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Interactions between Humic Acids and Actinides: Recent Advances
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Abstract: Recent advances on the experimental and computational studies of interactions between humic acids
(HAs) and actinides are briefly reviewed. It appears that HAs are able to form coordination complexes with
actinide cations (An™) mainly via their carboxylate groups, and as a consequence, influence the migration of An™.
In geomedia, many factors may affect the interactions between HA and An"*, including pH, ionic strength,
mineral surfaces, among which the effect of pH is the most significant. In general, at low pH, HA may enhance

n+

the adsorption of An"* on the surface of minerals, while when pH is around or larger than 7, HA plays an opposite
role. In addition, HAs may reduce high valent oxidative actinide cations, and the reductivity originates from their
quinoid and phenol groups. In those HAs with high presence of reduced sulfur, HAs may become more redox

sensitive due to the participation of S in the redox reactions. The paper is concluded with an outlook.
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Fig.1 Humic acids as one of the three components in

the biological cycle of natural compounds
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REGYIRAEYICES, X—m85 U5 &k
A1 R THIE B A W AT BT AT R A 90 )68 8
2 5 A RS UV sE R PE -, MR 4 s E) 43
PO TS T 0 L% (TRLFS) S 5610 4k ok 2 28
R 5 e A R A EAE R RE T, BRI AE
HA BT, Bt 2 S M 7E s e A
LI, MA@ HA 5 RMAHGAEN, L
K, A UV/HA/S Y A 1 = Joik R 1267
A bt UV e A e R MR 2 IR 2 R
i HA BT W B e 0 A 2 T Y UVDAY 67 7K
M Z L, BNEE = ook & UNVDEL UVD-HA Z 659
HIE X3l i U-kaolinite 5 FR 11 AH B AE H | o4 0%

Ui, B & HA-U-kaolinite, Ifii A~ J& UVD-HA-kaolinite

TE I il | Krepelova 58 7% H] UL " ik
EXAFS S H ARG T 25 W S5 1 IS 762
— W72l 5 T R0, ) MR E T 5 4~ 0 Ji
T (0, R ES 7351 4 0.177+0.002 1 0.234+0.002
nm, WA, 556 2 005 1A AYSE IR AR R
Be {7 )2, #2543 504 0.31 A1 0.33 nm(ML3% 1), 7E
pH Jy 5~8 JLEIN , HA =Y CO, BLE pH X
BEYN EXAFS 251 Z 800 A W W52 0, XPS
SEERAl K BN HA 2T A R U A R A A
MR A —HB 4 R AT HA 55, U] HA
5 A R AR

F1 LMZTM=THE R EXAFS &H#E L&

Table 1 Comparison of EXAFS structural parameters of several binary systems with a ternary system!”
System Ryow / nm N=2 Ryoe / nm N=5 Rysyn / nm N=1 or 2 Ref.
U(VD-kaolinite KGa-1b 0.180 0.236-0.241 0.31/0.33 [81]
U(V)-kaolinite KGa-2 0.180 0.240 0.33 [82]
U(VD)-silica 0.179 0.226 0.272 [83]
U(VD)-silica 0.176 0.233 0.308 [84]
U(VD-montmorillonite 0.178 0.236 0.342 [85]
U(VD-gibbsite 0.180 0.240 (N=6) 0.333 [86]
U(VD-goethite 0.180 0.23~0.25 (N=4~5) — [87]
UW)-natural HA 0.178 0.239 — [88]

U(V)-synthetic HA 0.178 0.239 —
U(VD-natural HA 0.178 0.237 — [89]
U(D-HA-kaolinite Kga-1h 0.177 0.235+0.002 0.31/0.33 [77]
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Yy BRI BF R T 2 A (N2 H A RSN ZE 2 A ) Rk
L5 (51 IR0 P2 ) ML A
Th(IV) 75 i - 14 A 49 2 T A W BT fige 1R ol AR o001,
Th(V)7E 7K 8 W P i R s o0 A WIET 8, T % £
(attapulgite)J& — Fi B A 85 AR S5 fA7E R &M
rn VAL IE ) B A BER IR I REFR SR RS L9,
H T Mg X Fe¥ A2 09 [F] & B /e M
T A1 B 2 THT A AT /D A9 KR P B R A PR O EL AT
AR 55 1) HRIAL 27 W B fiE 157901 R T B AER

