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PHOTOCATALYTIC REDUCTION OF URANYL: EFFECTS OF ORGANIC
LIGANDS AND UV LIGHT WAVELENGTHS
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UDO BECKER**

ABSTRACT. Although previous studies demonstrate the photochemical reduction
of uranyl (UO,>") in the presence of various organic compounds, the actual roles of
organic molecules as ligands and electron donors during the photoreaction are poorly
understood. In this study, photochemical reduction of uranyl is examined with respect
to organic ligands as electron donors and complexing agents, the role of titanium
oxide (TiO,) nanoparticles as a photocatalyst, and the influence of UV light irradiation
with emission peaks in the UV-A, UV-B, and UV-C ranges. Organic compounds with
different binding affinities to uranyl such as acetate, ethylenediaminetetracetate
(EDTA), oxalate, and hydroquinone were selected.

Uranyl solutions prepared with one organic compound in a 1:8 molar ratio were
irradiated under anoxic and acidic conditions (O, < 1 ppm, pH 2.5). Uranyl removal
by UV irradiation was better than 70 percent in the presence of oxalate and acetate,
followed by hydroquinone (~ 45 %) and EDTA (~ 10 %). Uranyl removal was nearly
constant at the UV-A, UV-B, and UV-C regions in the presence of acetate and oxalate
whereas greater removal was observed in the EDTA and hydroquinone solutions
exposed to UV-C and UV-A, respectively. These results reveal that uranyl reduction is
mediated primarily by TiO, nanoparticles and is highly dependent on the electron-
donor compound. Addition of acetate enhances the uranyl photoreaction in hydroqui-
none solution. Dissolved EDTA species act as good electron donors at limited EDTA
concentrations (1:2 to 1:4 uranyl to EDTA ratios) but at higher concentrations (for
example, 1:8), uranyl-EDTA complexes such as [(U022+)HEDTA]_ compete for the
surface sites on the TiO, nanoparticles, hindering the photoreduction of uranyl. X-ray
photoelectron spectroscopy (XPS) of the dried TiO, powder shows that more than 70
percent of uranium partitioned into the solid phase is present as reduced forms with
oxidation states (V) and (IV). The U4f spectra of U partitioned to the solid phase from
the photoreaction with acetate reveal the predominance of U(IV) over U(V), whereas
U(V) is the dominant oxidation state as a result of the photoreduction with EDTA. Our
results suggest that formation of uranium-ligand complexes plays a critical role in
controlling the reactivity of uranyl species and the stability of reduced uranium species
in the course of the photoreaction.

Key words: photocatalytic reduction of uranyl, anatase, rutile, P25, organic ligand,
electron donor, UV wavelength

INTRODUCTION

The uranyl ion (U022+) is the most stable form of uranium with the oxidation
number VIin natural settings such as soils and groundwater, and in waste mixtures (for
example, in nuclear waste disposal sites). Although the mobility of uranyl can be
retarded via sorption onto mineral and solid-waste surfaces as well as secondary
mineralization (Yang and Davis, 2000; Kim and others, 2015), remobilization may
occur due to complexation with dissolved ligands, thereby potentially spreading
pollution. Ethylenediaminetetracetate (EDTA) is a chelating agent commonly used to
increase the solubility of toxic and heavy metal ions including uranium as required for
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industrial applications such as chemical cleaning and decontamination operations.
Oxalate is often found in nuclear waste repositories as it is produced by the decompo-
sition of other organic compounds (Campbell and others, 1994). In addition, oxalic
acid naturally occurs as a great source of protons and metal-complexing organic
ligands that can make various metals (bio-) available in ecosystems (Gadd, 1999). Since
uranyl forms strong complexes with these organics, their interactions are important in
evaluating the mobility of uranyl in aqueous systems (Havel and others, 2002).

Because of increase in mobility, uranyl-organic complexes are difficult to treat
using conventional techniques (Yang and Davis, 2000). One promising treatment
approach is to couple metal reduction with photochemical oxidation of organic
contaminants using a mineral catalyst. Anatase, a polymorph of titanium oxide (TiOs),
is known to be a robust and efficient mineral catalyst for such photochemical
processes. Oxidation of various organic compounds such as EDTA, methanol, propa-
nol, and acetate has been demonstrated to promote photocatalytic reduction of uranyl
using anatase (Chen and others, 1999; Evans and others, 2004; Bonato and others,
2008; Salomone and others, 2015). There is a general consensus that the heteroge-
neous photoreduction of uranyl is hindered in the presence of dissolved oxygen and
that uranyl can be reduced and precipitated as U(IV). However, the respective roles of
organic molecules as ligands and electron donors upon this process have been barely
investigated.

