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A B S T R A C T

In this study the complexation of U(VI) with orthosilicic acid (H4SiO4) was investigated between pH 3.5 and 5 by
combining electrospray ionization mass spectrometry (ESI-MS) and laser-induced luminescence spectroscopy.
The ESI-MS experiments performed at a total silicon concentration of 5 · 10−3 M (exceeding the solubility of
amorphous silica at both pH-values) revealed the formation of oligomeric sodium-silicates in addition to the
UO2OSi(OH)3+ species. For the luminescence spectroscopic experiments (25 °C), the U(VI) concentration was
fixed at 5 · 10−6 M, the silicon concentration was varied between 1.3 · 10−4–1.3 · 10−3 M (reducing the for-
mation of silicon oligomers) and the ionic strength was kept constant at 0.2 M NaClO4. The results confirmed the
formation of the aqueous UO2OSi(OH)3+ complex. The conditional complexation constant at 25 °C, log
*β = −(0.31 ± 0.24), was extrapolated to infinite dilution using the Davies equation, which led to log
*β0 = −(0.06 ± 0.24). Further experiments at different temperatures (1–25 °C) allowed the calculation of the
molal enthalpy of reaction ΔrHm

0 = 45.8 ± 22.5 kJ·mol−1 and molal entropy of reaction
ΔrSm0 = 152.5 ± 78.8 J·K−1·mol−1 using the integrated van’t Hoff equation, corroborating an endothermic and
entropy driven complexation process.

1. Introduction

Uranium is a common radioactive contaminant in our environment,
originating from various mining and milling activities, from the re-
processing of spent nuclear fuel, and from other processes related to
nuclear energy or weapons production (Choppin et al., 2013; Grenthe
et al., 2006). In addition, uranium is the main constituent in spent
nuclear fuel (SNF), which, in many countries, will be disposed of as
such in underground waste repositories (Hedin, 1997; Bruno and
Ewing, 2006; OECD/NEA, 2006; Brasser et al., 2008; Kim et al., 2011).
The main transport path for uranium in the (sub)surface environment is
the migration with groundwater where the uranium speciation will be
governed by the groundwater parameters such as the temperature, pH,
redox potential (Eh), and the chemical composition in terms of dis-
solved inorganic and organic species (Gibb, 1999; Myllykylae,
2008–2009; Altmaier and Vercouter, 2012; Maher et al., 2012). Thus,
for the prediction of the uranium mobility in the environment, reliable
thermodynamic data such as complexation constants, solubility

products, reaction enthalpies and entropies for various inorganic and
organic uranium complexes are required.

Due to the ubiquitous presence of silicon in the environment, var-
ious monomeric, polymeric or colloidal silicate species may influence
the uranium speciation in the groundwater. In future nuclear waste
repositories containing vitrified waste, the dissolution process of bor-
osilicate glass mold produced in the reprocessing of SNF could be an
additional silicon source depending on the conditions in the repository
(Grambow, 2006). Monomeric species, such as orthosilicic acid H4SiO4

and its deprotonated form H3SiO4
− are known to prevail at pH-values

below 9. At pH > 9, increasing amounts of H2SiO4
2− and various

polymeric silicates are formed in solution, resulting in an increased
overall silicate solubility (Sjöberg, 1996). In the acidic to neutral pH-
range the solubility limit of amorphous silica is approximately
2 · 10−3 M (Siever, 1957; Marshall, 1980; Marshall and Warakomski,
1980; Reiller et al., 2012).

Due to the complexity of Si polymeric species, very little is known in
general about metal ion complexation with these polymers. In the case
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of orthosilicic acid, several studies exist where the complexation of U
(VI), which is the prevailing oxidation state of uranium under oxic
conditions, with the H3SiO4

− ligand has been investigated (Table 1).
The complexation constants for the UO2OSi(OH)3+ complex have been
determined with different experimental methods such as solvent ex-
traction (Satoh and Choppin, 1992; Hrnecek and Irlweck, 1999; Pathak
and Choppin, 2006), spectrophotometry (Porter and Weber, 1971;
Jensen and Choppin, 1998; Yusov and Fedoseev, 2005), and time-re-
solved laser-induced luminescence spectroscopy (TRLFS) (Moll et al.,
1998; Saito et al., 2015). The magnitude of the complexation constant,
however, is varying by almost two orders of magnitude depending on
the study. When including complexation constants for the analogous
silicate complex with other hexavalent actinides (NpO2OSi(OH)3+ and
PuO2OSi(OH)3+) in the comparison, the discrepancy between the lar-
gest reported value −(0.91 ± 0.20) (Saito et al., 2015) and the lowest
one −(3.64 ± 0.17) (Yusov and Fedoseev, 2003), is almost three or-
ders of magnitude (Table 1). This discrepancy may arise from the use of
rather high total silicon concentrations (above the solubility limit of
amorphous silica, 2 mM) in some of the studies, which can lead to the
formation of polysilicates or colloidal silica. In addition, a recent study
showed that U(VI) hydrolysis has to be considered when studying ur-
anyl(VI) complexation reactions with silicates at a mildly acidic pH
value of 4.0 (Saito et al., 2015). When such hydrolysis reactions are not
considered, the obtained complexation constants are typically too low,
as the free UO2

2+ concentration in solution is overestimated.
Thus, to understand the effects of aqueous uranium hydroxo and

polysilicate species on the U(VI)-silicate complexation, we investigated
the complexation of UO2

2+ with dissolved silicates at under- and
oversaturation conditions (with respect to amorphous silica) using a
combination of Electrospray-Ionization Mass spectrometry (ESI-MS)
and laser-induced luminescence spectroscopy as experimental methods.
ESI-MS is a well suited technique to investigate the solution chemistry
in inorganic as well as organic solutions as it delivers intrinsic in-
formation of the formed species such as their mass-to-charge ratios and
their stoichiometries (Moulin et al., 2000; Moulin, 2003; Zubarev and
Makarov, 2013). Laser-induced luminescence spectroscopy allows the
in situ monitoring of complexation reactions with U(VI) in aqueous
environments down to concentrations of 10−9 M (Moulin et al., 1998;
Drobot et al., 2016), as well as the identification of the prevailing
species and their stochiometries. Silicate solutions in the absence and
presence of UO2

2+ were analyzed by ESI-MS to investigate the presence
of monomeric and/or polymeric silicates in solution and the formation
of U(VI)-silicate complexes. As environmental conditions comprise
temperatures above and below 25 °C, the luminescence spectroscopic
investigations have been conducted in the temperature range from 1 to
25 °C to enable the derivation of temperature-dependent complexation
constants for the UO2OSi(OH)3+ complex as well as thermodynamic
data, i.e. the molal enthalpy of reaction ΔrHm

0 and molal entropy of
reaction ΔrSm0. Temperatures above 25 °C were not investigated, to
avoid dealing with the formation of colloidal silicate species.

