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Abstract: In order to accurately simulate the large-scale migration of plutonium in groundwater(a three-
phase system), it is necessary to understand the interaction mechanisms between plutonium(IV), natural
colloid, and granite(immobile media). The experimental results show that plutonium pseudo-colloids(i.e.,
Pu(IV) sorbed on the surfaces of soil colloids) have the strong mobility(i.e., the recovery percentage of
plutonium after plutonium pseudo-colloids transported through columns filled with pore media, R). The
mobility R increases with soil colloid concentration p(0<<p<<375.4 mg/L, 1.3%<<R<52.5%). The master
complexation speciation of Pu(IV) on the surfaces of soil colloids is =SOPu(OH);. The speciation
percentage(=95%) is positively correlated with the colloid concentration. The results of experiments and

surface complexation calculations confirm that plutonium pseudo-colloids enhance the mobility of Pu(IV)
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and thus pose a greater risk of contaminating far-field waters than the dissolved Pu(IV). The calculations of

DLVO interaction potential indicate that the trough depth of the second energy minima(®,,,,) between

colloids and media deepens with increasing colloid concentrations. This attractive interaction potential

results in an increase in the adsorptive deposition efficiency of plutonium pseudo-colloids on the media

surfaces. The DLVO calculations are consistent with the observation: the mobility of plutonium pseudo-
colloids become weak(375.4 mg/L<p<2017.8 mg/L, 52.5%<R<12.7%).

Key words: soil colloid; plutonium pseudo-colloid; mobility; surface complexation; DLVO interaction
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Table | Mineral phase and chemical composition

of soil sample

L/ TSI % e B30 %
A3 50 Sio, 60.48
BHAE 15 ALO, 10.44
HEb) 11 CaO 8.95
EKA 6 Fe,0; 3.55
Dyt 5 MgO 3.25
H=fA 4 K,0 2.37
£ 4 Na,0 2.04
IR 2 TiO, 0.44
aE 1 MnO 0.10
B 1 L 7.78
At 1

1.2 REERAR SIS ARG 0.3 mm LG Y X
T M 150 g T 2 L HEAR, G248 3% 1 0.5 mol/L HCI,
My, A8 HIEARZUE Wy Ik, e
TR 9025 b B W, W 0.2 mol/L Y HCI, 3%
IEEREPE, BB A iR CaO 24 R (TS
A7 A2 ) 3 1 0.02 mol/L Y HCL 18 4y + 4 2 ik
pH K 6.0~6.5, Jf R #F— B RAAE, 75 0 14 ]
0.02 mol/L HC1 ¥ 5 ; i 2 L= ¥ 35 ¥&, 71 300 mL
4K AT, B — BT e, s L VR R
W, RS 2~4 R (5 Ca k), HEER P LA
B0 1E (1 mol/L AgNO; #6555 ) 5 4 iR b PR i A
din lC A K R EE 1 S A8 A BRI, R A T
30 min; 4 BT A2 3 RS A 5 L BEAR il
B w=3% 1) B I % F 2 BURE 4 AR % Stokes &
A (R L 2.65 g/em®, H AR N 1 um () 1 3R
PKAE 25 C KU 10 cm 75 % 27.44 ), K <1 um
7 A2 0 LA - 9 e A e W A B8 & e AR b, VKA R
TRAF R FH (4 °C) P2, N 3R DU 6 2 ks T s 1 o)
BN, B MET L W, BT B R E L
FARS T8 5 5 B BT 50 1) I IR Bk VR VS T, 48 60 °C
HETF (L0 AMT ), B, il M A 8 T 5 T 1) I
Jo A P (R R DU AR i, U 3 R, A (751.3+
11.43) mg/L) .

