Ba in BaA zeolite made in this study

Concentration of BaCl,, Amount of Ba impregnated in BaA,

M] [wto]
0.05 12.1
0.1 20.2
0.5 56.8
1.0 724

100

80

60

40

Adsorption yield of Srand Cs, [%]

20

Concentration of Ba impregnated in BaA, [wt%]

Fig. 1. Adsorption yield of Sr and Cs with concentration of Ba
impregnated in BaA zeolite in various ratios of adsorbent weight to
solution volume (m/V) at initial Sr and Cs concentration of 100 mg/L.
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Fig. 2. Concentration of Ba leached from BaA zeolite with ratio of m/V
in a DW (distilled water) and a SHSW (a), and with NaNO, concentra-
tion (at m/V=2.5 g/L) and ratio of m/V (at NaNO,=0.5 M) (b) in DW.

o]} Zro] SHSWollA] Bao] F&Fo] A2 312 & ¥ Bav}
SHSW W] SO, (¢F 2,610 mg/L (=0.026 M))¢} Ba*? +SO,>
& BaSO, (3 %: 2.45 mg/L) = A ¥ ] 7]elsk= A 2o}
[14,19]. 18] Fig. 2-(b)& &4Fo]& (sulfate, SO 0] 9lE

I E97]oAM HAEE = Bad] S HAES A0 2 (SHSW
o] & Fx: ¢F 0.5 M), 247 m/V=2.5 g/Lol|A4] NaNO; &%
H3le] w2 18]31 0.5 M NaNOsol| A m/V 1] ¥3}o| =
Bad] H&FX=o|t}. NaNO; % 2 m/V H] o w}} Bag] 3]
Z5 57 E718ekaL 9o, 0.5 M NaNO; 2 m/V=2.5 g/Lo]|
Al ©F 200~220 mg/L (2F 1,53x10° M) A=7} L&) a1 Qi)
oluf =% Badl 2J8} BaSO,-Sr 3L Fig. 3-(a)d|A] B
ule} 2o [Ba*)/[SO,% & F&=8]7} 2o} (=0.059) <] A
AUbA] eF& Ao 2 Helrk, 2B =2 srof A A= &9 Aol
A A dolubA] ¢aL, F2 AAG (Al &Eto|E)ollA
od Ao g Wt}

Fig. 3-(a)¥ SHSWollA] BaSO,-Sr &3S HES Ao
[Ba™)/[SO,%1¢] & F=H| o] W& sr 9 Cso] F31&-0]
2 400 rpmel|A] 3 AJZF FF FBEt gl om, ofuf Sf~°/]
7|5 (0] C & E7)E 100 mg/L ©]QaL, [Ba*2/[SO,2
H| = 717} Na,SO, 2 BaClL,E #718le] 24314t €9 Ul
pH ¥3}= [Ba™l/ [SO47] € 0.5 A<= pH 8.01~7.87% 7] €]
WH3lEkA] kgt ot [Ba?/[SO47 > 0.5 oA+ [Ba*?l/[SO47
H] $7} (BaCl, $% S7b el whet pH 7.30614] 5312 #
A3 743, BaSO-Sr F-S th23 2o mM[16-18],

E
o e ol PFU
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Fig. 3. Co-precipitation yield of Sr and Cs by BaSO, precipitation with
molar concentration ratio of [Ba™?]/[SO,?] (a), and with equilibrium pH
of the solution (b) at initial Sr and Cs concentration of 100 mg/L.
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BaA-Sr F2+2] 79 m/V=2.5 g/LollA] 97% (q=38.8 mg/g),
m/V=5 g/Lol|A] 99% o] (q=19.8 mg/g) S2alStt. 18]
L} 4A-Sr &2 4A7) Srofl el 2 &2 o] vl 43tk

FAAZ WIET S0l E EPE320-23], m/V=2.5 g/L

oA 66% HE (q=26.3 mg/g)7} t‘XLEl 99% o)de] &

2o m/V »25 g/L d|A 7}535FH o] 749 4A WO E % Sr
o] AAZL 7¥s3lt. o= 4A9] HFE 1;}?1 T v 71l
gheh. 28]al BaA-Sr F3o] 4A-Sr F2F Hrh 978k o]=
BaA-Sr &2}o] BaA U] 4A0]) 9]3F 4A-Sr F2tol|thr) 4A9] 7]

F o e = Bag} SHSW W SO,? o] 7Fe] BaSO,-Sre]
3ol oJgk F2to] H7HE ) 7]9lskeE A 2t vl Cs
9]