2. Materials and methods

2.1. Sample preparation

All solutions were prepared with high purity reagent grade mate-
rials without further treatment. For the ESI-MS samples the U(VI)
concentrations were 1 · 10−5 and 1 · 10−4 M, and the silicate con-
centration ranged between 1 · 10−3 and 5 · 10−3 M. For the silicon
stock-solution, sodium-metasilicate (J.T. Baker) was dissolved in Milli-
Q water and the pH was adjusted to 3.5 or 5.0 with 1 M HClO4 and 1 M
NaOH. No further ionic strength adjustments were performed to avoid
salt crystal formation in the ESI-MS needle and to reduce artefacts
during the ESI-MS measurements.

For the luminescence spectroscopic investigations a U(VI)nat-stock
solution with a concentration of 1 · 10−4 M in 1 M HClO4 (Merck-
Emsure) was used for all experiments. As a silicon source, a Si-ICP
standard in NaOH (Sigma-Aldrich, TraceCERT) with a concentration of
1000 mg·L−1 was diluted in 0.235 M NaClO4 (VWR Chemicals) to ob-
tain a Si-stock solution with a concentration of 5 · 10−3 M which was
immediately used for the preparation of the U(VI)-silicate samples.
Aliquots of the U(VI) and Si-stock solutions were mixed in 0.2 M
NaClO4 to reach final concentrations of 5 · 10−6 M and
1.3 · 10−4 – 1.3 · 10−3 M, respectively, in the samples. The pH was
adjusted to 3.5 with 1 M HClO4 and 1 M NaOH (Carl Roth). To avoid
chloride impurities in the samples which cause severe quenching of the
U(VI) luminescence signal (Yokoyama et al., 1976; Burrows, 1990;
Tsushima et al., 2010; Haubitz et al., 2018), a double junction electrode
(Metrohm, EtOH-Trode) filled with 0.2 M NaClO4 was used for pH
adjustments. The absence of colloidal species was checked in all sam-
ples by means of ultracentrifugation, dynamic light scattering, and the
molybdate-method (further description is given in the SI).

2.2. ESI-MS

The experiments were performed with a Velos Pro Orbitrap Elite
(Thermo Fisher Scientific Inc.) using a Nanospray Flex Source. Ten
microliter of the sample solution was loaded into GlassTip™ Emitters
from New Objective Inc. (Woburn) and analyzed with the Orbitrap mass
analyzer. Full-MS scans with m/z ranging from 200 to 2000 were re-
corded and averaged for at least three minutes. Ions with a lower m/z
value were measured independently with scans at m/z from 100 to 200
and m/z from 50 to 100. This is necessary as ions in this low range
require a change of the applied radio frequency voltages of the ion
transfer optics, resulting in a loss of ions with a high m/z value. This
unfortunately results in a loss of comparability of the relative intensities
of the different species between these regions. A comparison of the
relative intensities within the m/z region is still possible, however. Mass
accuracy around 1 ppm was ensured with known lock masses from
ambient air. The temperature of the transfer capillary was fixed at
240 °C.

Eight U-Si samples were measured in the positive ion mode with a

Table 1
Summary of the An(VI) complexation studies with aqueous silicates at 25 °C.

Method Formed complex pH-range I (M) [Si] (M) [An] (M) log *β0 Ref.

lumin. spec. UO2OSi(OH)3+ 3.5 0.2 1.3 · 10−4–1.3 · 10–3 5 · 10−6 −(0.06 ± 0.24) p.w.
TRLFS UO2OSi(OH)3+ 3.9 0.3 1.6 · 10−4–5.4 · 10−3 2.3 · 10−5 −(1.44 ± 0.20) (Moll et al., 1998)
solv. extr. UO2OSi(OH)3+ 3–4.5 0.2 1.7–6.7 · 10−2 233U trace −(1.74 ± 0.09) (Satoh and Choppin, 1992)
spectrophoto. UO2OSi(OH)3+ 2.5–5.1 0.1 0–1.7 · 10−3 1 · 10−5 −(2.65 ± 0.06) (Jensen and Choppin, 1998)
spectrophoto. UO2OSi(OH)3+ ~3.7 0.2 2.4–3.5 · 10−2 6.4 · 10−4 −(1.71 ± 0.13) (Porter and Weber, 1971)
solv. extr. UO2OSi(OH)3+ 3.3–4.5 0.2 1.0–6.7 · 10−2 232U trace −(1.94 ± 0.06) (Hrnecek and Irlweck, 1999)
solv. extr. UO2OSi(OH)3+ 3.6 0.2 0–1.2 · 10−3 233U trace −(2.39 ± 0.04) (Pathak and Choppin, 2006)
spectrophoto. UO2OSi(OH)3+ 1.7–4.25 0.2 1.0–8.0 · 10−3 3 · 10−4–7 · 10−3 −(2.29 ± 0.04) (Yusov and Fedoseev, 2005)
TRLFS UO2OSi(OH)3+ 4 0.1 1.0 · 10−6 – 3.2 · 10−3 2.5–10−5 −(0.72 ± 0.20) (Saito et al., 2015)
spectrophoto. NpO2OSi(OH)3+ 1.7–4.7 0.2 2.2–8.8 · 10−2 6 · 10−4–3.2 · 10−3 −(2.61 ± 0.12) (Yusov et al., 2005)
spectrophoto. PuO2OSi(OH)3+ 4.25–6.5 0.2 5.0 · 10−3–2.5 · 10−2 2.5 · 10−5–7 · 10−4 −(3.64 ± 0.17) (Yusov and Fedoseev, 2003)
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voltage of 1.8 kV applied to the nanospray emitter, whereas four Si-
stock solutions without U(VI) were analysed in the negative ion mode
with an applied voltage of 1.8 kV. The data treatment was done with
the Xcalibur and Freestyle software from Thermo Fisher.

