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Abstract: Three humic acids(AHA, YHA, and EHA) from different origin were character-
ized by elementary analysis, UV-Vis and FTIR spectra, and the functional groups were
determined by chemical titration. The effects of pH, time, temperature, and ionic strength
on the complexation of three HAs with U(V][) were investigated systematically. Meanwhile,

the interaction of U(V[) with three HA models in aqueous phase was studied by means of
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molecular dynamics(MD) simulations, and the dynamics, coordination structures, and
interaction mechanism were further explored. The experimental results show that the
elemental composition and functional group types of three HAs from different origin are basi-
cally similar, with strong aromaticity and conjugated double bonds, but slight differences can
be also observed between them. The low H/C atom ratio, high acidity, and high content of
functional groups indicate that YHA has high humification degree, high conjugation or aro-
matic composition, and strong metal complexation ability. The complexation behavior of
three HAs with U(V]) are significantly different, which is substantially affected by pH,
time, temperature, and ionic strength. MD simulations demonstrate that the complexation of
single HA with U(V[) can be completed in a short time, and the main binding sites are
carboxyl groups. The coordination structures formed by HAs with U(V]) in aqueous solu-
tion have quite differences, and the main driving force is electrostatic interaction. The results
reported here are beneficial to further understanding the chemical behavior of uranium in the
presence of HA, and provide data and reference for the geological disposal and safety evalua-
tion of radioactive wastes.
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Fig. 1 Molecular structures of three HA models
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Table 2 Element mass percentage, ash content, and atomic ratios of three HAs from different origin
& 51 R w(C)/ % w(N) /% w(H) /% H/C JFF N/C i1t AR/ %
AHA 38. 84 0.75 4.18 1. 29 0.02 33.20
YHA 60. 80 1.16 3. 81 0.75 0.02 3.52
EHA 46. 27 3.81 5.84 1.51 0.07 7.83
Fe 3 SRS [ S U A R 1 R RE A A FYVRAL . A B AR 4 21 O35 (FTIR) J& — b

Table 3 Functional group content

of three HAs from different origin

HAEM & &/ (mmol - g7 1)

BB ORE O BRE ORE R
AHA 3. 60 1. 06 2.54 0.30  0.69
YHA 5.03 2.88 2.15 0.49  0.93
EHA 4.04 1.03 3.01 0.13  0.06
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Fig. 3 Effect of pH on complexation of U(V][) with HAs from different origin
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Table 4 Effect of pH on stability constant() and coordination number(7) of complexation of U(V[) with three HAs

AHA YHA EHA
pH
lg B i r? lg B i r? lg B i r?

3.0 6.341 1.047 0. 989 8.593 1. 551 0.977 2. 687 0. 541 0.974
4.0 5.491 0.971 0. 986 7.053 1. 234 0.982 3.749 0.591 0. 987
5.0 4. 696 0.993 0. 985 5.218 1. 061 0.979 2. 448 0.576 0. 984
6.0 6. 057 1.103 0. 984 4. 346 0. 851 0. 989 2.770 0. 608 0. 996
7.0 7.607 1. 334 0.993 4. 530 0. 756 0.995 3.743 0. 645 0.990
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Fig. 4 Effect of time on complexation of U(V][) with HAs from different origin
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Table 5 Effect of time on stability constant(f) and coordination number(i) of complexation of U(V]) with three HAs
AHA YHA EHA
kA /b
lg B i r? lg B i r? lg B i r?
6 3.952 0.703 0. 994 2.942 0.475 0. 995 3.498 0. 582 0.993
12 4.216 0.792 0. 994 3.093 0. 507 0. 989 2. 988 0. 595 0. 990
24 5.401 1. 097 0. 983 2.430 0. 547 0.991 2.542 0. 597 0. 987
48 8. 681 1. 732 0. 987 3.199 0. 597 0. 994 2.624 0. 620 0. 988
72 8. 602 1. 734 0. 989 2.807 0.614 0. 987 2.633 0.615 0. 990
1.2¢ 1.2r 1.2¢
(a) (b) (c)
0.8 0.8 0.8F
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2 2 00
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Table 6 Effect of temperature on stability constant() and coordination number()
of complexation of U(V]) with three HAs
AHA YHA EHA
/K
lg B i r? lg B i r? lg B i r?
273 6. 387 1. 209 0. 981 3.288 0. 591 0.982 2.583 0. 500 0. 984
283 6. 355 1. 245 0.994 2.534 0. 550 0.992 1.961 0. 496 0. 986
293 8. 681 1. 732 0. 987 3.199 0. 597 0. 994 2.624 0. 620 0. 988
303 7.607 1.334 0.993 4.530 0. 756 0.995 3. 743 0. 645 0.990
313 6.176 1. 302 0.991 3. 050 0.603 0.983 2. 486 0.539 0.988
0.8r 0.8r 0.8¢
(a) (b) (e)
0.4}
0.4r 0.4f
= 0.0 = 0.0 =
| | - |
Q S [ 0.0
<04 3 3
8 S04 8
20-0.8F L0 L0-04
s ‘/i/./i/' o
-0.8
-1.6

