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Dissolved hexavalent uranium can exist in the form of several different chemical species. Furthermore, species distributions depend on
the pH value of the aqueous solution. Representatively, UO,*", UO,OH", (UO,),(OH),*, and (UO,);(OH);" species coexist in solutions at
acidic and circumneutral pH values. When amorphous silica particles are suspended in an aqueous solution, the dissolved chemical species
are easily adsorbed onto silica surfaces. In this study, it was examined whether the species distribution of the adsorbed U(VI) on a silica
surface followed that of the dissolved U(VI) in an aqueous solution. Time-resolved luminescence spectra of three different dissolved spe-
cies (UO,**, UO,0OH", and (UO,);(OH)s") and two different adsorbed species (=SiO,UO,, =Si0,(UO,)OH", or =Si0,(UO,);(OH)*") were
measured in the pH range 3.5—-7.5. The spectral shapes of these chemical species were compared by changing the pH value; consequently,

it was confirmed that the species distribution of the adsorbed U(VI) species was different from that of the dissolved U(VI) species.
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Fig. 1. Species distribution of U(VI) at [U(V])]=3.4 uM and [=0.1 M
NaClO, based on the formation constants of the U(VI) hydroxo species
listed in the OECD-NEA thermodynamic database [29].
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Fig. 2. Normalized luminescence spectra of U(VI) species in aqueous
solutions under the pH conditions of 1.0—4.5. The spectra were
measured at #;,= 0.2 ps and ¢, = 50 ps. The arrow represents the

valley-to-peak (V/P) intensity ratio which increases with the increase of
pH due to the spectral overlap between UO,* and UO,0OH".
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Fig. 3. Normalized luminescence spectra of U(VI) species in aqueous
solutions under the pH conditions of 1.0—4.5. The spectra were
measured at #;= 6.0 ps and #, = 50 ps. The luminescence peaks located
at 489-510-533-559-588 nm at a pH of 1.0 were shifted to
497-519-541-568-598 nm at a pH of 4.5.
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Fig. 4. Normalized luminescence spectra of U(VI) species in aqueous
solutions under the pH conditions of 5.5-7.5. The spectra were
measured at #;,= 0.2 ps and £, = 50 pus. The asterisk represents the
luminescence peak of UO,OH" species at 497 nm. The spectrum of
(UO,);(OH)s" species appears at a pH of 7.5.
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Fig. 5. Normalized luminescence spectra of U(VI) species adsorbed onto
the silica under the pH conditions of 3.9-4.7. The spectra were
measured at ;= 1.0 ps and ¢, = 1000 ps. The spectral shapes are almost
identical and the luminescence peaks are located at
501-521-542-572-594 nm.
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Fig. 6. Normalized luminescence spectra of U(VI) species adsorbed onto
the silica at a pH of 4.7. The spectrum was measured at #, = 2501 ps and
t, = 1000 ps. The luminescence peaks in Fig. 5 were shifted to
505-526—547-576 nm. The dotted and solid lines represent the data and
the fitting result by using the Origin 9.5 program.
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Fig. 7. Symbols represent the normalized luminescence intensity in the
Napierian logarithm unit for U(VI) adsorbed onto the silica at a pH of
4.7. The kinetic mode of ICCD was used with #,=1 ps, 7, = 1000 ps,

and gate delay step of 50 ps for the luminescence lifetime measurement.
The solid lines represent the fitting data calculated using a double
exponential decay function.
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the silica under the pH conditions of 5.6—7.2. The spectra were
measured at ;= 2501 ps and #, = 1000 ps. Almost identical spectral
shapes show a V/P intensity ratio of approximately 0.56.

Ut Fig. 9] B¢ 22
Fig. 89 “&-¢-2] 3} h 8] AA|ghet. SFA|VE Fig, 8olA]
=] 29 EY a0l ko 2 918 500 nm I
o7 F-&-& AlebAeh. pH Fho] 7.2¢1 A|l59] Hu)
34 A7) pH %ke] 5.6, 6,291 Al 2.9] Wk A7 o] ¥]3) zt

ZJr ok 3 oujj9} 1,54 Z7}3} 9T},
Figs. 5-90l|A #5¢ A4S goksbd oh) 2t} (1)
S8y w57} 3.4 uM, pH 3.9-7.2 2N 2~ EZH A9}
AEY BRE TR E= EA Aol W) ~dEHS I

25 E3] Bl 8] ¥

Ql
—10
.