2.3. Laser-induced luminescence spectroscopy

The complexation reaction of U(VI) with aqueous silicates was in-
vestigated with luminescence spectroscopy from 3 mL sample in quartz
glass cuvettes. The U(VI) was excited in the absorption maximum at
λex = 266 nm with a Minilite laser system (Continuum) with an energy
of 0.3 mJ. The light was guided into an iHR550 spectrograph (Horiba
Scientific) with an entrance slit of 200 µm and a spectral grating of
150 lines · mm−1. The spectra were recorded with an ICCD camera
(Horiba Scientific), 0.1 µs after the laser pulse with a gate width of
500 µs. For the temperature dependent measurements, the cuvette
housing was equipped with a Peltier-element for equilibration and
measurement of the samples at the desired temperatures between 1 and
25 °C.

2.4. Speciation calculations

To predict the concentration of H4SiO4 in the solutions at varying
temperatures (1–25 °C), the silicate speciation was calculated with
PhreeqC (Parkhurst and Appelo, 1999). The ThermoChimie database
(version 9b0, Giffaut et al., 2014) from ANDRA using the Davies
equation for the treatment of the activity coefficients was used. The
calculations were performed at a fixed ionic strength of 0.2 M NaClO4,
at pH = 3.5. The total silicic acid concentration ranged from 1.3 · 10−4

to 1.3 · 10−3 M, according to the luminescence spectroscopic in-
vestigations.

3. Results

3.1. ESI-MS investigations

For the determination of the silicate speciation in solution in the
absence and presence of U(VI), mass spectrometric investigations were
conducted at under- and oversaturation conditions (i.e. below and
above 2 · 10−3 M) of the solubility of amorphous silica (Fig. SI 1) for
two different pH-values of 3.5 and 5.0. This pH-range was chosen to
cover the majority of experimental conditions used in previous U(VI)-
silicate studies, see Table 1. Blank solutions without silicates consisting
of 1 · 10−5 M UO2

2+ at pH 3.5 and 5.0 were also measured to identify
the solution signals, which do not arise from silicate species. The MS
spectra of these blank solutions are presented in the supplementary
information (Fig. SI 2). At pH 5.0 (Fig. SI 2, left) the spectrum is
dominated by signals from [Na(NaClO4)]n+ chains (n = 1–9) asso-
ciated with different quantities of H2O. This chain formation has al-
ready been observed in previous studies (Moulin et al., 2000; Schröder,
2012). The signals consist of characteristic clustered peaks with a
consistent m/z gap arising from the presence of two chlorine isotopes
35Cl and 37Cl with abundances of 75.76% and 24.24%, respectively. At
pH 3.5 the chains are also visible but less pronounced (Fig. SI 2, right).
Thus, for the sake of clarity, all signals related to the background, i.e.
NaClO4 as well as signals arising from room air have been plotted in
gray in the following figures.

In addition to the aforementioned background signals, both blank
solutions show signals for the free uranyl(V) UO2

+ cation (m/z 270.04)
and the 1:1 hydroxo UO2OH+ species with different quantities of H2O
(m/z 287.04, 305.05, and 323.06) (Fig. 1 bottom left, black traces,
Table 2). Especially the UO2

2+ cation is prone to collision induced
reduction in the gas phase according to Eq. (1).

+ ++ + +UO X UO X2
2

2 (1)

In other words, the presence of U(V) species in the ESI-MS spectra is
merely an artefact arising from UO2

2+ and not a real species in the
original U-containing solutions. Furthermore, three additional signals
at m/z 365.02, 383.03, and 401.04 were identified in the mass spectra
(Fig. 1 bottom left, red traces). As the tip of the ESI needle is made of
glass, these signals are related to U-Si-species (UO2OSi(OH)3+ ± H2O)
produced at the needle tip. At higher m/z ratios no additional signals
were identified. Thus, for a positive identification of formed U-Si spe-
cies in the silicon-containing solutions, this background signal has to be
accounted for. In the Orbitrap the ions are collected in different traps
and additionally collision-cooled with nitrogen to remove the solvation
shell around the ions and to minimize energy distribution before the m/
z analysis. The removal of the solvation shell and the collision-cooling
might lead to fragmentation of polynuclear U-hydroxo species. There-
fore, the concentration of the 1:1 hydroxo species could be over-
estimated in the MS-spectra in comparison to the original concentration
in solution.

Following the investigations of pure U(VI) solutions, two silicate-
containing solutions with an overall silicate concentration of 1 · 10−3 M
were investigated in the absence of uranium(VI) at pH 3.5 and 5.0 in
the anion mode (negative mode). Even though the silicate concentra-
tion in the solutions is lower than the solubility limit for amorphous
silica, both solutions show the presence of oligomeric Si- and Na-Si-
species in the mass spectra at m/z 70–500 (Figs. SI 3 and SI 4). The
relative concentration of these oligomers is up to five times larger at pH
5.0 than at pH 3.5 based on the relative intensities (Fig. SI 4). In the
lower m/z-ratio (50–100 and 130–160) the signals of the monomeric
and dimeric species were also visible (Fig. SI 3). As already mentioned
the comparison between the different m/z is not possible due to dif-
ferent sensitivity in these regions. The Si3O9H4Na− complex is the
dominant species in the high m/z-region. Based on the chemical for-
mula a triangular or linear structure of the molecule is possible. The
observed signals are summarized in Table SI 1. The assignment of the
Si- and Na-Si-species follows the work of Pelster et al. (2006).

In undersaturated silicate solutions [Si] = 1 · 10−3 M at pH 3.5 with
[U(VI)] = 1 · 10−5 M an increase of the relative intensity of the UO2OSi
(OH)3+ signals as well as a decrease of the U-hydroxo related signals in
comparison to the blank solution was observed (Fig. 1 top left, red
traces).

Furthermore, new signals appear at m/z 274.93, 334.89, and 352.90
as well as in them/z range between 410 and 800 at m/z 442.99, 461.00,
479.01, and 430.89 + n · (m/z = 59.97) with n = 0–5 (Fig. 1 top
right). These signals stem from oligomeric Na-Si-species with up to 10
silicon units as well as U-Si-species with three silicon units in solution,
see Table 2.