1.2.2 RIERARARIAS R A A0 B R BT
TR 4 T R Al K B R AN ) VR Y R TR
(0.5~2017.8 mg/L), FH 44 KA 3 Hi 07 4300 k7
W IR AR AR AR d,o BN FEGL A 2 min P B
1Y, M4 2 10 ming B A0 88 3 P ATHE
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0.001~ 1.0 mol/L ¥ i, # 7 2.5 min Ji5 FH 44 K i B2
FL A SN S PR AE RS 2, A% Ak R AN [R] Na Vi JiE
) Zeta WL {3/ {H . 0.001~ 1.0 mol/L Na*f}, Zeta Hi v/
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NaOH 1 pH {6 % 24 8.5(fLBA/K pH i) . *°Pu(1V)
W BEE 3 g i A 3R S OB R 5 A R B R BR
(O B, 1 S0 (1) e A i) s i

S IRINC O 1IN

Fig. 1 Plutonium pseudo-colloid
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Fig. 2 Transport experiment of plutonium pseudo-colloids

through porous media(0.3-0.7 mm)
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Gyt FOK M MR F ) o SEE A5 R R, B ()
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BR (IR AR 132 sl RE 71 R i FEAIG: p M\ 375.4 mg/L

EENHE ST B 18 £ (52.5%/1.3%=40.4) , ELA ¥R 1T
% Ji. R K% 2017.8 mg/L B}, R M 52.5% FEAR 3] 12.7%.

SR, 2 e MR 1A ik 38 0k 252 1 R I

H 2 N[ S AR S YR B () W (B ) M AT A 1 v A2 fi 16 16 1) ISR (R)
IR AUL T 330 A B 7 b M0 e % 3 T ) TC 452 0 25 23 B (P)

Table 2 Recovery percentages of plutonium after plutonium pseudo-colloids transported through columns(R) and speciation

percentages(P) of plutonium complexation on soil colloid surfaces as function of colloid concentration(p)

P(Pu(lV))/% P(Pu(lll))/% P(Pu(V))/% P(Pu(VI))/%

p/(mgeL™") RI%
=SOPu(OH), =SOPu(OH), =SOPu** =SOPu** =SOPu0, =SOPu0O;

0 1.3
0.5 8.6 95.26 4745 1.538x107 4.057x1072° 6.058x10727 223010728
5.0 19.1 95.27 4732 1.551x107 2.224x1072 1.111x107% 7.525%107%
15.0 24.7 95.28 4715 1.569x107 8.058x107% 3.091x1022 5.844x107"°
50.1 36.1 95.34 4.660 1.629x107 3.797x107* 6.732x107% 2.804x1072°
95.1 41.8 95.40 4.596 1.703x107 5.875x107% 4.486x10722 1.263x107'
175.2 49.2 95.50 4.496 1.827x107 6.412x107% 4314x1072 1.194x107'8
375.4 52.5 95.69 4314 2.083x107 1.012x107 2.991x10722 5.980x107"°
751.3 51.1 95.88 4.124 2.404x107* 1.052x107% 3.174x107 7.044x107!
2017.8 12.7 96.11 3.895 2.881x107 2.194x1073 1.722x1072 2.196x107!

T FEABTESE0IE: SR 107° mol/L, pH=8.5, NaCI¥# #0.002 mol/L, A 57 8 B 2.3/nm?

22 Pu (V) 5 RERERAGC

B (IR ) e A il 75 1 o — A B o, B 1
B DLW B 2 Al 2 T A B T b R AR Y
T — MM, A2 W B CBD 2 10 1k 2 Be Ao ) B
JBT LB R o A R A 3 T 1 W BEE (TR A ) R
i & =SOH %t W, iz ki ¥2 3k B 8 H 72 K % W b

m & ( =SOH; ) m it & (=SO™ ) JF il 5 Pu’*,

Pu*", PuO; . PuO;" % & F L {7, A& Bl A4 2 i e o7
¥y i 3 =SOPu(OH), . =SOPu(OH), .
=SOPu* , =SOPuQ, ., =SOPuO} %2425 2k [fj fi
o 75 8 RS 8% (g K) W=l (1—8) FiR .
=SOH + H" = =SOH}

lgKi=54 (1)
=SOH ==S0™ +H" lg K,=-6.7 2

=SOH +Pu** ==SOPu** +H* lg K3=-2.1

(3

=SOH + Pu* ==SOPv’* + H* lg K,=15.3
(4
=SOH + PuO; ==SOPu0O, + H* lg Ks=-8.5
(5
=SOH + PuO;" ==SOPuO; +H"  lgKs=1.2
(6