Lm

g vgol &
E

A7 E £3o] ARES e B Fig. 50|

A Ag%f_-—g— ESiOZUO shehgoll A LS
RLFS9} 7 2 Wl s, 71
a] }oﬂ FRE UVD 9 FE2

[o

69



Euo Chang Jung et al. : Study on the Species Distributions of Dissolved U(VI) and Adsorbed U(VI) on Silica Surface

3t 2 T =12(11,15]004 = B2 pH o ellA]
23 U(VD) 319 28 =Si0,U0, 38t olgtal X is}
th. EXAFS 7|5 o]-&3lo] Al5.9] pH gko] 3.5-4.091 =11
oA AelFtel F2HE u(vD 2] vAH F2E AT =7l
T 3¥ #2AES YR, &9 28 7Hx =si0,U0, 318k
© 7 HIETH23,24].

o) #3g 715 Hol= B--2]7t =Sio,u0, 18t%o
v gug weko g o)Fdt ~HEY B RS UVD 7t
T3 sfetgo] Aelrt mHo] S E Ao A e 5 9l

o a2y 23 ER B ARl & 22| =Si0,(UO,)OH

2o

.

b
%
ofi
ro,
>
)
_l:0{:4"
-
BN
ro,
Il
L
9
=
S
o)
=
b
L%
of
ro,
>
|

I && U(VD) 3}8tE9 3
<+ 2tk (1) 22 529 $ehaS g pH gkl
7.5 ®919] AlFollAM &F 3HEF2 35 0] ASHAAN
H F3 5ot 2% 0] ASHATh (2) U0, & 318+F
< pH #ko] S7F5 FHaste] pH gte] 7.0 o)l =4
W= Ao EAEHA] eF=tt. kAN Fig. 89 pH gko] 7.2
A AlF oA S5 2H E- o)AM= SRR FAISHV/P Y|
7} Fig. 9olA] FAIEE v/P ] ol H]al] £}, o] A¥b= pH 3
0] 7.0 o] FQ] 2NN E 2HAEYH A JES F= &
gFo] A8k vk A om|gith, BE5d 2 s
o pH 27104 EA)38HE =Si0,U0, 3182

tE 31 sk IAE s flsie At
WA (specific surface area), 227} &2+ #}2](adsorp-
tion site), $-2HF =0l W2 F ¥ YA (coverage) 50| &
W F4 UV shetgl WA e FhHes 2R
oF &t (3) 2HEY B AHo] =SI0,(U0,0H" 513}l
B AAEE B § sletgo] 4 sletEe] £ EE 0}
E013 7 gele 29 E¢ Be W AVl pH 5.5 2
A YRk B3l Foll pH Fho] S7FE45 7| of g,

g 22 YL VW Aake

» N
o 8o

—_

N

o

Bt

70

v} Fig. 9ollA] Bl =M E B pH ko] 5.6904] 7.2
2 83 uf g A 7)7} 3,98 Z718ET (4) 2~2HE- B A
5 =Si0,(UO,),(OH);” 8}8hg-oletal HAleta A §32F
sl8tzo] & 3}3tE o] X2 wl2rtal 7148 pH kol
5.0 o]3te] Z7leM= 2 EF B o] #S5ER| grolof
sko}, ey Fig, 6ol Bl 23 E R BE pH gho] 4,291
NF M E A ATH

4, A2

8 U(vD) stehgat ek 23 52 u(vD) 8ekge)
ARE el g 2 EYS SAS]T pH 3.5-7.5 W 919
AlgOlA 3] & U(VD 3p8tEat 252 F2 u(vD) 3
stEol g AHEYS #5330 pH kel Watel whE
ol & 3tetFe| WF AT ER Wl FFE v AR ¥
2 U(VD 3}8kg] BEE §& UV 3}8hg] xe th=
Th= 21S ERlst it TRLFS 7]eS o] &8 A3 ZAnto
2 /9] pH 24N #5E 29 F2 UV 38kl
=Si0,(UO,)OH" 3}8}5:R1A] E= =Si0,(UO,),(OH),™ 88}
FTUAE TS 7 RO B2 EXAFS 235 55 o] 8% ¥

2} 5815 73 A7k Basi

oot

A 2

o] AT AR AHRFAIT) ] AP gk ATF
A (AR E AT ALY No. 2017M2A8A5014719) 2] A ¢

& Wol Y HAF YT

REFERENCES

[17J.I. Kim, “Significance of Actinide Chemistry for the
Long-Term Safety of Waste Disposal”’, Nucl. Eng.
Technol., 38(6), 459-482 (2006).