A comparison of the relative intensities (after subtraction of the
background signals) reveals that the amount of monomeric species in
solution is 23 times higher than the polymeric U-Si species at pH 3.5.
An increase of the pH to 5.0 decreases the ratio to 16, implying that a
greater amount of polymers are forming at this pH-value. When in-
creasing the silicate concentration in solution to 5 · 10−3 M, i.e. above
the solubility limit of amorphous silica, the signals at m/z 430.89 + n
(m/z = 59.97) with n = 0–5 get more pronounced (Fig. SI 6 in SI). By
simultaneously increasing the uranium concentration to 1 · 10−4 M, the
oversaturated solution shows the presence of additional signals in the
m/z range of 410–800 at 520.97, 616.96, 694.94, and 790.69 (Fig. SI 7
in SI). The assignment of the signals reveal the existence of U-Si-species
up to four silicon units and Na-Si-species up to 11 silicon units in so-
lution (Table 2, Table SI 1, Table Si 2). Eventually, the increase of the
solution pH at [U(VI)] = 1 · 10−5 M and [Si] = 1 · 10−3 M, showed a
similar increase of the polymeric uranium-silicate species as observed at
lower pH, but at oversaturation conditions (Fig. SI 5 in SI). Thus, the
results of the mass spectrometric investigations can be summarized as
follows: the monomeric U(VI)-silicate (UO2OSi(OH)3+) species dom-
inates the solution speciation at pH 3.5 at undersaturation conditions
with minor amounts of polymeric species. Upon increasing the pH, a
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greater U-concentration and/or a higher silicate concentration en-
hances the formation of oligomeric U-silicates. For example, by in-
creasing the silicate concentration from 1 · 10−3 M to mild

oversaturation concentrations of 5 · 10−3 M at pH = 5.0 leads to a
change of ratio of the relative intensities of monomeric to polymeric
species from 16 to 5. The exact structures of these Si-polymers cannot

Fig. 1. MS-spectra of an uranyl(VI) silicate solution at pH 3.5 with [U(VI)] = 1 · 10−5 M, [Si] = 1 · 10−3 M, top left m/z 260–410 (arrows for better visibility), top
right: m/z 400–800 (positive mode), bottom left: MS-spectra of an uranyl(VI) reference solution in absence of silicate at pH 3.5 with the same conditions (positive
mode). The abbreviation U-OH in the figures stand for free uranyl(VI) and uranyl(VI)-hydroxo species.

Table 2
Assigned U-OH, U-Si and Na-Si species (rel. I - relative intensities) in aqueous uranyl(VI)-silicate solutions and their relative intensities at pH 3.5 (see Fig. 1) and at pH
5.0 (see Fig. SI 5) with [U(VI)] = 1 · 10−5 M, [Si] = 1 · 10−3 M and U-reference solutions [U(VI)] = 1 · 10−5 M in absence of aqueous silicates at 25 °C (positive
mode).

m/z Species pH 3.5 [Si] = 1 · 10−3 in M rel. I pH 5.0 [Si] = 1 · 10−3 in M rel. I pH 3.5 [Si] = 0 in M rel. I pH 5.0 [Si] = 0 in M rel. I

270.04 UO2
+ 0.30 0.67 3.49 2.49

274.93 Si3O10H8Na+ 1.63 1.86 – –
287.04 UO2OH+ 0.47 0.58 3.93 3.90
305.05 UO2OH+ + H2O 11.21 14.24 95.92 96.02
323.06 UO2OH+ + 2H2O 11.14 14.67 100 100
334.89 Si4O12H8Na+ 0.61 0.77 – –
352.90 Si4O13H10Na+ 0.49 0.54 – –
365.05 UO2OSi(OH)3+ 1.04 2.10 0.17 0.42
383.03 UO2OSi(OH)3+ + H2O 13.48 28.56 2.97 8.19
401.04 UO2OSi(OH)3+ + 2H2O 7.86 17.67 1.85 4.95
430.89 Si5O16H12Na+ 0.8 1.12 – –
442.99 UO2OSi(OH)3OSi(OH)2+ 0.08 0.38 – –
461.00 UO2OSi(OH)3OSi(OH)2+ + H2O 0.64 1.50 – –
479.01 UO2OSi(OH)3OSi(OH)2+ + 2H2O 0.03 0.22 – –
490.85 Si6O18H12Na+ 0.34 0.48 – –
550.82 Si7O20H12Na+ 0.31 0.48 – –
610.79 Si8O22H12Na+ 0.22 0.41 – –
670.75 Si9O24H12Na+ 0.1 0.31 – –
730.72 Si10O26H12Na+ 0.08 0.25 – –
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be assigned based on their MS-spectra as already concluded by Pelster
et al. (2006). For the derivation of complexation constants and ther-
modynamic data for the UO2OSi(OH)3+ complex (see next section), the
experimental conditions were limited to the lower pH of 3.5, using an
overall uranium(VI) concentration of 5 · 10−6 M and a total silicate
concentration below the solubility limit, in the range from
1.3 · 10−4 to 1.3 · 10−3 M, in order to suppress the formation of poly-
meric U-Si and Si-species in solution.

3.2. Luminescence spectroscopic investigations

The recorded U(VI) luminescence emission spectra at pH 3.5 and
temperatures between 1 and 25 °C in the absence of aqueous silicates
show the presence of two different U-species (Fig. 2, left). At 1 °C, the
spectra resemble that of the pure UO2

2+ aquo-ion (dashed traces).
However, with increasing temperature from 1 to 25 °C, clear shoulders
start appearing between the main peaks of the aquo-ion, as a result of
increasing U(VI) hydrolysis. To obtain the pure component spectra of
the individual species a peak deconvolution was performed based on a
non-linear least squares fit method. As every species has a different
quantum efficiency relative to the free uranyl(VI) aquo ion, a correction
factor for each species has to be taken into account to calculate the
corrected species distribution. These correction factors (luminescence
intensity factors - LI, see Table 3) were determined relative to the ur-
anyl(VI) aquo-ion (relative intensity = 1). A non-linear least squares fit
method was used to derive the LI factors, followed by correction of the
species distribution using these factors. A comprehensive discussion of
the deconvolution process and the calculation of the luminescence in-
tensity factors can be found in Huittinen et al. (2012) and Fanghänel
et al. (1998). The single component spectrum extracted by spectral
deconvolution from the measured data, is consistent with the published
spectrum of the 1:1 U-hydroxo species UO2OH+ (Fig. 2, right black
traces) (Drobot et al., 2016). Also Moulin et al. (1995) showed a con-
tribution of the first U-hydroxo species in the emission spectra at pH 3.5
next to the free aquo-ion. This implies that U-hydrolysis plays a role in
the U(VI) speciation already at this low pH and it has to be considered

in the U(VI)-silicate complexation investigations, in agreement with the
results published in Saito et al. (2015).

