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Abstract-The sorption of uranyl ions (UV10/+) to amorphous silica has been studied by laser-induced
time-resolved fluorescence spectroscopy (TRLIFS) at trace concentration levels (1 and 0.1 µM) in the pres-
ence of atmospheric COz. Uranyl is adsorbed on silica between pH 4 and 8.8, and two uranyl surface com-
plexes have been identified in this pH range by their fluorescence properties. Characterized by distinct life-
times (170 ± 25 µs at low pH and 360 ± 50 µs at high pH) and luminescence emission spectra (250 cm! red
shift between the low pH and high pH spectra), they have been assigned to the =SiOzUOz ° and
=SiOzUOzOH- species. When fluorescence data were compared to analytically determined total sorbed con-
centrations, a third non-luminescent ternary surface complex (=SiOzUOzOHCOl-) had to be postulated to
account for adsorption between pH 8.0 and 8.8.

The ability of uranium-rich silica particles to aggregate, and thus not to migrate in soils, was assessed
by a series of centrifugation experiments using silica suspensions at pH 4.4 and 8.4. About 20 % of the
total uranyl concentration (Utot = 1 µM) is easily removed by centrifugation (1000 rpm, 5 minutes) and
can considered to be immobile, as these particles aggregate easily in natural porous media. Under more
rigorous centrifugation conditions (10,000 rpm, 40 to 60 minutes) the intermediate mobility fraction is
removed. The uranyl removal is 98 % at pH 8.4, but only 70 % at pH 4.4. Of the 30 % of Utot that is
mobile at pH 4.4, 17 % fluoresces, and of this amount, 7 and 10 % are assigned to the sorbed and the dis-
solved uranyl fractions, respectively. Therefore, the risk of silica particle-induced transport of uranyl is
more elevated in slightly acidic waters.

1. INTRODUCTION

Silica comprises a major part of igneous and meta-
morphic rocks of the earth's continental crust, includ-
ing minerals in sedimentary environments (sand, bio-
genic silica, etc.). Consequently, adsorption on silica
affects many superficial processes such as weathering
rates, scavenging of diverse elements in the ocean,
and the fate of contaminants in soils and groundwaters
(Van Cappellen and Gaillard, 1996; Van Cappellen
and Qui, 1997). All of these phenomena are controlled
by chemical processes taking place at the interface
between the mineral surface and the bulk solution.
During the past decade, considerable progress has
been made in the study of silica surface chemistry
(Giamelo et al., 1990; Costa et al., 1990; Belyak et a1.
1993; Dove and Rimstidt, 1994), dissolution kinetics
(Dove and Crerar, 1990; Brady and Walther, 1990),
and sorption of certain aqueous ions (e.g., thorium:
Osthols, 1995; uranyl: Michard et al., 1996).
However, the identity and structure of the actual sur-
face species controlling the processes on the
silica/water interface remain subject to controversy.

Owing to the development of surface-sensitive
spectroscopic techniques such as infra-red spec-

troscopy (IR), nuclear magnetic resonance spec-
troscopy (NMR), low-energy electron diffraction
(LEED), atomic force microscopy (AFM), and X-ray
absorption spectroscopy (XAS) (Bumeau and Gallas,
1998; Hommel et al., 1998; Reich et al., 1998;
Sylwester et al., 2000; Dent et al., 1992), direct atom-
ic level information on bonding environments at the
silica/water interface has become available.

Based on surface titration and electrokinetic
measurements (Schindler et al., 1976; James and
Healy, 1972), surface complexation models
(SCM's) of silica minerals were developed which
postulate the formation of inner-sphere ",OMe+ and
",OMeOHo surface complexes between a metal
cation (Me2+) and a primary surface hydroxyl ",OHo
site (e.g. a surface silanol group). The various appli-
cations of these models for the interpretation of
adsorption data and reaction kinetics demonstrated
their validity in describing the speciation at the min-
eral/water interface. In the presence of CO2 and an
excess of metal ions with respect to surface reactive
sites, the following species are assumed to form:
",OMe+, ",OMeOHo, ",OMe(HC03)2-, and
",0 Me( 0 H)2 °. These surface species have been
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inferred indirectly from surface titration, electroki-
netics, adsorption, and reactive transport data, and
from an analogy between the formation of surface
and aqueous species (Schindler, 1991).

The present study focuses on the uranyl cation
(UOl+), which is used as a fluorescent molecular
probe of the silica/water interface. Time-resolved
laser-induced fluorescence spectroscopy (TRLIFS)
allows an in situ investigation of the complexes it
forms at the silicate surface. The uranyl ion is the
most common and mobile form of uranium in oxidiz-
ing aqueous media. It is present in large concentra-
tions in mining waste sites, atomic weaponry instal-
lations, and is expected in worst case scenarios to
migrate out of spent nuclear fuel disposal sites and
penetrate into soils and aquifers. Laser-induced fluo-
rescence spectroscopy has long been a useful tech-
nique for characterizing the molecular environment
of long fluorescence lifetime compounds (rare earth
elements, uranyl ion, organic molecules) and their
interactions with the surface of silica (Glinka and
Krak, 1995; Kushnirenko et al., 1993; Stanton and
Maatman, 1963; Wheeler and Thomas, 1984).

The main advantage of TRLIFS over the widely
used XPS and EXAFS methods is that the former can
provide detailed information on surface species pres-
ent at very low surface concentrations. In addition,
small changes (e.g., during hydrolysis) in the envi-
ronment of the monitored molecular probe can be
measured. This technique also has the advantage of
not requiring any ultrahigh vacuum conditions. Since
the laser beam interacts with the investigated suspen-
sion in a non-perturbing manner, the surface compo-
sition remains practically unchanged during the spec-
troscopic investigation.