=SOPu’** |

=SOH + Pu** + 3H,0 = =SOPu(OH), + 4H"

lg K,=12.5 (7)
=SOH + Pu** +4H,0 = =SOPu(OH); + 5H"

K me Ay F2 2K (1—8) #k A PhreeQc (v 3.00) 1
BT, TR A 2 A AR . R
o R RSB b RR A
2.3/nm? 25201 £ FF 107° mol/L, pH=8.5, NaCl ¥ &
0.002 mol/L. 38 Ji A iy s o7 e B AR 4l v v b +
S8 52 K £ e J3E RS A4S Y BET b 26 17T PR (69.43 mY/g)
THRL R, BEPLTH I 1 45 R 5 F 3% 2.

F 2T AR W, B AR T KA IR B v
DL DA IS AEAE, L3R DA B ) i A 2 i A
BN OIBO) AR TE 2B A5 AR . Put™ 5 4 38 i M 2 i AT 7R
SRR A (FC) e F1, & A iy e v )y =002
=SOH+Pu*'+3H,0==SOPu (OH) ,+4H", 4 i i
T % 3% 1 A b S 2 =SOPu (OH) 5, H: it {7 Fh 24

A EE T 95%, H 5 b 5 R ok B OE A G
Pu’*, PuO; | PuO;" &5 + 38 Jigs 4 3 v 1 A 55 A Bic {7
fi 7, L3R G RS A BT 2 AN T

2 TH FC AV TR A 25 A 5 S 50 25 AL A B 3 W
(9 485 2 — 2. (1) BR CIV) 32 2 DU B 31 i 44
FETH I ER () AR TE S AFTE, BF (M) B4 b K 5
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(V) Bz S BE 1 15 2 (52.5%/1.3%=40.4),
ERAYIZ Bl RE J1 R Bl - AR T 8 vk B p 1S KT
R (p<375.4 mg/L); (2)Kersting!!'!'! Fl
Novikov!' 2! 45 73 ] s I 21| 3€ [& Nevada 14 %7 7
Mayak [ 3~ 7K HpBR 1) R RUBE S 5 B 42 (43l i
BT 29 1.3 km FIZ) 4 km), WRER 2 LUK S 17
TE, )0 BhE 380 25 K = v A B A B R T, O AT g UL
HRRMRRETBRIALR .
23 RESAHAREHIER

22 M DLVO BHig al HI T 31 38 B M- 4E 10 25 A
B[] F4 R AR T 3, T AR - JE A 1] g A B A FH 34—
Tt 24 5 T IS A4 - A BT[] 04 AH AR FH 3 — 2 2728,
ABIF 5T AN L I AAR - AR 18] 1) A FH T 2L

JiE A4 - A 5[] ) AR AR T3 (@) R B =
DLk YU AL S| S/ F # @, 4w (attractive van der
Waals interaction potential) ; & B X B, J2 HE /& 45
D,y (electrostatic double layer interaction potential) ;
% IR HE R AF F # @3 ( Born repulsion potential) . 1
FRVE TG I, @p X &p B TTRRER /DN, 7T Z200% .
ER o, i FRB A= (9) .