=57 -5.6 -5.5-54 -53 -52 -5.1 -5.0
lglp (HA) /(mg+ L") ]

B B
=5.7-5.6 -5.5 5.4 =53 =52 5.1 =5.0
Iglp(HA) /(mg+ L") ]

-5.7 -5.6 -5.5 -5.4 =53 =52 -5.1 5.0
Iglp(HA) /(mg L") ]

p(U) =1 mg/L.p(HA) =0~10 mg/L.V=20 mL.myen=0.3 g. T=293 K,r=48 h,pH=7.0
B mol /L. M—0.01.@—0.05. A —0.10.4—0.50, x —1. 00
(a)—AHA,(b)—YHA.,(c)—EHA
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Fig. 6 Effect of ion strength on complexation of U(V]) with HAs from different origin
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Table 7 Effect of ion strength on stability constant(#) and coordination number(7)

of complexation of U(V]) with three HAs

e LY AHA YHA EHA
(mol « L™1) lg B i 2 lg 8 ; .2 lg p ; -
0. 01 2. 813 0. 758 0.992 1. 959 0. 451 0. 994 3. 388 0.729 0.991
0. 05 5.223 1. 098 0.993 3.187 0.659 0. 985 2.983 0.633 0. 989
0.10 8. 681 1.732 0. 987 3.199 0.597 0.994 2.624 0. 620 0. 988
0. 50 3.335 0. 664 0.974 2. 307 0. 444 0. 995 2. 684 0. 566 0. 981
1. 00 2.116 0.463 0.991 2.773 0. 560 0. 983 2.791 0.576 0. 987
2.3 HiEERS UN)BEEERNSTFIHNERU /NS Cr) o BT 7 Ca) AT FE ) B 15 220, =
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LHA) R = A W R IR 09 8 58 18R R 1 43 7 3
DR T A REE R 5 U VD A BAE R
VW BN g 2 R AL 2 AR L A
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UL Bl U i 5 R E &5 7 Z

PR AE AR 5 U 7 i HR/NE B8
3.5 nm, £ USIARZE T SHA 5 U Wf/NNEE
A 2 ns PV T BEIF4EREFE 0. 23 nm A2 45, 3R W
By SHA 4375 UCVD {1 e 0 78 AR 5 1 18] py B
A SERL. I HIE i SHA-U (VD & Wi i
FE. MBS A THA f LHA 5 UV ©
i A7 D) 7 S B R R B E) (9 ns) . 7 (b)) A BB
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Fig. 7 Time evolution of minimum distances between U and HA non-hydrogen atoms(a) and

positional root mean square deviation(RMSD) of HA non-hydrogen atoms(b) in US, UT, and UL systems
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Fig. 8 Representative snapshots of US(a), UT(b), and UL(c¢) systems at last stage of simulations
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Table 8 Coordination number of uranyl

in its equatorial plane in US, UT, and UL systems
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Fig. 9 Time evolution of electrostatic(E...) and

van der Waals(vdW) interactions(E,qw) between

UCVD) and HA in US, UT, and UL systems
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