In the present study we report on the first in situ
spectroscopically-observed speciation of uranyl ions
sorbed on amorphous silica. This TRLIFS-based spe-
ciation is compared with that obtained by standard
macroscopic surface complexation models. We fur-
ther study the centrifugation of U-rich particles at
various plf's, centrifugation speeds, and centrifuga-
tion times. Based on these parameters, the risk of free
uranyl and uranyl-silica particle transport is assessed.

2. METHODS

2.1. Experimental Methods

The silica sample used in this study (Aerosil 200)
was provided by Degussa (Germany). It is a non-
porous, X-ray amorphous material composed of
spherical particles with a diameter of about 25 nm and
a specific surface area of 169 m2/g (Osthols, 1995).
All chemicals used in this study were of p.a. grade.

Amorphous silica suspensions (particle concentra-
tion cp = 1 g dm') were prepared in 50-cm3

polypropylene bottles in equilibrium with the atmos-
phere, at room temperature (22 ± 1°C). For each of
the three total uranyl concentrations (0, 0.1, and 1
µM) a series of 11 samples was prepared, with pH
values adjusted between 3 and 9 using varying pro-
portions of HN03 and Na2C03 solutions at low and
high pH values, respectively. NaN03 was added
(mainly at low and intermediate pH values) in order
to adjust the ionic strength to 0.01 M. The samples
were shaken for at least one week at room tempera-
ture. Afterwards, the pH was measured once again
and this final pH registered. A combination glass
electrode (Metrohm) was calibrated using standard
buffer solutions (Merck). Silica concentrations were
determined colorimetrically using the molybdate blue
method (Strickland and Parsons, 1972).

2.2. Time-resolved Laser-induced
Fluorescence Spectroscopy (TRLIFS)

The fluorescence spectra for the surface speciation
analysis were recorded at the Radiochemistry
Institute, Research Center Rossendorf, Germany,
using the following instruments and devices. The
suspension samples were introduced into a fluores-
cence measurement cell (quartz, 4 cm'', path length 1
em; stirred) and excited with a pulsed NdYAG laser
at 266 nm (Spectra Physics, 4 ml/pulse, 8 ns pulse
duration). The fluorescence was captured with an
optic fiber (length: 0.5 m; Spectrophysics). The spec-
tra were registered using a diode array (EG&E, 700
diodes, 0.3 nm resolution). The diode array was con-
trolled by a delay generator (600 V) which was trig-
gered by the laser itself and delayed by a delay gen-
erator. The energy delivered by the laser was con-
trolled by an optical meter after passing the meas-
urement cell. Previously, this experimental set-up
was used to characterize the fluorescence of the
uranyl ion in 0.1 M HCI04. Bernhard et al. (1996)
reported a lifetime of 1.55 ± 0.2 µs, which agrees
with the values of 1.7 ± 0.2 µs measured by Eliet at
a1. (1995) and 1.9 ± 0.2 µs by Kato et a1. (1994).

The experimental conditions of the present meas-
urements are listed in Table 1. The delayed time gate
(40.1 µs) was chosen in order to eliminate the fluo-
rescence of dissolved uranyl hydroxyl, nitrate, and
carbonate complexes (speciation in Fig. 1, equilibri-
um constants in Table 2) which are known to have
lifetimes of about 33 µs or less (Eliet et al., 1995;
Deniau et al., 1993). Uranyl sorbed on silica is known
to have elevated lifetimes (Wheeler and Thomas,
1984: 440 µs). Duff et a1. (2000) also reported elevat-
ed luminescence lifetimes for uranyl sorbed on lake
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Table 1. Measurement conditions for the characterization
of the surface complexes

delay

gate

delay step

number of time steps

laser shots per spectrum

spectra per measurement

40.1 µs
10 µs

5and2µs

31

200

3

sediments (lifetimes :s; 526 us, measured at liquid N2
temperature). The fluorescence of the dissolved
uranyl silicic acid complex (U02H3Si04 ") is thought
to depend on silicic acid polymerization (Moll et al.,
1998). Uranyl luminescence lifetimes of 19 ± 4 µs
and 90 to 200 µs are reported in the presence of
monomeric and polymeric silicic acid, respectively.
Therefore, the dissolved uranyl silicic acid complex
has to be considered in the fluorescence data inter-
pretation. The silicic acid concentration in the present
study was measured and found to vary from 1.5 to 2.2
mM, depending on pH. Speciation of uranyl ion in
the presence of 2 mM silicic acid is given in Fig. 1.

In order to characterize uranyl surface complexes
by their emitted time-resolved fluorescence spectra,
one must first deconvolute all other fluorescence
components. The fluorescence of solution complexes
was already discussed. The silica suspension without
uranyl (due to possible impurities of the silica or to
defects in the lattice of the silica particles) also emit-
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ted a fluorescence signal in the studied wave number
range. The spectra depict a broad, symmetrical, and
rather noisy maximum at about 20,000 crrr ' (Fig. 2).
The luminescence intensity could be described with a
bi-exponential decay function (lifetimes of 8 ± 1 and
53 ± 4 µs). Neither the peak positions in the spectrum
nor the lifetimes changed as function of pH (3 :s; pH
:s; 8). This fluorescence signal should be present in all
samples and independent of the uranyl adsorption.
This spectrum was therefore subtracted from all of
the spectra of the uranyl-silica system, thereby result-
ing in a zero baseline outside the range of the charac-
teristic peaks of the uranyl fluorescence (for details
see Gabriel, 1998). Typical spectra of the water-
amorphous silica-uranyl system at a total uranyl con-
centration of 1 µM are given in Fig. 3.