100

Th(OH),

Th(OH),>

Th(OH)*

P8 Th(V)TE K ¥ W b 9 ol 285 23 A1 (18 11 SCRRE™)
Fig.8  Speciation of Th(lV) in aqueous solution at /=0,
T=20 C (figure from ref.5")
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Wi B 590 2% 18D A 51 R 1 ) ER BE A AR SF B 1 el
HE E=(28)"" 2970 19.71 kJ -mol (2t g Ry F- 1
Bt PR AR TS B R B mol2- kI D), i & BLES T o
Xof W B 11 55 i A 555 10 BH A1 J2 4% RS - 38 4 1Y
B TTIRAR /N
T 55 5 A R 6 24Cm 7E S8 AR ik I AL Wi ff
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IR IR AR A R B S A Cm FHA IR
A HA B52m 51k i 2 X R W] Cm 7]
HEA AR RE A A% T8 55 5 HA BFEHT
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HA F1 OH 3% COL 48 G, X A6 B B R ol ¥ HL
FRAETE T C(D7E y-ALO, H152 R A7 b 14 W B i)
TRLFS WF5E O3 v i = o R E &Y,
FEHARMEE R Np EELI+5 I 77E, bk
22 B9 T Np(V) R F 25 i i M 5 Miller 1
Sasakil' "SR VA I 2 BOEIF 8 TR & FL0 48(1075
mol - L' Np(V)) 5 & B BR(FA)7E 25 °CF 0.1 mol - L™
NaClO, T W% G N, MR FIET pH, BT il
BRI FA WRE K Ca> 5 A TR 152 | k2R
B IS PR S FA 486, IR Sk
R Y 45 G R R0 OgE AT T RS (K 9),
WA2H UEAEE (melanoidin) B0 5
%, It 5 MAIRE ARG E AR HCMS),
FHCABEFE TR SE IR 5 Np(V) AR B A I H A 52 i
A ER MR s 5 BOR AR pH>T B A L
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@ Np(V)+Gohy HA [MAR, 96]
> Np(V)+Gohy HA [MAR, 98]
© Np(V)+Gohy HA [MIM, 91]
# Eu(lll)}+FA [BID, 91]

+ Am(IIl)+Gohy FA [BUC, 92]
% Cm(IIl)+Gohy FA [BUC, 92]
@ U(VI)+Gohy HA [CZE, 94]

4 Np(V)+IHSS FA [this work]
10k A\ Np(V)+Gohy FA [MAR, 98]
 Np(V)+IHSS FA [this work]
<& Np(V)+AL HA [this work]
@ Np(V)+AL HA [TOC, 00]
A Np(V)+AL HA [MAR, 96]
8 @ Np(V)+AL HA [RAO, 95]
I Np(V)+AL HA [SEL 01]

U(vI)
. o Cn(l) o "o . Eu(i)
SIS - "
I Am(III)
R S
Q... Np(V) o M
I e 9.
1 L L
15 -10 5
Igey,

9 Np(V), UMD, Am(D), Co(DF! Eu(D5F 42 )8 B T 5
FACE)F HA(CK) M) 4 & 5 B (&8 51 8 Scikeon,
Hh Bl ok 1 SCkno-1oy

Fig.9 Complexation data of Np(V), UM, Am(ll), Cm(ll)
and Eu() with fulvic (black) and humic acids
(grey) as a function of metal ion concentration;

Presented data was obtained at similar ionic

strength (0.1 mol-L™ NaClO,) and at pH 6 (figure

U and data in refs.

A BRI FR R 25 Np(VZ G, A TiTHI
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HCMs EPIR, X 5 Buda 597053 J6 5E 2 XF
Pu(ll) . Pu(V)Fl Th(V)ZE /&5 04 A1 1 iy W B i BFF 5 00
BN AR —

Kuczewski S5BIF5Y T SE 56 2 ALK 2R R /K
M AR AR B TR R Np 1 Pu 5 5 R 1Y
KA FBIFAT N, K Pul)FN PulV)TE KR HL
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A AL X HAT B AT R AN B3 . X F Np(V)
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X4 B T S IR 4% A R SE bR T 8K

from ref.! 1102-1101)
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FHEHIB T, AT HA 548 5 5 A 5
VEREAT T R R 5Es

A, W T GE IR B B A ME M 2 R S
TR AT FEE SR 5 &R B 1 RO AR R P Y
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A5 1Y D7 AR B 1 N EHR S A T ] AL Y
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FRRE EL A P R A0 4 3 JES B R 0 AR B 8L R
K7 B BN R] AR B R] 43 2 . (1) dF % 22
454 1 (Discrete binding places), 4% 4 J& 2 1
HL faf (1)t Fl (Metal lon Charge Neutralization,
MICNIM) R V7 Z2 v fif iR 8 (Polyelectrolyte
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TEVE WA Z b | JLAF 8 23 5 v A [m) A TR
AL, T AR B | A 5K P s 3 1 5 T
TG FE MR W) 5 P VeSS & . L T 2 ML 2 41 3 48
RUTE 38 5 4 W B J7 18 A9 AS 2 Benedetti 55PUF
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5 NICA BRIARSS &, 20 T — P T 1
55 1 58 4 Jo B 5 1) NICA-Donnan #2580 3 I F #f
F¢ Th*, U0, Am*Hl Cm*5 HA BIAHEAFE 0,

Ghosh 25 2R Hl 731 J 2 Fl i 542 19 77 125
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S5 AL ILBC 2 BE 1 J5  Np(V)-HA & & 9 9 e (67 46 X
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454 TRLFS, Kremleva SFU5ILL/IN ) fif 12 C 14
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Fig.10  Optimized uranyl bound FA (FA1-FA4) and HA (HA1-HAS) structures (nm) and DFT optimized structure of HAI
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F2 MABRFRTEMNRMLSIS
Table 2 Oxidation states of light actinides

Elements Oxidation states"
Th 1] v
Pa 1] v v
U 1] v Vv VI
Np 1] v v Vi Wi
Pu I v v VI VI
Am m v v Vi
Cm m v

@ Environmentally most important oxidation states are in

bold.