With increasing silicate concentration a change in the spectral shape
combined with a continuous red-shift of the measured spectra can be
seen in addition to a slight increase of the luminescence intensity
(Fig. 3, left and Fig. SI 8 in SI). As the relative amount of polymeric
silicate species at these conditions were found to be negligible in our
mass spectrometric investigations, these changes can, thus, be attrib-
uted to the complexation reaction between U(VI) and aqueous mono-
silicates. As shown in Fig. 2 (left), increasing temperature leads to an
increased formation of the uranium hydrolysis species. Next to the free
UO2

2+ (Fig. 2, right black traces) and the 1:1 hydroxo species (Fig. 2,
right, blue traces), an U-Si species could be extracted in the deconvo-
lution process (Fig. 2, right red traces). The calculated species dis-
tribution at 25 °C is shown in Fig. 3 (right). The species distributions at
the other investigated temperatures can be found in the SI (Fig. SI 9 in
SI).

3.3. Determination of the conditional constants at 25 °C

From the derived species distribution the molar concentration of the
UO2

2+, UO2OH+ and UO2OSi(OH)3+ species were obtained and con-
verted to the molal scale. For the conversion, the density of the back-
ground electrolyte NaClO4 at the used concentration of 0.2 M and
temperature of 25 °C was required and taken from Söhnel and Novotny
(1985). The concentration of the orthosilicic acid at the used conditions
was calculated using PhreeqC, the Thermochimie database (Version
9b0, Giffaut et al., 2014) and the Davies equation for calculating the
activity coefficients of ions.

Since the concentration of U(VI) was orders of magnitude lower
than that of the silicate species, we assumed that the silicate speciation
was not significantly impacted by the complexation with U(VI). With
the molalities of UO2

2+, the formed complexes, and the orthosilicic
acid, conditional complexation constant could be derived based on the
following equilibrium:

+ ++ + +UO H SiO UO OSi OH H( )2
2 

4 4 2 3 (2)

By applying the law of mass action the following expression of the
conditional complexation constant was obtained:

=
+ +

+
I

m m
m m

log * ( ) log
·

·
UO OSi OH H

UO H SiO

( )2 3

2
2 4 4 (3)

The symbol * describes a reaction involving a deprotonation of the
ligand as written in Eq. (2) (Lemire et al., 2013), and will be used
further in the text. A re-arrangement of Eq. (3) allows the plot of

+
+

+
+mlog log

m

m H
UO OSi OH

UO

2 ( )3

2
2

as a function of mlog H SiO4 4 at an ionic

strength of 0.2 M and temperatures ranging from 1 to 25 °C (Fig. 4).
For all investigated temperatures a slope close to one was obtained,

Fig. 2. Left: Emission spectra of the U(VI)
solution in the absence of aqueous silicates
at pH 3.5, [U(VI)] = 5 · 10−6 M in 0.2 M
NaClO4 at different temperatures (normal-
ized to area under peak). Dashed line: free U
(VI) aquo-ion [U(VI)] = 5 · 10−6 M in 0.2 M
NaClO4 at pH 1, 25 °C. right: Extracted free
component spectra from recorded emission
spectra collected in silicate-containing so-
lutions corresponding to the free UO2

2+

aquo-ion (____), the 1:1 UO2OH+ hydroxo
complex ( ) and the UO2OSi(OH)3+

complex ( ) with residuals (normalized to
area under peak).

Table 3
Conditional (log *β, I = 0.2 M NaClO4) (values are provided in the molal scale)
and extrapolated to infinite dilution (log *β0) complexation constant of the
UO2OSi(OH)3+ complex at different temperatures with the associated LI-fac-
tors.

Temp. (°C) log *β(T) log *β0(T) LI
UO2OSi(OH)3+

LI
UO2OH+

1 −(1.01 ± 0.27) −(0.76 ± 0.27) 2.82 0.64
10 −(0.74 ± 0.19) −(0.49 ± 0.19) 3.08 0.72
17 −(0.53 ± 0.33) −(0.28 ± 0.33) 4.42 1.17
25 −(0.31 ± 0.24) −(0.06 ± 0.24) 6.81 1.78

H. Lösch, et al. Environment International 136 (2020) 105425

5



confirming the stoichiometry of the postulated UO2OSi(OH)3+ com-
plex. The intercept of the line with the y-axis corresponds to the con-
ditional complexation constant. The temperature-dependent com-
plexation constants at 0.2 M are compiled in Table 3.

To extrapolate the conditional constants to infinite dilution (log
*β0) the activity coefficients (γi) of the participating species need to be
considered. These were calculated using the Davies equation (Eq. (4)),
where A is the temperature dependent Debye-Hückel constant
(Guillaumont et al., 2003), zi, the charge of the ion, and Im, the ionic
strength in the molal scale.

=
+

log Az
I

I
I

1
0.3i i

m

m
m

2

(4)

The uncertainty assigned to the value log *β0 was taken identical to
the experimental uncertainty. This extrapolation method was preferred
to the specific ion interaction (SIT) theory, which requires the knowl-
edge of the ε(UO2OSi(OH)3+;ClO4

−) ion interaction coefficient. Even
though the NEA TDB recommends the use of the SIT method, they do
not provide an experimental value for this coefficient (Lemire et al.,
2013). Only an estimated value of 0.30 is provided by the NEA without
further information how this parameter was derived. One could have
used a value of 0.20, as proposed by Thoenen et al. (2014) who were
aiming at providing “default values” exclusively based on a charge
consideration criterion. But this approximation does not consider size
and electronic density distribution factors, which can lead to significant
difference compared to experimentally determined ε values (see Jordan

et al. (2018)), which can at the end severely impact the value of the
extrapolated complexation constant at infinite dilution. Consequently,
we applied the Davies equation, which should still be appropriate for
the calculation of the activity coefficients up to 0.5 m ionic strengths
(Bethke, 1996).