The removal of particles from solution was
assessed by a series of centrifugation experiments,
in which both centrifugation time and speed were
varied. Two 200-ml samples (pH 4.4 and 8.4) were
prepared. After centrifugation (Beckmann Avanti J-
20 centrifuge, fixed angle rotor JA-14, polypropy-
lene tubes 40 ml), the fluorescence decay of the
original and the supernatant solutions were record-
ed in the 50- to 450-µs time range using a pulsed
nitrogen laser (VSL-337ND, Laser Science, Inc.;
250 µJ/pulse, 15 Hz, wave length 337 nm), a fluo-
rescence measurement cell (quartz, 4 cm-', path
length 1 ern, stirred), a photomultiplier
(Hamamatsu 94302, 500 V), a gelatin filter (Kodak
55, maximal transmission 67 -69 % at 510-520 nm),
a digital oscilloscope (digitizing oscilloscope

Table 2. Equilibrium constants (log K) for solution speciation
(Grenthe et al., 1992; Stumm and Morgan, 1996, Moll et al., 1998)

Reaction log K (1=0) log K (1=0.01)

UOl+ + HzO ~ UOzOH+ + H+ -5.2 -5.3

UOl+ + 2 HzO ~ UOz(OH)Z 0 + 2 H+ -10.3 -10.4

UOzz+ + 3 HzO ~ UOZ(OH)3- + 3 H+ -19.2 -19.2

UOzz+ + HZC03° ~ UOZC03° + 2 H+ -7.0 -7.1

UOzz+ + 2 H2C03° ~ UOZ(C03)zz- + 4 H+ -16.4 -16.3

U02Z+ + 3 H2C03° ~ UOZ(C03)34- + 6 H+ -28.5 -27.7

2 UOl+ + 3 H2C03° ~ UOzC03(OH)33- + 5 H+ -17.6 -17.7

U02Z+ + H4SiO/ ~ UOzH3SiO/ + H+ -1.7 -1.8

UOZ
Z+ + N03- ~ UOzN03+ 0.3 0.06

HzO ~ OH- + H+ -14.0 -13.9

H4SiO/ ~ H3Si04- + H+ -10.0 -9.9

H4SiO/ ~ HzSiOi- + 2 H+ -23.0 -22.7

HZC03° ~ HC03- + H+ -6.4 -6.3

HZC03° ~ COl- + 2 H+ -16.7 -16.4
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Fig. 1. Uranyl solution speciation based on the constants listed in Table 2 (Grenthe et al., 1992); code:
GRFIT, Ludwig (1993); [U022+]tot = 1 µM; [H2C03°] = 22.4 µM; [H4SiO/]tot = 2 mM; 1= 0.01 M;

free
[N03-]tot = 0.01 M.
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Intensity (a.u.)
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Fig. 2. Time-resolved luminescence spectra of a silica suspension at pH 5.11 (cp = 1 g dm'; no
uranyl ions).

54501A 100MHz, Hewlett Packard), and a photodi-
ode (PIN SI223-01, Hamamatsu) at the Physical
Spectrometry Laboratory, Grenoble, France. The
fluorescence intensity is expressed in terms of % of
the original suspension fluorescence (before cen-
trifugation).

The sorption isotherms were measured by
TRLIFS according to a third method, using the
experimental set-up for fluorescence measurements
at the Physical Spectrometry Laboratory, Grenoble,
France. The suspensions were filtered through 0.45-
µm filter membranes. No significant differences,
with respect to dissolved uranyl concentrations, were
observed when suspensions were filtered through
0.45-, 0.2-, 0.1-, and 0.025-µm filters. After filtration
samples were instantly acidified to pH 1 with nitric

acid to avoid sorption on the container walls. The
dissolved uranyl concentration was measured
according to the method given in Brina and Miller
(1992). The addition of H3P04 (final concentration
0.75 M) was used to form stable uranyl solution
complexes with a typically long fluorescence life-
time of about 200 µs. This value is in good agree-
ment with measurements of 200 µs by Moulin et a1.
(1995) and 232.1 ± 0.5 µs by Kato et a1. (1994) and
Meinrath et a1. (1993).

The initial fluorescence intensity is proportional to
the concentration of the emitting molecules. By
extrapolation of the exponential decay to time zero, the
initial fluorescence intensity was determined. The
method was calibrated using the standard additions
method. Corrections were made for base line and
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1: = 170 ± 25 µs

40.1
100.1
200.1

Time(µs)

400.1
500.1
600.1

15000 18000 21000 24000

Wave number (cm')

Intensity (a.u.) (b)

1: = 360 ± 50 µs

Time(µs)

15000 18000 21000 24000

Wave number (cm')
Fig. 3. Experimental time-resolved luminescence spectra of silica suspensions at pH 4.4 (a) and pH

8.2 (b). Intensities are shown in the same arbitrary units; [U022+1totai = 1 µM; cp = 1 g dm'. The spectra
obtained 40.1 µs after the laser pulse (thick lines) have been used in Figs. 4 and 5.
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instrumental drift. The detection limit and precision
were 3 nM and 5 %, respectively (Gabriel et al., 1998).

2.3. Data Treatment

The fluorescence emitted by complex i is a func-
tion of the time t and wave number v, and its decay
follows an apparent first order law (Brina and
Miller, 1992):

li(t,v)= t,(O,v)exp(- :J
where I/t, v) is the fluorescence intensity of complex
i at the wave number vand time t; Tiis the character-
istic fluorescence lifetime of complex i.