739+ BaA-Cs 2oL} 4A-Cs 2ol 71 €] H]s=ah 2wt
m/V > 10 g/L oA zkoli= AT 4A-Cs F2Fo] BaA-Cs
F2 By} o g3t} o) Csol F2o] Fig. 3-(a)ollA
9} Zo] BasO-Cse] F3o] A9 dojubr] Q= oz 1
o} F2 4A (FF5L sr B} v vou) G dRE §
2ol oA o] Fo RS & F Utk F 4A T (100% 4A)
o] BaA (F 20.2wt% Ba +F 79.8wt% 4A) BT} 4A SH-3F
Wol m/v u7F S7F 5 (FHA] #F Vb 4A
o] z}o]7} YAl 4A-Cs &2Fo] BaA-Cs §& B} x5 ¢
7He A 2t

Fig, 55 BaA 2 4A9] m/V=2,5 g/Lo|A] €9 W pH W3}
of W& Sr B Cso] FaEolrt. ojuf & W pHe= 2H2F i
S E9] HNO; B NaOHE w7 H7}ate] 2433t sro 4
< pH 7}l wheh F2to] S7hskaL QLo w, pH oF 7 F &=
A BaA-Sr& 2F 94%, 4A-Sre °F 77%7} Zk2t §2HE AL Qi)
T} pH< 2 0]3}ol| A= BaA-Sr2 OF 36%, 4A-Sr2 F 15%
olal7F S2HE ATt o= pH 2 o]3}e] ool 4A9] FZ
7} 3k 8 ] 7)Q1skE A 2o H, B 4A Al geto] Eo Y
2Hde] 0.1 M o]de] A4Hg-H (pH 1 o]sh ol F+27} 3t
=31, 0.01 M 0|3} (pH 2 o] ) ollM = b g S FA|3Hch
33 Bao} fARSE 4 &Fo|th20-22], 4 Cs 4A-Cs 52}
0] BaA-Cs F2tETE tha F5 8, m/V=2.5 g/Lo|lA &= 4A
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Fig. 4. Adsorption yield of Sr and Cs by BaA and 4A zeolite with ratio
of m/V at initial Sr and Cs concentration of 100 mg/L.
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Fig. 5. Adsorption yield of Sr and Cs by BaA and 4A zeolite with
equilibrium pH of the solution at m/V=2.5 g/L, and initial Sr and
Cs concentration of 100 mg/L.
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Table 3. The ratios of m/V to remove Sr of above 99% with geometry of 4A

4A zeolite

powder (2~3 um)

pellet (1.6 mm) bead (2.38~4.76 mm)

BaA zeolite m/V=5gL m/V = 50 g/lL m/V > 200 g/L
4A zeolite m/V>25g/L m/V > 50 g/lL m/V > 200 g/L
Sr
100 e ¢ 100 &
80 1 80 1 Solide line : BaA
S dot line : 4A
—— Cs

60

Solide line : SH SW
dot line: DW

40 -

Adsorption yield of Sr and Cs, [%]

20 A

Ratio of m/V, [g/L]
Fig. 6. Adsorption yield of Sr and Cs by BaA zeolite with ratio of m/V
in a DW (distilled water) and a SHSW at initial Sr and
Cs concentration of 100 mg/L.
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Fig. 7. Adsorption yield of Sr and Cs by BaA and 4A zeolite measured
by radioisotope tracer (*°Sr,"*’Cs) with ratio of m/V in various
initial Sr and Cs concentrations.
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Table 4. Parameter values of Freundlich and Langmuir isotherm

Model Linearized equation Parameter values
Freundlich log g, = log ky + —— log C. k;=23.422,n1=2.549,r?=0.98
Langmui L_ L, (2 1 k.= 0771, q,, = 76.05, 1 = 0.94
angmuir q Qe K G C. L =0.771, 0 = 76.05,12=0.9:
3.2 38 &5&524 (Equilibrium Adsorption 10°
o Cs=02mg/L
Isotherm) 10° 4 7 Gs=05mglL
0O Cs=1mg/L
102 4 <& Gis=100 mg/L

Fig. 9% BaA-Sr &2&}of| A Langmuir ¥ Freundlich 5-&

Ao 2 RE25-27] Aol A g3t AARE vlagk Ao
2,7} 521 o] W 3 Table 49 2},
o714 kp @ k2 Z}Z} Freundlich <=

muir J<F (/mg)E Co, g B Qo 242 BIFE (mg/L)

2 (mg/g), ANFAF (ng/9)S, 1/ne FHE=

= 4ol P e A

angmuir®] -9 A F % o JollA= Faaht
20 mL/g)ellM= o] YA HA] eIl §le], BaA-Sr &

A 331 7342 712 3} Freundlich 5210 2 F33}

(mg/g) & Lang-

ﬂ!