[2] M. Altmaier, X. Gaona, and T. Fanghénel, “Recent
Advances in Aqueous Actinide Chemistry and Thermo-
dynamics”, Chem. Rev., 113, 910-943 (2013).

JINFCWT Vol.18 No. 1 pp.63-72, March 2020



Euo Chang Jung et al. : Study on the Species Distributions of Dissolved U(VI) and Adsorbed U(VI) on Silica Surface

[3] H. Geckeis, J. Liitzenkirchen, R. Polly, T. Rabung, and
M. Schmidt, “Mineral-Water Interface Reactions of Ac-
tinides”, Chem. Rev., 113(2), 1016-1062 (2013).

[4] M.H. Baik, T.J. Park, I.Y. Kim, and K.W. Choi, “Re-
search Status and Roles of Natural Analogue Studies in
the Radioactive Waste Disposal”, J. Nucl. Fuel Cycle
Waste Technol., 11(2), 133-156 (2013).

[5]J.Y. Lee and J.I. Yun, “Temperature-Dependent Hydro-
lysis Reactions of U(VI) Studies by TRLFS”, J. Nucl.
Fuel Cycle Waste Technol., 1(1), 65-73 (2013).

[6] C. Moulin, P. Decambox, V. Moulin, and J.G. Decaillon,
“Uranium Speciation in Solution by Time-Resolved La-
ser-Induced Fluorescence”, Anal. Chem., 67, 348-353
(1995).

[7] G. Bernhard, G. Geipel, T. Reich, V. Brendler, S. Amay-
ri, and H. Nitsche, “Uranyl(VI) carbonate complex for-
mation: Validation of the Ca,UO,(CO,),(aq.) species”,
Radiochim. Acta, 89, 511-518 (2001).

[8] 1.Y. Lee and J.I. Yun, “Formation of ternary CaUO,(CO,),>
and Ca,UQO,(CO;);(aq) complexes under neutral to weakly
alkaline conditions”, Dalton Trans., 42, 9862-9869 (2013).

[9] M.H. Baik, E.C. Jung, and J. Jeong, “Determination of
uranium concentration and speciation in natural granitic
groundwater using TRLFS”, J. Radioanal. Nucl. Chem.,
305, 589-598 (2015).

[10] J.K. Lee, M.H. Baik, and J. Jeong, “Development of
Sorption Database (KAERI-SDB) for the Safety As-
sessment of Radioactive Waste Disposal”, J. Nucl.
Fuel Cycle Waste Technol., 11(1), 41-54 (2013).

[11]A. Kowal-Fouchard, R. Drot, E. Simoni, and J.J.
Ehrhardt, “Use of Spectroscopic Techniques for
Uranium(VI)/Montmorillonite Interaction Modelling”,
Environ. Sci. Technol., 38, 1399-1407 (2004).

[12] R. Drot, J. Roques, and E. Simoni, “Molecular ap-
proach of the uranyl/mineral interaction phenomena”,
C. R. Chimie, 10, 1078-1091 (2007).

[13]J. Wheeler and J.K. Thomas, “Photochemistry of
the Uranyl Ion in Colloidal Silica Solution”, J. Phys.
Chem. 88, 750-754 (1984).

JINFCWT Vol.18 No. 1 pp.63-72, March 2020

[14] H. Moll, G. Geipel, V. Brendler, G. Berhard, and H.
Nitsche, “Interaction of uranium(VI) with silicic acid
in aqueous solutions studied by time-resolved laser-
induced fluorescence spectroscopy (TRLFS)”, J. Al-
loys Compd., 271-273, 765-768 (1998).

[15] U. Gabriel, L. Charlet, C.W. Schlépfer, J.C. Vial, A.
Brachmann, and G. Geipel, “Uranyl Surface Specia-
tion on Silica Particles Studied by Time-Resolved
Laser-Induced Fluorescence Spectroscopy”, J. Colloid
Interface Sci., 239, 358-368 (2001).

[16] C.J. Chisholm-Brause, J.M. Berg, K.M. Little, R.A.
Matzner, and D.E. Morris, “Uranyl sorption by smec-
tites: spectroscopic assessment of thermodynamic mod-
elling”, J. Colloid Interface Sci., 277, 366-382 (2004).

[17] P. Trepte, V. Brendler, Supporting Information in A.
Krepelova, V. Brendler, S. Sachs, N. Baumann, and
G. Bernhard, “U(VI)-Kaolinite Surface Complex-
ation in Absence and Presence of Humic Acid Studied
by TRLFS”, Environ. Sci. Technol., 41, 6142-6147
(2007).