When all parameters of the experiment are kept
constant, the observed fluorescence intensity l/t, v) of
species i at time t and wave number v is related to the
concentration S, of the emitting complex i by:

Ii(t, v) = (J)i(t, v) S,

where ro/f, v) is an experimental parameter. It incor-
porates the effects of absorption, radiant and non-
radiant transition probabilities (all characteristic for
the emitting complex i), and several parameters char-
acteristic of the experimental set-up, such as pre-fil-
ter and post-filter effects. A detailed discussion of this
is given by Berthoud et a1. (1988) and Eliet (1996).
The vector rolf, v=1 .. l) represents the fluorescence
spectrum of species i (l is the number of data points
in the spectrum).

The fluorescence intensity of n emitting complex-
es is additive. The overall fluorescence intensity of a
composite solution or suspension is then described by

n

t,(t,v)= Lroi(f,v)Si
i=l

The sum of concentrations of all emitting surface
complexes, Si' is equal to or smaller than the analyti-
cally-determined total concentration of sorbed uranyl

n

Stat ~ LSi
;=1

The difference between Stat and the summation on
the right-hand side (Eqn. 4) gives the concentration
of possible silent, non-emitting surface species.
Concentrations of all emitting complexes are related
to the emitted fluorescence light, given by Eqn. 3.
Two parameters, rolf, v), the emission at a given
time t and a wave number v, and the emission life-
time Ti ' are characteristic of an adsorbed species.
These parameters were used separately in order to
obtain quantitative information with respect to the
surface speciation.
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2.3.1. Wave number-resolved data
(spectra at 40.1 µs)

In order to reduce the data from the spectra from
700 to 60 we smoothed the experimental data using
the built-in function of the software package Mathcad
6+ (spline).

At a given time t the measured fluorescence inten-
sity lev), given by:

(1)

n

l(v) = Lro;(v)Si
i=! (5)

is analogous to the Lambert-Beer law for absorption.
The fluorescence of a series of suspensions is given
by the following matrix equation (dimensions of the
matrices are given in brackets)

I(l,s) = w(l,n) S(n,s) (6)

(2)

with
lil,s} matrix of the measured fluorescence intensi-

ties. The columns are the emission spectra for
the given solution.

w(l,n) matrix of the fluorescence spectra. The
columns give the emission spectra of the sig-
nificantly different surface complexes.

Stn.s) matrix of the relative concentrations. The
columns give the speciation of the surface
species.
number of data points per spectrum

s number of solutions (or measured spectra)
n number of significantly different complexes

(3)

The mathematical procedure consists of decom-
posing the matrix of the fluorescence data l(l,s) into a
linear product of the matrices of the relative concen-
trations of the fluorescent complexes Stn.s) and their
specific fluorescence spectra w( l.n).

Singular value decomposition of l(l,s) allows for
the determination of the number of emitting species
n. Evolving Factor Analysis (EFA, Gampp et al.,
1987) can be used for the model-free decomposition
of the matrix l(l,s) after the number of species have
been determined, based on the following conditions:
1. linear relationship between the measured fluo-

rescence intensity at time t and the concentra-
tion of the fluorescent complex S, (Eqn. 2)

2. mass conservation
3. the first and the last spectrum are due to only

one species, respectively
4. when stepping from one pH to another only

one new emitting species appears
5. the species disappear as pH increases in the

same order as they appeared (i.e., "first in -
first out").

(4)
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The condition of the mass conservation is easily
replaced by Eqn. 4 if linear programming (Press et
al., 1992) is used to solve the optimization problem.

2.3.2. Time-resolved integral values
of the fluorescence intensity (decays)

The EFA of the spectra indicated that two com-
plexes dominate the experimental fluorescence spec-
tra of the suspensions containing 1 µM uranyl. Thus,
Eqn. 3 can be reduced to a two-term equation. At a
given wave number v (or within a given v range) the
experimental decay is described by:

l(t) = (l)?SI exp(-~)+(l)~S2 exp(-_!___)
'tl 't2 (7)

The experimental intensity integral let) between
19000 and 20000 cm! was used.

2.4. Surface Complexation Modeling

The adsorption chemical equilibrium of uranyl
ions onto silica by surface complexation can be
described by the general equation:

P =Si(OH)z + q uoi+ + r H+ + S CO~-

where f3~qrs is the conditional equilibrium constant,
and p, q, rand s are the (positive or negative) stoi-
chiometry coefficients. The conditional equilibrium
constant includes activity coefficients for solution
species which were calculated with the Davies
equation (Davies, 1962). Activity coefficients for all
surface species are assumed to be equal to 1. The
=Si(OH)2 surface species is a hypothetical average
surface adsorption site, susceptible to lose one pro-
ton according to:

MO-IO (9)

The total concentration of surface sites [=Si(OH)2ltot
was set to 0.51 mM (after Osthols, 1995) and the total
uranyl ion concentration [U022+ltot was defined as
constant. The total proton concentration [H+ltot is
calculated using a charge-balance expression. The
free carbonic acid concentration [H2C03lrree is con-
trolled by CO2-equilibrium with the atmosphere
(Peo = 10-3.51 atm).