<= (correlation coefficient) =S

Hml

3 H
ok

FHAEE A2 o 77 R AL 1o uH25-33], & A
TolME v 22 A} (pseudo) 22k £ dq,/d, = k,
(qe- q)* &2 BaA-Sr Al A o] F2H&E = B8kt 371
Aof] AAIZZ (boundary condition) t=0, q=0 % t=t, q=q.

t/1 1
qf(qe t+<kzq:> @

ol q.oh ks ZH7E 24 vqst o] geAel 71&
7l % AR RRY TF 5 glon, o714 g HIEF
o

2 (mg/g), q= A7E tol| A 9] &2+ (mg/g), k
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Fig. 8. Comparison of experimental data and calculated values of
BaA-Sr adsorption capacity with ratio of m/V in various initial
Sr concentrations at 25°C and 400 rpm.
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Fig. 9. Comparison of experimental data and calculated values obtained
from isotherm equation of Freundlich and Langmuir in BaA-Sr
adsorption system.
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Table 5. Equilibrium adsorption capacity and rate constant of Sr by pseudo-second order reaction

q.* (mg/g) q.** (mg/g) k, (g/(mg-min)) Change of solution pH
10 3.60 3.69 7.25x10° 8.14~8.15
Initial concentration 50 2158 22.19 351 x10° 8.27~8.32
(Ci-Sr; mg/L)
100 40.18 41.19 1.25x103 7.95~8.22
200 19.17 19.34 3.17 x107 8.15~8.27
Ratio of V/m 400 40.18 4119 125 x10° 7.95-8.22
(mg/L)
1000 85.88 90.11 3.22x10* 7.94~7.97
25 40.18 41.15 1.25x103 7.95~8.22
Temffcrg)‘mre 40 38.73 38.87 2.53x10° 8.01~8.11
55 38.18 38.33 5.08 x10° 8.13~8.15
* Equilibrium adsorption capacity obtained as experimental
** Equilibrium adsorption capacity obtained from pseudo 2™ order equation
200 +
/m = L/
2 Cs=10moll 3 z/mzlggornn:/gg i?g)ToUo%u
7 Cis=50mg/L 10mglL O V/m=200ml/g bl1)=00517
o Cg=100mg/L b(0)=101516 25 20,999
150 A o b(0)=0.2712 =0
— r=0987 —
[=2] f=2]
E E 01
(=] (=]
z it 400 mL/g
‘§ 100 € 15 b(0)=04732
=< = b(1)=0.0243 1000 mL/g
g 100 mg/L g 1=0997 b(0)=0.3820
50mglL b(0)=04732 10 bl1=001m
50 A b(0)=0.5789 b(1)=00243 1=0.999
b(1)=0.0451 1=0997
r=0.999 57
0+ T T T T T 0 A T T T T T
0 120 240 360 480 600 720 0 120 240 360 480 600 720
Time, [min] Time, [min]

Fig.10. Pseudo-second order kinetics of BaA-Sr adsorption with initial
Sr concentration at 25°C, 400 rpm and V/m=400 mL/g (m/V=2.5 g/L).
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Fig.11. Pseudo-second order kinetics of BaA-Sr adsorption with ratio of
V/m at 25°C, 400 rpm and C; =100 mg/L.

-37.98
k,=5.619 x 1O5exp< RT > 6)
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8.314 J/(°K mol)o|t}, B4 E &= 349 252 719
2% FeE veh =], 20 kJ/mol (Hdh #h) ofstellx= &
24 F2folut oFgk A Hl, 40 kJ/mol o] ol A= 3184
FZolut B} ek Ae FeE et [26-28]. E, #o]
ok 38 kJ/mol H&E2l Ao & Hol BaA-Sr S22 v = 733}
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Fig.12. Pseudo-second order kinetics of BaA-Sr adsorption with temper-
ature of solution (a), and Arrhenius plot of BaA-Sr adsorption (b) at
Cis=100 mg/L, 400 rpm and V/m=400 mL/g.
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Fig.13. Comparison of experimental data and calculated values obtained

from pseudo-second order kinetics equation on
BaA-Sr adsorption.
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