The Debye–Hückel constant A was taken from tabulated values
(Lemire et al., 2013), at 10 °C (0.498 kg1/2 mol−1/2) and 25 °C
(0.509 kg1/2 mol−1/2). Respective values at 1 °C (0.492 kg1/2 mol−1/2)
and 17 °C (0.503 kg1/2 mol−1/2) were calculated according to the
methodology described by Moog and Voigt (2011).

The obtained complexation constant of log *β0 =−(0.06 ± 0.24)
at 25 °C is significantly higher than the published values in the existing
literature (Table 1). The reason for the discrepancy will be debated later
in the discussion part. To obtain the experimental error of the stability
constant a linear regression approach of the slope analysis following the
NEA guideline was used. This approach based on the corrected species
distribution and includes the experimental error of the deconvolution
process.

3.4. Derivation of thermodynamic data

For the determination of the molal standard enthalpy of reaction
ΔrHm

0 as well as the molal standard entropy of reaction ΔrSm0, a van’t
Hoff plot (log *β0(T) as a function of 1/T), based on the integrated van’t
Hoff equation, was used:

= +T T H T
R T T

log * ( ) log * ( ) ( )
·ln(10)

1 1r m0 0
0

0
0

0 (5)

with R being the universal molar gas constant
(R = 8.314 J · K−1 · mol−1), and T the temperature in Kelvin
(T0 = 298.15 K). Due to the narrow investigated temperature range
(1–25 °C), the heat capacity ΔrCp,m0 was assumed to be zero and the
molal enthalpy of reaction ΔrHm

0 constant. Former studies showed that
such an approximation is valid until 100 °C for complexation of acti-
nides with inorganic and organic species (Skerencak et al., 2010;
Skerencak-Frech et al., 2015). The van’t Hoff plot shows a linear be-
havior in the observed temperature range (Fig. 5) and positive values
for the molal enthalpy of reaction ΔrHm

0 = 45.8 ± 22.5 kJ·mol−1 as
well as positive molal entropy of reaction ΔrSm0 = 152.5 ±
78.8 J·K−1·mol−1 were derived. The weighted linear regression and the
derivation of the uncertainties on the slope and intercept at origin were
performed following the NEA guideline (Lemire et al., 2013; Jordan
et al., 2018).

For interactions of hard acid and bases (HSAB model, Pearson,
1968) the complexation reaction is often characterized by a positive
enthalpy and entropy. The positive enthalpy term indicates that the
heat required to disrupt the first hydration shell and to break the
UO2

2+–H2O bond (both endothermic processes) is higher than the heat
released by the bond formation between the UO2

2+ and H3SiO4
−

Fig. 3. Left: Emission spectra of aqueous
uranium-silicate complexation [U(VI)] =
5 · 10−6 M at pH 3.5 with increasing silicate
concentration (1.3 · 10−4 − 1.3 · 10−3 M) at
25 °C (normalized to area under peak).
Dashed line: free U(VI) aquo-ion [U
(VI)] = 5 · 10−6 M in 0.2 M NaClO4 at pH 1,
25 °C. right: Extracted species distribution at
25 °C in the presence of aqueous silicates.

Fig. 4. Slope analysis of the complexation reaction
+ ++ + +UO H SiO UO OSi(OH) H2

2
4 4 2 3 at different temperatures.
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molecules (exothermic process). Subsequently, the release of water
from the first hydration shell to the bulk solvent will increase the dis-
order of the system, resulting in a positive entropy contribution. This
positive reaction entropy term overcomes the unfavorable enthalpy
component to promote the complex formation (Choppin and
Morgenstern, 2000). Therefore, the reaction can be described as an
“entropy driven” reaction. Pathak and Choppin (2006) already pub-
lished a molar enthalpy and entropy of reaction for the formation of the
UO2OSi(OH)3+ complex with ΔrHm

0 = 36.3 ± 0.9 kJ·mol−1 and
ΔrSm0 = 76.0 ± 2.7 J·K−1·mol−1, respectively. As the molal enthalpy
and entropy of reaction depend on the complexation constant of the
reaction, this certainly explains the deviations from the values of Pa-
thak and Choppin.

4. Discussion

Our combined ESI-MS and luminescence spectroscopic results have
shown that both uranium hydrolysis and polymerization of silicate re-
sulting in U(VI)-polysilicate complexes take place in solution depending
on the experimental conditions. The obtained complexation constant at
infinite dilution and at 25 °C for the UO2OSi(OH)3+ complex in the
present work log *β0 =−(0.06 ± 0.24) greatly exceeds the values of
any previously reported complexation constants (Table 1) by one to
three orders of magnitude. Due to this large discrepancy between re-
ported complexation constants, we will now address the possible un-
derlying reasons for these differences.

We will begin the discussion with the hydrolysis of U(VI) and the
subsequent formation of the UO2OH+ complex in solution. A critical
review of the former studies dealing with the UO2OSi(OH)3+ complex
has shown that all authors, except Saito et al. (2015), have neglected
the formation of the first uranyl(VI) hydroxo species in the acidic pH-
region up to pH 4.5. Fig. SI 10 (left, open round symbols) shows a
calculated species distribution between pH 0.5–5 at a uranyl(VI) con-
centration of 1 · 10−5 M and an ionic strength of 0.2 M NaClO4. Using
the complexation constants recommended by the NEA TDB
(Guillaumont et al., 2003), the first uranyl(VI) hydroxo species plays no
role in the acidic pH-range until a pH of 4.0 (Müller et al., 2009).
Drobot et al. (2016) performed luminescence spectroscopic investiga-
tions on the U(VI) hydrolysis in the trace metal concentration range
(10−8 M), where no polynuclear species were expected. Drobot et al.
(2016) determined significantly higher complexation constants for the
mononuclear hydroxo species than the ones previously reported by the
NEA TDB (Guillaumont et al., 2003) indicating an earlier onset of

hydrolysis already at pH-values of approximately 3.0 (Fig. SI 10 left,
square symbols). As we can clearly identify the presence of the 1:1
hydroxo complex UO2OH+ at a pH of 3.5 in the absence of aqueous
silicates this complex has a great influence on the U(VI) species dis-
tribution already in the acidic range (Fig. 2). The increase of the 1:1
hydroxo complex with temperature can be explained by an increase of
the complexation constant as previously observed by Kirishima et al.
(2004) and Zanonato et al. (2004). Saito et al. (2015) showed the ex-
istence of a third uranyl(VI) species next to the aquo-ion and the U-Si
species at pH 4 in their PARAFAC analysis of the complexation between
uranyl(VI) and aqueous silicates. They attributed this species to the 1:1
U(VI) hydroxo complex. Based on these findings, it is clearly not re-
commendable to neglect the hydrolysis of U(VI) during the complexa-
tion studies of U(VI) with silicic acid at low pH.