Th~ conditional equilibrium constants f3pqrs and
1310-10 were corrected for the Coulombic energy of
the surface charge to obtain the corresponding intrin-
sic constants:

f3~qrs(int) = f3~qrs exp( (2q + rR-/s)FIjJ)
(10)

where '1' is the effective surface potential. The total
molar charge of the surface (ltot is given by:

(ltot = LLLL,(2q+r-2s)J3;qrS
fJ q r s

To relate the total molar surface charge (ltot to the
surface potential '1' the constant-capacitance model
(Schindler and Garnsjager, 1972) was used, since the
formation of outer-sphere complexes could be
excluded (Dent et al., 1992; Reich et al., 1996; 1998;
Sylwester et al., 2000):

'¥ = (JtotF
AscpK (12)

where A, is the specific surface area (m2 g-I), cp is the
particle concentration (g dm'), F is the Faraday con-
stant, and tc is the capacitance (F m-2). The intrinsic
stability constants, the total site concentration, and
the capacitance were determined from the adjustment
of the experimental fluorescence data using the pro-
gram GRFIT (Ludwig, 1993). The evaluation was
based mainly on the goodness-of-fit (Westall, 1982).

3. RESULTS AND DISCUSSION

3.1. Identification of Different Surface Complexes

In Fig. 4 the experimental uranium fluorescence
spectra recorded on silica suspensions equilibrated at
different pH values and total uranyl concentrations
(1 and 0.1 µM) are compared. The spectra recorded
for different total uranium concentrations reveal sim-
ilar behavior. At pH values below 4.4 the fluores-
cence signal is very weak, but around pH 4.4 the
intensity increases strongly. In this pH range (pH :s;
4.4), macroscopic sorption measurements indicate
that the concentration of sorbed uranium shifts from
50 % to 80 % of the total uranyl concentration (dis-
cussed further on). The fluorescence spectra in this
pH range show the same maximum peaks, whatever
the total uranium concentration, and the same uranyl
molecular environment is assumed to dominate the
fluorescence signal. In the 4.5 to 5.5 pH range the
fluorescence intensity remains at the same elevated
level, but a second component appears in the spectra,
which is characterized by maxima at smaller wave
numbers (i.e. with a 250-cm-1 red shift). In the pH
range 5.5 to 8 the spectra are dominated by this sec-
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Intensity (a.u.)
(a)

pH
8.87

8.47

8.19

7.70

7.35

6.70

5.54

4.41

4.16

4.01

15000 20000 25000

ond component spectrum. Beyond pH 8.2, the over-
all intensity decreases.

A comparison of both fluorescence components
indicates that they also differ as a function of their life-
times. A longer lifetime is observed for the higher pH
fluorescence component (Fig. 3). By an adjustment of
a mono-exponential decay function to the experimen-
tal data, lifetimes of 170 ± 25 and 360 ± 50 µs were
determined for samples prepared at low and high pH
values, respectively. The mono-exponential decays at

Wave number (em")

Intensity (a.u.)

431

(b)

pH
8.71

8.56

8.45

7.94

7.49

6.83

5.77

5.12

4.23

3.70

15000 20000 25000

Fig. 4. Experimental spectra of the silica suspensions (cp = 1 g cm-3) containing 1 µM (a) and 0.1 µM
(b) uranyl; intensity values are divided by 10 for (a).

Wave number (em")

pH 4.4 and 8.2 did not completely exclude the exis-
tence of minor fluorescence components at these pH
values, but indicated nonetheless the dominance of dis-
tinct molecular environments in both spectra.

3.2. Quantification of the Surface Speciation

The spectra obtained for a total uranyl concentra-
tion of 1 µM (Fig. 4a) were analyzed by singular
value decomposition (Gampp et al., 1987). This
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pH 4.41

pHS.54

pH 6.70

high pH

low pH

pH 7.35

low pH

pH 5.12

pH 5.77

o
pH 6.83

pH 7.49

Fig. 5. Experimental spectra (0 symbol) at a total uranyl concentration of 1 µM (left column) and 0.1
µM (right column), adjusted using evolving factor analysis (thin lines: prevailing spectra at low/high pH;
thick line: sum of both; thin line below: remaining error; cp = I g drn='; intensity values are divided by
10 for the left column).

analysis confirmed the existence of two distinctively
different spectra. For the deconvolution of these spec-
tra the evolving factor analysis (EFA) was used. The
spectra of the intermediate pH values, where domi-

nance shifts from the first spectrum to the second, are
represented in the left column of Fig. 5. The already
mentioned dominance shift between pH 5.5 and 6.7 is
confirmed. The experimental data at a total uranyl
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Fig. 6. Results of the experimental spectra and decays (a) and uranyl surface speciation model (b).
Stability and intrinsic surface constants are given in Tables 2 and 3; filled and open symbols indicate the
lower and higher protonated state; grey symbols show the silent surface complex contribution, i.e., the
difference between Stot' the sorbed amount of uranyl (filled circles, in % of total concentration) and the
two luminescent surface complexes; thin lines in (b) show the sensitivity analysis; the thick line in (a) and
small dots in (b) include the dissolved uranyl silicic acid complex (see text for details.)

concentration of 0.1 µM were adjusted with the same
two composite spectra (right column in Fig. 5). The
spectrum at pH 5.1 is still completely controlled by
the first component spectrum, whereas at pH 5.8 both
spectra have about the same importance. At pH 6.8
the second component dominates the spectrum.

In order to be able to deduce surface species from
the intensities of the two fluorescence components,
the overall sorbed concentration needed to be char-

acterized. Uranyl ions are nearly completely
removed from solution between pH 5.5 and 8.5 by
adsorption on filterable silica (> 0.45 µm, large dots
in Fig. 6). Below pH 4.4, two processes prevent
uranyl adsorption: (i) protons compete efficiently
with uranyl ions for silanol reactive groups and (ii)
dissolved silicic acid, and very marginally also
nitrate and hydroxyl ions, complex uranyl in solu-
tion (Fig. 1). On the other hand, above pH 8.5 dis-
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solved carbonate ions out-compete surface silanol
ligands for uranyl complexation. Stable
U02(C03)34- are formed in solution, and uranyl
adsorption starts declining (i.e., Fig. 1).