R AW B PERE (RS TE A A B sE el
N FAR PR R HA AR XK Gl Bt v 69 7S A il ik
J (E S 30 2 B 5 A i i I A Y S
R AT LU UVDIR S5 Uy,

PR I8 | J FE R Y Ak RO P B ROk AT
AR AL ) by 55 8 F b A/ 52 44 v ] 4 4 T 5
) X6 248 W /1 AR 38 ST (redox couple)!®132
J35h, DB RS FE Ry AR el R Y S A S e
YA RSN S S T AR N N S S 3 4
(tautomerization) 45 H T AF B M 2 R 09 1 FE L2
B BEL R SRR IR R PE BRI 2 — . e Ah A S
it E O KLY 5 AR 4 (S) TAU(N) 9 348 J5UIE 52X
12 T BE A B AT S Ak DR P R R BRSAEE

55 Y2 06 I R X Np \Pu U Y S8 Ak 38 5L 11 1B
A A/ ggnsnesel o % i BLAG 38 2 iR 245
P BATE I HA X Pu(V)A Np(V)Y 8 J5LfE ) th 2w
2208 H T B R 4 R R o A A 2k | oE
R LA iR A PRI X AR 5, LR AR
WEIR IR HL3AAE 0.15 A1 0.3 V Z (M FESLEh = 5%
PR AR i F AR B 0.5~0.7 VI,

R T RS IS AR A R E M, TR A LG
B Tk 5 EL AT TR 45 A A G RN R Y 2
FRIREFE R A BB R (3% 3)7, A DG 7 T
A TAE W 2% Sachs A1 Bernhard Y ZE AR SCEE6

WEFE 2R, X LA Al 8 JE iR 72 U1
Np (V)5 i J52 5 56 vh 2 30 1 L 3 R 5 104 g 7R
SR 030 JE M SE L & B Hyd-Glu nT RAZE B
A A AR IR BT R e Np(V), AT B
5 Np(V)FE = W A7 1 Ay R B 77 Ayt

i 2 DU A B T AT 06 A R AR A LA S K
Fo a1 ] IS 1 R G W e AR i et EG 9 Bl M 1
SO0 AR AL IR BT R Np 22 UL R S A AE
(Np(V)), TEX AT Np N5 W 0™ 1)
Jo 2% 180 LA A W B M T AR R R IR
Np S#0 i, RMEAEARA pH T NpVT)
FLA B0 1 7K A 8 1 5 1 W B AR 9 2R
PRI T B A R ELAT B Np(V)35 75 22 19 3 8 pEeeisa ) gk

x3 LWHAEAMEBERLEGMHRTERSHLMRABERIS L

Table 3 Characterization of selected synthetic humic acid-like compounds and comparison with Aldrich and natural HA!""

Functional groups

Humic acid® - Ref.
COOH (meq/g)"” Phenolic/acidic OH (meq/g)" nou/ Ncoon
Hyd-Gly (batch R12/02) 4.30£0.14 5.3+0.7 1.23 [127]
Hyd-Glu (batch R13/02) 3.65+0.14 5.8+0.2 1.59 [127]
Cat-Gly (batch R18/02) 4.16+0.04 6.6+0.7 1.59 [127]
AHA (batch A2/98) 4.49+0.14 3.1+0.1 0.69 [144-145]
Natural HA 1.5~5.7 2.1~5.7 — [146]
Redox properties
B V() AE/ApH VgD Fe(ll) reducing capacity (meq/g)®
pH 3.0 pH 9.2

Hyd-Gly 535+12 —-65+3 8.8+0.2 27.5+2.7 [127]
Hyd-Glu 565+12 -64+12 10.7+0.2 33.6+4.0 [127]
Cat-Gly 517+12 -57+12 14.5+1.6 36.9+0.2 [127]
AHA 5719 —-65+2 1.2+0.1 7.2+1.9 [127]

© Humic acids: Hyd-Gly: oxidation product from hydroquinone and glycine; Hyd-Glu: oxidation product from hydroquinone

and glutamic acid; Cat-Gly: oxidation product from catechol and glycine; AHA: Aldrich HA; ® By calcium acetate exchange!"”; © By

radiometrical measurement!; ¢

" Formal redox potential™; © After equilibration of ~3 weeks!

127]
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