Another critical point when studying the complexation between U
(VI) and aqueous silicates is the solubility limit of orthosilicic acid (Fig.
SI 1 in the SI). As already mentioned the solubility limit of amorphous
silica in the acidic to neutral pH-range is ≈ 2 · 10−3 M, with H4SiO4

being the main aqueous species with minor amounts of H3SiO4
− (Iler,

1979; Sjöberg, 1996; Datnoff et al., 2001), as the the pKa-value of silicic
acid is 9.81 (Lemire et al., 2013). Therefore the formation of a 1:1
complex (log β1:1) between the free uranyl UO2

2+ and the single de-
protonate silicic acid SiO(OH)3− is expected (see equation (2)). Above
the solubility limit various oligomeric species will be formed. There are
16 reported oligomeric forms excluding the dimer Si2O6H5

− with up to
8 silicon atoms in the structure (Cho et al., 2006; Pelster et al., 2006).
Tarutani (1989) showed by means of trimethylsilylation-gas-liquid
chromatography that in a 0.01 M silicic acid solution at pH 1.8 ≈ 15 %
of the silicic acid is converted to the dimer Si2O7

6− and the trimer
Si3O10

8− in less than one hour. Icopini et al. (2005) also introduced an
induction period in which no or less oligomerisation occurs. This period
decreases with increasing oversaturation, pH, and ionic strength. Based
on the literature studies presented in Table S1, only Jensen and
Choppin (1998), Pathak and Choppin (2006), Saito et al. (2015) as well
as Moll et al. (1998) worked in undersaturated solutions (Table 1). All
other investigations were performed at oversaturation conditions with
total Si concentrations exceeding up to 40 times the solubility limit of
amorphous silica. Yusov and Fedoseev (2005) as well as Hrnecek and
Irlweck (1999) assumed in the determination of the U(VI) complexation
constant with aqueous silicates that slightly oligomerized silicic acid
(dimer to tetramer) possesses the same complexation strength as
monosilicic acid (Hrnecek and Irlweck, 1999; Yusov and Fedoseev,
2005). Strazhesko et al. (1974) postulated that the oligomeric silicates
have a higher acidity and higher pKa-value, which would in turn lead to
the formation of stronger U-Si complexes. In the present study we de-
monstrated that an aqueous silicate solution of 1 · 10−3 M (under-
saturation conditions) at pH 3.5 and 5.0 show the presence of silicate-
and Na-silicate-chains up to 7 silicon units (Fig. SI 6). These polymers
form various complexes with uranyl(VI) already at moderate over-
saturation conditions with [Si]TOT = 5 · 10−3 M, even though their
abundance in solution is much lower than that of the UO2OSi(OH)3+

complex. More precisely, the ratio between monomeric and polymeric
species in solution observed in the ESI-MS approach shifted from 16 to
5 at mild oversaturation conditions of 5 · 10−3 M. In previous studies,
silicon concentrations up to 8.8 · 10−2 M have been used. Under such
oversaturation conditions the amount of polymeric species cannot be
neglected. In the ESI-MS we were able to detect U-Si polymeric species
up to 4 silicate units UO2OSi(OH)3(OSi(OH)2)3+. Vercouter et al.
(2009) also performed ESI-MS investigations with aqueous silicates in
undersaturated solutions (1 · 10−3 M) in the presence of europium.
Upon increasing the pH until 5.0, they also observed the formation of
oligomeric silicate species up to pentameric structures (Vercouter et al.,
2009). A further increase of the uranyl(VI) concentration of 1 · 10−4 M
in our work showed an increase of the U-Si-species up to four Si units
attached to the uranyl(VI) group. As the ESI-MS approach was per-
formed with a lower ionic strength than the luminescence spectroscopic

Fig. 5. Van’t Hoff plot of the U(VI)-silicate complexation reaction in the tem-
perature range between 1 and 25 °C.
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approach, small differences in the amount of formed oligomeric species
cannot be excluded. Marshall and Warakomski (1980) showed that 1:1
background electrolytes like NaCl or KCl only contribute to a small
extent to the solubility of amorphous silica in the concentration range
of 0.5 m electrolyte. However, the solubility of amorphous silica is still
in the range of 2 · 10−3 M. Therefore, no significant changes in the
speciation of the silica monomers and oligomers are expected. Fur-
thermore, an increase of the ionic strength to 0.2 M NaClO4 in the ESI-
MS samples will lead to an increased background signal due to the
isotope ratio between the two chlorine isotopes 35Cl and 37Cl. These
additional background signals will hamper the identification of relevant
signals in the MS spectra. A temperature effect is not expected in the
temperature range between 1 and 25 °C.

Thus, our results clearly support the fact that (i) the oligomerisation
of silicic acid has to be consider already at rather low Si concentrations
and (ii) the variety of possible U(VI)-polymeric Si complexes formed in
oversaturated silicate solutions cannot be assumed to all exhibit the
same complexation strength as the U(VI)-monosilicate species.

Both neglecting the hydrolysis and the polymerization of silicic acid
will lead to an underestimation of the complexation constant of the
UO2OSi(OH)3+ complex. The polysilicates will be responsible for a
reduced concentration of the H3SiO4

− ligand in solution, while the
hydrolysis of UO2

2+ will decrease the amount of the free uranyl(VI)-
aquo ion. In the following paragraph, we will exemplarily demonstrate
the influence of the latter on the magnitude of the complexation con-
stant by using the study of Moll et al. (1998).