Since the uranyl complexed by (polymeric) dis-
solved silicic acid also emits a fluorescence signal
with a long lifetime (90-200 us, Moll et a1. 1998),
the sum of the concentrations of the emitting species
may be greater than the total sorbed concentration in
the low pH range. In order to evaluate this effect the
concentration of the calculated dissolved uranyl sil-
icate (U02H3Si04 +) was added to the total sorbed
concentration (thickest solid line in Fig. 6a), this
resulting in positive % changes of 9, 10, and 6 at pH
values of 4.0, 4.2, and 4.4, respectively. The large
domain of complete adsorption between pH 5.5 and
8.5 is not affected. For this reason it was justifiable
to set the measured total concentration of sorbed
uranyl, Stot' larger or equal to the sum of the con-
centrations of all the present uranyl containing sur-
face complexes according to Eqn. 4. The relative
concentrations of the two fluorescent surface com-
plexes obtained by EFA are indicated in Fig. 6a by
the filled and open squares (1 µM uranyl) and filled
and open triangles (0.1 µM), respectively. The sec-
ond component dominates beyond pH 5.5 ± 0.2. It
appeared that the fluorescence yield at time 40.1 µs
after the laser shot of the low-pH surface complex
was about double the one of the high-pH surface
complex (Figs. 3,4).

In order to test whether the dissolved uranyl silicic
acid complex has a different fluorescence spectrum
than the surface species, 4 samples were centrifuged
at relatively low speed for 10 minutes. In Fig. 7, the
fluorescence spectra are compared. No spectral dif-
ferences can be observed between the original and
the centrifuged samples, suggesting that the spectral
data, in contrast to the lifetime data, cannot be used
to distinguish between surface and solution (poly-
meric/monomeric) uranyl silica species.

The initial intensities of the exponential decay
functions (adjusted to the experimental decays in the
40.1 to 600.1 µs time range, data not shown, Gabriel,
1998) were used as a third indication for the concen-
trations of the two fluorescence components (dia-
monds in Fig. 6). The shift from one surface com-
plex to another occurred at a slightly higher pH
(between pH 5.5 and 6.7). Thus, the spectra and life-
time values at 1 µM uranyl lead to the same in situ
speciation of uranium as in the silica suspension.
The experimental decay signals of the 0.1 µM uranyl
series were not used for the speciation estimation
since the signal after 200 µs had a too low
signal/noise ratio. It was therefore not possible to
adjust a bi-exponential decay function.

A difference between the experimentally deter-
mined sorbed concentration Stot and the sum of the
concentrations of the two fluorescent surface com-
plexes S1 and S2 was observed between pH 8 and 9.
This difference was interpreted as being due to the
presence of a non-fluorescent surface complex (rela-
tive concentrations are represented by gray-filled
symbols in Fig. 6).

3.3. Surface Complexation Modeling

Uranyl adsorption on amorphous silica has been
studied extensively by EXAFS (Dent et al., 1992;
Reich et al., 1998; Sylwester et al., 2000). Adsorption
is reported to take place in the equatorial plane
formed around the UV1 atom of the linear uranyl
(0=U2+=0) cation. Free uranyl in an acid, non-com-
plexing aquatic environment is surrounded by five to
six water molecules, these forming the equatorial
plane of the uranyl cation. In all complexation or
adsorption reactions some of these water molecules
are replaced by negatively charged ions, such as
nitrate, hydroxyl, or surface groups (inner-sphere
complexes). This leads to an uneven charge distribu-
tion in the equatorial plane. In some cases this leads
to a splitting of the equatorial shell because the near-
est atoms are likely to be found at different distances.
This was observed by Waite et al. (1994) on ferrihy-
drite. Farges et a1. (1992) confirmed the splitting of
the equatorial shell in solids by XRD.

The measured small U-Si distances suggest that
uranyl forms bi-dentate surface complexes. Sylwester
et a1. (2000) determined an U-U closest neighbor dis-
tance suggesting the existence of polymers at pH 6.46
and a total uranyl concentration of 41.5 µM. Based on
the solubility of soddyite (Moll et al., 1996; Moll,
1997) precipitation is likely at [UOl+]tot = 41.5 µM,
but may also depend on the reaction rate. At pH 3.14
and a total uranyl concentration of 9.79 mM, no
molecular U-U near-order was detected (Sylwester et
al., 2000). Reich et al. (1998) studied uranyl adsorp-
tion on silica at even higher total uranyl concentra-
tions (:S; 0.05 M in the pH range 3.5 to 4.5) and did not
detect uranyl surface polymers. Based on the available
evidence it is not possible to completely exclude the
existence of uranyl hydroxy-polymers at the
silica/water interface. However, the similarities in the
present spectral data obtained for total uranyl concen-
trations that vary over one order of magnitude indicate
mononuclear uranyl adsorption (Figs. 4a,b,5).

In the characterization of uranyl solution specia-
tion, TRLIFS has been widely used to distinguish dif-
ferent hydrolysis states and polymers (Eliet et al.,
1995; Brendler et al., 1996; Bernhard et al., 1996;
Moulin et al., 1995). Hydrolysis and polymerization
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can be observed by TRLIFS because charge distribu-
tion and symmetry in the equatorial plane change.
Equatorial and axial oxygen bounding distances are
inversely related (Pauling principle: Pauling, 1929;
Hudson et a1. 1995), this causing the altered fluores-
cence signal.