[18] G. Othmane, T. Allard, T. Vercouter, G. Morin, M.
Fayek, and G. Calas, “Luminescence of uranium-
bearing opals: Origin and use as a pH record”, Chem.
Geol., 423, 1-6 (2016).

[19] C.J. Chisholm-Brause, J.M. Berg, R.A. Matzner, and
D.E. Morris, J. “Uranium(VI) Sorption Complexes on
Montmorillonite as a Function of Solution Chemistry”,
Colloid Interface Sci., 233, 38-49 (2001).

[20] N. Baumann, V. Brendler, T. Arnold, G. Geipel, and
G. Bernhard, “Uranyl sorption onto gibbsite studied
by time-resolved laser-induced fluorescence spectros-
copy (TRLFS)”, J. Colloid Interface Sci., 290, 318-
324 (2005).

[21] T. Arnold, S. Utsunomiya, G. Geipel, R.C. Ewing, N.
Baumann, and V. Brendler, “Adsorbed U(VI) Surface
Species on Muscovite Identified by Laser Fluorescence
Spectroscopy and Transmission Electron Microscopy”,
Environ. Sci. Technol., 40, 4646-4652 (2006).

[22] Z. Wang, J.M. Zachara, P.L. Gassman, C. Liu, O.

71



Euo Chang Jung et al. : Study on the Species Distributions of Dissolved U(VI) and Adsorbed U(VI) on Silica Surface

Qafoku, W. Yantasee, and J.G. Catalano, “Fluores-
cence spectroscopy of U(VI)-silicates and U(VI)-con-
taminated Hanford sediment”, Geochim. Cosmochim.
Acta, 69, 1391-1403 (2005).

[23] T. Reich, H. Moll, M.A. Denecke, G. Geipel, G. Bern-
hard, H. Nitsche, P.G. Allen, J.J. Bucher, N. Kaltsoyan-
nis, N.M. Edelstein, and D.K. Shuh, “Characterization
of hydrous uranyl silicate by EXAFS”, Radiochim.
Acta, 74, 219-223 (1996).

[24] T. Reich, H. Moll, T. Arnold, M.A. Denecke, C. Hen-
nig, G. Geipel, G. Bernhard, H. Nitsche, P.G. Allen,
J.J. Bucher, N.M. Edelstein, and D.K. Shuh, “An EX-
AFS study of uranium(VI) sorption onto silica gel and
ferrihydrite”, J. Electron Spectrosc. Relat. Phenom.,
96, 237-243 (1998).

[25] E.R. Sylwester, E.A. Hudson, and P.G. Allen, “The
structure of uranium (VI) sorption complexes on sili-
ca, alumina, and montmorillonite”, Geochim. Cosmo-
chim. Acta, 64, 2431-2438 (2000).

[26] M. Walter, T. Arnold, G. Geipel, A. Scheinost, and G.
Bernhard, “An EXAFS and TRLFS investigation on
uranium(VI) sorption to pristine and leached albite sur-
faces”, J. Colloid Interface Sci., 282, 293-305 (2005).

[27]1 M.S. Massey, J.S. Lezama-Pacheco, J.M. Nelson, S.
Fendorf, and K. Maher, “Uranium Incorporation into
Amorphous Silica”, Environ. Sci. Technol., 48, 8636-
8644 (2014).

[28] E.C. Jung, M.H. Baik, H.R. Cho, H.K. Kim, and W. Cha,
“Study on the Interaction of U(VI) Species With Natural
Organic Matters in KURT Groundwater”, J. Nucl. Fuel
Cycle Waste Technol., 15(2), 101-116 (2017).

[29] R. Guilaumont, T. Fanghéanel, V. Neck, J. Fuger, D.A.
Palmer, 1. Grenthe, and M.H. Rand, “Update on the
Chemical Thermodynamics of Uranium, Neptunium,
Plutonium, Americium, and Technetium”, OECD-
NEA, Elsevier (2003).

[30] E.C. Jung, H.R. Cho, H.K. Kim, and W. Cha, “Laser-
Based Spectroscopic Studies of Actinide Complexes™,

in The Heaviest Metals, Science and Technology of

72

the Actinides and Beyond; Edited by W. J. Evans, T. P.
Hanusa, published by John Wiley & Sons, Ltd., 209-
222 (2019).

JINFCWT Vol.18 No. 1 pp.63-72, March 2020