Dp = Py + Dy + Doy 9

PR AR S g Bt T4 FHUERN ES
P B AR 43 TR AR, BROE B A4 R SF- Al A J5T
] (1) @p F ik A= (10) ),

o, o A0 [4di+h 3d—h
7560 L(d,+h) h

K d, 2 A R AR K D HAR (R 3),
nm; h 2 A - A6 B A BT R AL BE, nm; o, 2 Al 18 B
7, B A% T 0.5 nm P75 4 BMRE 1K)
38 MORE 3CRERR Eh A BT ) 5 AR 2(0K) AH BLAE H]
() Hamaker 7 %0 . A ({H (1.75445x1072" 1) i i =X
(11) Hag B,

(100

A= (VA - VA») (VAs-VA) (D

X 4,,=2.5x10720 J 3 T 46 K 2505 1 6 R B,
Apy=4.0x1072 J Sy K Y 5 A35=2.5x10720 T Rk 2
F (B 2,

R HE Gregory 74 20 B3, {5 48 5] J7 1 F #
D (1 1T LR AR IX XA (12) 0
A

14h
12h<1+7>

P A AR EAE R A AR AR B2, 38 F I 100 nm?7,
e A 5 i J5i ) e v L 2 I e AR T 3
12k o (13) B3,

nd.e

D :T {2¢1¢2ln {

12

Dygw = —

1 +exp(—«h) }
1 —exp(—«h)

(¢7+¢3) In [1—exp(~2«h)] } (13)

K : ¢,(-42.6 mV) fil ¢,(-37.2 mV) 53l & £ 3 fise
AT I B4 2 1 A2, P 4 Ky B | S A FE pH=8.5
AP 205 K A A FL R 4R e 7 695 x 1071 CH(Nem?),
T EE BUHL )2 A0 JEE BE (Debye 3, «) f020(14) .

LR (14)
K €2y nz?

e JEHLFHLAT, 1.602 x 1071 C; n & Na'7E 1L
B K A B, 0.002 mol/L; z & Na* i 455 &, S
Boltzmann # %, 1.381x10723 J/K; T J& 46 X iR 1,
298 K,

[ 3 J& A [ i 1A ik B st oy 55 B AR - 1K B 5 T
PE b 56 R 45 9 (0.5~ 175.2 mg/L i} 144
iR PEL ), 55 —fig i i /)MA (the primary energy
minima, @,;,;) 1 fiE 22 (the energy barrier, @,,,,) X 5

— ol B

" fig & fix/MH (the second energy minima, @,,;,,) 5

FE 4,

3 e b M A R v B I SR AR K 2 AR (d)

Table 3 Hydrodynamic diameters(d,) of soil colloids at relatively high concentrations

NIA) S A i e B (mg/L) I B A Y K 124 A% d /nm

H5J [) /min
95.13 175.2 375.4 751.3 2017.8
2 459.0+36.9 468.4+19.2 488.0+30.3 490.4+23.2 566.8+32.1
4 455.3+£37.4 482.2+38.3 492.4+24.5 490.8+29.5 572.6+£23.8
6 455.1£32.4 486.7+35.2 490.8+28.6 511.1+£38.6 569.2+28.1
8 463.6+38.0 486.0+31.5 480.2+22.5 507.6+38.8 589.9+36.8
10 469.9+43.0 484.1+40.2 488.4+92.8 500.6+26.8 593.4+28.6
(460.6+37.5) (481.5+£32.9) (488.0+39.7) (500.1+31.4) (578.4+29.9)
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Fig. 3 Interaction potential between colloids of various concentrations and media, as function of distance between them
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Table 4 Primary and secondary energy minima and energy barrier between colloids of various concentrations and media
S it ME EpALcE S5 Ref R/ ME
p/ (mgeL™") d/nm
Do/ (kg T) h/nm D,/ (kg T) h/nm Do/ (ks T) h/nm
375.4 488.0 488.0 0.30 507.7 0.72 —0.00583 1313
751.3 500.1 507.7 0.30 521.5 0.72 —0.00599 131.3
2017.8 578.4 585.8 0.28 603.1 0.72 —0.00692 1313
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