Based on all of the above information we propose
two fluorescent surface complexes, each with a
mono-nuclear bidentate structure. The adsorption
reaction takes place in the equatorial plane where
two of the five (or six) water molecules of the free
uranyl are replaced by silanol surface groups, this
resulting in the release of two protons (Table 3). The
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water molecules of the free uranyl ion have not been
included in Table 3. The low-pH complex is
assumed to be a neutral uranyl complex
=Si02U02°· The second fluorescent surface com-
plex is thought to include an additional hydroxyl ion
(i.e., in its formation three protons are released:
=Si02U020H-).

One explanation for the non-observed fluores-
cence of the postulated surface complex at high pH
may be the presence of carbonate ions, this leading
to a ternary surface site-uranyl-carbonate structure.
Bargar et a1. (1999, 2000) have observed ternary
uranyl carbonate complexes on hematite. The for-

Table 3. Intrinsic constants (log K) for silica surface speciation (constant capacitance model; c
p
= 1 g drrr-';

As = 169 m2 s': 1C = 7 F m-z; [N03-ltot = 0.01 M, [=Si(OH)zltot = 0.51 mM; [HZC03°lrree = 22.4 µM;
[H4SiO/ltot = 2 mM; [UOl+ltot = 1 µM)

Reactions

=Si(OH)z H =SiOzH- + H+

= Si(OH)z + UOl+ H =SiOzUOzo + 2 H+ -4.69 -4.78
=Si(OH)2 + uo,> + HZO H =SiOzUOzOH- + 3 H+ -10.33 -10.37
= Si(OH)z + UOl+ + H2C03° + HZO H =SiOzUOzOHC033. + 5 H+ -22.02 -21.98

pH 4.16
20%

pH 7.35
13.5%

pH 5.54
10.8%

pH 8.19
33%

Fig. 7. Experimental spectra of the original (dots) and centrifuged suspensions (thick line). The adjust-
ed thin line permits comparison of the magnified spectrum to the original one; the remaining error is rep-
resented by the thin lines below; percentages correspond to remaining fluorescence after centrifugation;
total uranyl concentration = 1 µM.
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3.4. Particle-facilitated Transport of Uranylmer study concluded that the entire pH range is
dominated by ternary uranyl carbonate complexes.
However, iron-bearing oxides and hydroxides are
known to have a high affinity for dissolved carbon-
ate, but this behavior is not known for silica sur-
faces.

Bernhard et al. (1996) reported uranyl complexa-
tion with carbonate in solution. This resulted in
quenching of the fluorescence and therefore leading
to no measurable signal 1 µs after the laser pulse.
The same was found by Kato et al. (1994) who did
not detect a fluorescence signal due to aqueous
uranyl carbonate complexes. On the other hand,
Bernhard et a1. (1996) report fluorescence lifetimes
of 270 and 300 µs for liebigite and zellerite (both
uranyl carbonates), respectively. This might be due
to a lesser amount of water in the molecular envi-
ronment of uranyl in the mineralogical lattice.

For the non-fluorescent surface complex we pro-
pose the following structure: =Si02U020HCOl-·
Its formation involves the release of three protons.
This complex has been included in the following sur-
face speciation model, even though both its existence
and structure are hypothetical for the moment. The
surface speciation is represented by the thick lines in
Fig. 6b. The optimum data fit was obtained with a
capacitance 7( of 7 F m-2. This high capacitance value
indicates a very thin double layer. The corresponding
logarithmic complexation constants are summarized
in Table 3. The logarithmic deprotonation constant of
the silica surface was assumed to be 6.94, in accor-
dance with the literature (Charlet et al., 1993;
Osthols, 1995).

The most accurate region in the speciation dia-
gram (Fig. 6b) is between pH 5.5 and pH 7. We eval-
uated the impact of a 0.1-10g unit change in the
equilibrium constants as a sensitivity analysis. The
thin lines in Fig. 6b indicate the results showing (i)
increases in the complexation constants (log K +
0.1) of the =Si02U02° and =Si02U020HC033-
complexes and a decreased formation constant (log
K - 0.1) of =Si02U020H- , or (ii) the inverse. The
sensitivity analysis showed that a 0.1-10g unit
change of the constants did not change the adsorp-
tion or the desorption edge, but shifted the intersec-
tion of the dominance fields of the first and second
complexes from pH 5.5 to 5.9. The theoretical
curves are closer to the experimental data deduced
from the spectra than to those deduced from the
luminescence decays. The differences between both
data sets might be due to different sensitivities of
the spectra and the luminescence decays with
respect to certain structural parameters, such as
bonding distances and symmetry.

Uranium sorbed on silica may be either mobile or
immobile in the environment, depending on the par-
ticle mobility, i.e., depending on the tendency to
aggregate in the subsoil. As was observed in prelimi-
nary experiments, centrifugation does not remove the
entire fluorescence signal of the uranyl silica suspen-
sions. This tendency was further studied in a series of
centrifugation experiments performed on silica sus-
pensions at equilibrium at two different pH values
(4.4 and 8.4) with 1 µM uranium. Fluorescence
decays (50 to 450 µs) of the supernatant were record-
ed after centrifugation at different times and veloci-
ties. Results are presented in Fig. 8, where the regis-
tered fluorescence intensity at 50 µs has been nor-
malized to the intensity of the suspension before cen-
trifugation (also at 50 µs).