These authors determined the complexation constant of the UO2OSi
(OH)3+ complex using luminescence spectroscopy at 25 °C, similarly to
the present study. However, the authors worked at a slightly higher pH
of 3.9 (here, the pH was fixed at 3.5). A conditional complexation
constant of log *β =−(1.37 ± 0.20) was reported, which was ex-
trapolated to infinite dilution to obtain log *β0 =−(1.67 ± 0.20).
This extrapolation was later shown to be erroneous in Guillaumont
et al. (2003) as well as Yusov and Fedoseev (2005), who revised the
complexation constant at infinite dilution to log *β0 =−(1.11 ±
0.20). We decided to re-evaluate the slope analysis of Moll et al.

(1998) in the concentration range between 1.0 and 3.0 · 10−3 M (Fig. 6,
left). The first data point at [Si] = 1.7 · 10−4 M was not taken into
account, as there is a gap of one order of magnitude between this and
the second data point (1.0 · 10−3 M). As the solubility limit of ortho-
silicic acid is ≈ 2 · 10−3 M in the acid to neutral pH-range, also the last
data point at 5.3 · 10−3 M was omitted in the re-evaluation. The new
slope analysis shows a log *β of −0.59 with a slope close to one (1.07).
This results in an extrapolated value of log *β0 = −0.32 using the
Davies equation. This complexation constant is much closer to the one
reported in our study, however, it is still influenced by the hydrolysis of
U(VI) which was not considered by the authors in their aqueous species

distribution. Therefore, we simulated the influence of the omitted
UO2OH+ hydrolysis species on the magnitude of the complexation
constant by performing slope analysis with our spectroscopic data. For
this, we added the molality of m(UO2

2+) and m(UO2OH+), taken from
our species distribution at 25 °C (Fig. 3, right), to obtain an overall “m
(UO2

2+)” molality. The results of this simulation are shown in Fig. 6
(right). The slope of the simulation is 1.02 resulting in a conditional
complexation constant of −0.56. After extrapolation to infinite dilution
using the Davies equation, a value of log *β0 = −0.30 (25 °C) was
obtained. The comparison shows a good agreement between the two
studies and suggests a higher complexation constant log
*β0 =−(0.06 ± 0.24) for the uranyl(VI)-silicate complexation than
previously published. It is, furthermore, reasonable to assume that
studies performed at higher pH values underestimate the complexation
constant to a larger extent than studies conducted at slightly lower pH-
values, as the role of hydrolysis increases with increasing pH. Fig. SI 10
(right) shows the calculated confidence interval of the species dis-
tribution based on the stability constant of UO2OSi(OH)3+ determined
in this study as well as the 1:1 hydroxo species UO2OH+ derived by
Drobot et al. (2016). The figure clearly illustrates the broad range of
existence for the U-Si and the U-OH species at pH 3.5.

Finally, we will discuss the magnitude of the complexation constant
based on the effective charge of actinides. Due to the effective charge of
+3.2 and +2.3 at the actinides for AnO2

2+ and AnO2
+, respectively,

the complexation strength follows the sequence (Choppin, 1983).

An4+ > AnO2
2+ > An3+ > AnO2

+

This is clearly demonstrated for the hydrolysis, carbonate, fluoride,
and phosphate complexation reaction of different trivalent and hex-
avalent actinides (Fig. SI 11a–d, Table SI 4) (recommended values from
the NEA TDB and Nagra/PSI database (Guillaumont et al., 2003;
Thoenen et al., 2014). From this it can be observed, that the com-
plexation constants at the first complexation step with monovalent li-
gands (log β1:1) of the hexavalent actinides are slightly higher than the
complexation constants of the trivalent actinides, in agreement with the
predicted complexation strength based on the effective charge. The
same behavior is obtained for the An-Si complexation, when using the
complexation constant obtained in the present work (see Fig. SI 11 e,
Table 1, and Table SI 3). This is a further indication that the published
complexation constants of the aqueous U(VI) silicate system should be
re-evaluated with respect to the competing hydrolysis reaction and the
solubility limit of orthosilicic acid.

5. Conclusion

In this study we could show through ESI-MS investigations that

Fig. 6. Left: Re-evaluation of the slope
analysis of Moll et al. (1998), disregarding
the first and last data point (blue curve),
raw data (red curve), at 25 °C. right: Slope
analysis at 25 °C with combined m
(UO2

2+) + m(UO2OH+) to overall molality
“m(UO2

2+)” (taken from the species dis-
tribution Fig. 3, right) as a function of log m
(H4SiO4). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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oligomerisation reactions of (sodium)silicate groups as well as uranyl
(VI)-silicates occur already in undersaturated aqueous silicate solutions
with respect to amorphous silicates. Increasing the U(VI)-concentration,
the total silicate concentration, or the solution pH were found to in-
crease the amount of aqueous U-Si and Si polymers in solution. At pH
5.0 not only the abundance of polysilicates were found to increase, but
also the size of the oligomers up to 11 (sodium)silica and 4 uranyl(VI)-
silica units. Irrespective of the solution conditions used in the present
work, however, the prevailing solution species could be confirmed to be
the monomeric UO2OSi(OH)3+ complex. In the luminescence spectro-
scopic investigations, uranyl(VI) hydrolysis could be shown to occur in
solution at pH 3.5 in addition to UO2OSi(OH)3+ complex formation.
The extracted complexation constant at 25 °C for the UO2OSi(OH)3+

aqueous complex was found to be log *β0 = −(0.06 ± 0.24), i.e.
significantly higher than any previously reported value for this com-
plex. The reasons for this discrepancy were attributed to the under-
estimation of both U(VI) hydrolysis and the formation of Si-oligomeric/
colloidal species in already published studies. The hydrolysis as well as
the silicate complexation will be favored with increasing temperature,
which can be described by the van’t Hoff equation. The positive values
of the molal enthalpy (45.8 ± 22.5 kJ·mol−1) and entropy
(152.5 ± 78.8 J·K−1·mol−1) of reaction revealed an entropy-driven
reaction. The obtained complexation constant indicates a higher influ-
ence of silicate ligands on the complex formation of aqueous U(VI),
which may impact the mobility of U(VI) in aqueous silicate containing
groundwaters.

The results of this study further indicate that a large knowledge gap
for oligomeric actinide-silica species still exists. Such oligomers are
likely to influence the actinide speciation under environmental condi-
tions comprising higher silicate concentrations and circumneutral to
alkaline pH-values, and should, thus, be explored in detail in future
studies.
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