Irrespective of the equilibrium pH (4.4 and 8.4),
20 % of the fluorescence is easily removed after a
light centrifugation (5 minutes at 1000 rpm). At pH
4.4 (but not at pH 8.4) a further 45 % of the fluores-
cence is removed by centrifugation for 1 h at the
same centrifugation speed. At pH 8.4 centrifugation
at 1,000 rpm for one hour did not reduce the uranyl
fluorescence in the supernatant. A high-gravity field
(centrifugation at 10,000 rpm for 60 min) is needed
to reduce the uranyl fluorescence to zero. However,
at pH 4.4, even high-gravity fields (40 minutes at
10,000 rpm) were not able to remove more than
another 15 % of the fluorescence signal, such that 20
% of the fluorescence signal remained in suspension
and/or solution.

As already discussed in the quantification of the
surface speciation, the fluorescence signal cannot
simply be assumed to correspond directly to the total
sorbed concentration because dissolved uranyl silica
complexes potentially emit a similar luminescence
signal. Therefore, at pH 4.4, the 20 % fluorescence
signal which remains should be compared to the dis-
solved uranyl fraction which is complexed by silicic
acid, which is 10 % of the total uranyl concentration.
At this pH, 13 % of the total uranyl concentration is
not bound to silicic acid and can therefore be
assumed to have no long-life fluorescence. The sum
of all the fluorescent fractions (sorbed and dissolved)
can be assumed to correspond to 87 % of the total
uranyl concentration. On this basis the different frac-
tions at pH 4.4 (Fig. 9) have been calculated. The
non-removable fluorescence fraction is attributed
partly to the sorbed (7 %) and partly to the dissolved
(10 %) uranyl. With respect to these interpretations,
it must be kept in mind that experimental artifacts,
such as the incomplete removal of silica particles
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Fig. 8. Reduction of the observed fluorescence intensity (at 50.2 µs after the laser shot) after 5 to
60 minutes centrifugation at 1,000 (circles), 2,000 (triangles), and 10,000 (squares) rpm at pH 4.4 (a)
and pH 8.4 (b).

attached to the quartz cell walls, may playa role in
influencing the results.
Ingeneral, aggregation does occur where expected;

the most rapid aggregation is observed in the slightly
acidic pH range where silica particles have nearly no
net surface charge. At acid pH, the proposed uranyl
surface complex is also not charged. Intermediate
aggregation is observed at pH 8.4 where silica parti-

cles have large negative surface charges and the pro-
posed uranyl surface complex is also charged nega-
tively. The 17 % uranyl at pH 4.4 which does not
aggregate at all under the centrifugation conditions
presented here is most probably bound to silicic acid,
resulting in charged molecules (see Eqn. 8 in Table 2).

These results suggest that the risk of uranyl trans-
fer by silica colloids in groundwater and the hydro-
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Fig. 9. Removed percentage of uranyl (% of total concentration) at different centrifugation conditions.

sphere is controlled not only by pH conditions, but
also by the flow velocity. In slightly acidic waters,
uranyl is more mobile as it may be complexed with
aqueous silicic acid, and in slightly basic conditions
it is potentially transported as a sorbed species on
small silica particles which have an intermediate
susceptibility to aggregation behavior.

4. CONCLUSIONS

For the first time, to our knowledge, two distinc-
tively different molecular environments of uranyl
sorbed on amorphous silica have been observed and
quantified by spectroscopic analysis. This has been
done by TRLIFS at trace-level concentrations, i.e.,
at levels not accessible to conventional spectroscop-
ic techniques such as NMR or EXAFS. This is
important since trace-level concentrations are per-
haps more relevant to natural environments, and in
addition sorption mechanisms may change with the
sorbate to sorbant ratio, i.e., the structure of the sur-
face complexes may change as a function of surface
concentration (Morris et al., 1994; Chrisholm-
Brause et al., 1994).

In general, uranyl adsorption to amorphous silica is
known to result in the formation of bidentate surface
complexes, where two water molecules in the equato-
rial plane of the uranyl ion are replaced by silanol
groups (Dent et al., 1992, Reich et al., 1998,

Sylwester et al., 2000). The different observed molec-
ular environments in this study are thought to repre-
sent different levels of hydrolysis. Polymerization of
uranyl seems unlikely as U-U near-order was
observed in this system only at elevated uranyl con-
centrations likely to cause surface precipitation. The
addition of ions such as carbonate or silicic acid may
also cause a change in the structure of the surface
complex. Carbonate ions are most likely not an inte-
gral part of the fluorescent surface species since they
are known to drastically reduce fluorescence lifetimes
in aqueous environments. At this point it seems very
unlikely that sorbed silicic acid molecules are distin-
guishable from structural units belonging to amor-
phous silica. Therefore this process was not consid-
ered in the speciation calculations in the present study.

The two complexes observed by TRLIFS were
assigned to =Si02U02° and =Si02U020H- species.
In accordance with literature data, the existence of a
non-fluorescent uranyl-silica-carbonate-hydroxo
complex =Si02U020HCOl- was postulated in
order to account for the difference between the sum
of the concentrations of the fluorescent surface com-
plexes and the experimentally determined total
sorbed uranyl concentration (Waite et al., 1994).

In this study silica particles were shown to be a
potential candidate for facilitating the transport of
uranium in subsoils. The major risk appears to occur
in the acidic pH range where dissolved silicic acid
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and a fraction of the silica particles, despite their
nearly neutral surface charge, are least likely to
aggregate and thus be removed from solution. Thus,
under favorable transport conditions, uranium sorbed
to silica may migrate in the subsoil.
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