Upon the photochemical reduction of uranyl mediated by anatase, irradiation by
photons with energies higher than its bandgap is necessary to excite the electron (e™)
from the valence band into the conduction band. As a result, a hole (h™) is generated
in the valence band. In order to overcome the bandgap of anatase (3.2 eV), the
wavelength of electromagnetic radiation must be 390 nm or shorter which corresponds
to ultraviolet (UV) radiation or photons with even higher energies. Although the
majority of studies about uranyl photoreduction using anatase have adopted light
sources with the primary emission in the UV-A range (315 — 400 nm), some medium-
pressure mercury lamps do not filter contributions of radiations having shorter and
longer wavelengths (Salomone and others, 2015). More electrons would overcome the
bandgap of semiconductors as the wavelength of UV radiation is shorter. It is
questionable whether UV radiation with shorter wavelengths and thus more electron-
hole pairs in the anatase catalyst will be either cooperative or inhibitive to uranyl
photoreduction. Indeed, selection among different UV types is one of the most
important parameters in optimizing photochemical treatments of organic and inor-
ganic contaminants as well (Alaton and others, 2002).

The main objective of this study is to investigate 1) the respective role of organic
molecules on complexation and electron donation during heterogeneous photoreduc-
tion of uranyl and 2) the dependence of the uranyl photoreduction with various
organic molecules on UV wavelength. Four different organic ligands were selected as
electron donors: acetate, EDTA, oxalate, and hydroquinone. There are previous
studies that used acetate and EDTA as an electron donor for uranyl reduction (Chen
and others, 1999; Bonato and others, 2008). To our knowledge, the present study is the
first to demonstrate the oxidation of oxalate and hydroquinone as coupled with
photocatalytic uranyl reduction. The three subclass regions of the UV spectrum, UV-A,
B, and C, are used to examine how uranyl photoreaction with varying organic ligands
responds to these regions of UV light. X-ray photoelectron spectroscopy (XPS) was
adopted to obtain direct evidence for U photoreduction as catalyzed by TiO,. Based on
the uranium speciation with the organic ligand, reaction mechanisms and effects of
organic ligands and UV wavelengths on photocatalytic reduction of uranyl are
discussed.
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TABLE 1

Summary of solution chemistry and experimental conditions

Solution chemistry Remarks
[Ulini 0.21 mM U(V]) : Org. is ranged 1:2 to 1:8
[Org.] 0.42 to 1.68 mM (Org. is acetate, EDTA, oxalate and
hydroquinone)
pH 2.5
[05] Solution degassed <1 ppm in atmosphere
Temperature 25°C
Experimental Constraints Main process in uranyl removal
set Irradiation with Catalyst
L No Yes Adsorption
1L Yes No Homogeneous photoreduction
111. Yes Yes Adsorption + photoreduction
METHODS

Materials and Reagents

Titanium oxide (TiOy) nanoparticles (AEROXIDE® TiO, P25) were provided by
Degussa and used without further purification. P25 consists of aggregated primary
particles of anatase and rutile, two polymorphs of titanium oxide, in a weight ratio of
4:1. Particle mean diameter is 21 nm and the specific surface area is 50 m*/g. Prior to
solution preparation, Milli-Q® water (resistivity = 18.2 M{):cm) was autoclaved in
Pyrex® media storage bottles at regular sterilizing conditions (that is, 40 min at 121°C
and 138 kPa). Immediately after, purified N, was bubbled into the water through a
diffuser for about 60 min while the water cooled from 95 to 40 °C. Glass bottles were
then capped air-tight and immediately transferred to a controlled-atmosphere glove
box. Stock solutions of uranyl and organic compounds were prepared using uranyl
nitrate hexahydrate (UO,(NOj3)o°6H,0O, International Bio-analytical Industries), so-
dium acetate trihydrate (NaCH3COOH:3H,O, Fisher Chemical), disodium EDTA
dihydrate (C;,H;4NyNayOg2H,0O, Fisher Chemical), oxalic acid dihydrate
(CoH,0,4-2H,0, Baker analyze) and hydroquinone (CgHgOy, Acros Organics).

Solution Chemistry and Irradiation Experiments

Experimental settings used in this study are summarized in table 1. For all
experiments, the concentration of uranyl was 0.21 mM while the concentrations of
organic compounds were varied from 0.42 to 1.68 mM which correspond to the uranyl
to organic compound molar ratio of 1:2 to 1:8. Control experiments were run without
titanium oxide catalyst or in darkness (set I and II in table 1) to explore synergistic
effects in the coexistence of the catalyst with the light source (set III). The solutions
were initially adjusted to a pH of 2.5 by adding concentrated NaOH or HCI. This value
of pH was selected because only a minimal change in pH (< 0.2) occurs after 5 h of the
photoreaction in solutions used in this study. After the reaction, the solution was
filtered, and the supernatants were collected and analyzed by a Perkin-Elmer ELAN
DRC-e inductively coupled plasma mass spectroscopy (ICP-MS). In this study, dissolved
uranium measured after the reaction corresponds to the uranyl remaining in solution
after adsorption to the solid phase and precipitation as uranium-containing solids.

For our experimental conditions, aqueous U(VI) species and saturation index
with respect to various solid phases were calculated by Visual MINTEQ ver. 3.0 with the
Thermo.vdb database (fig. 1). Speciation of uranyl is variable depending on the
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Fig. 1. Speciation of dissolved uranyl (A) as a function of pH (0.21 mM U(VI)), (B) in the presence of
1.68 mM acetate, (C) 1.68 mM EDTA, and (D) 1.68 mM oxalate. Decrease in the total dissolved U (VI) at pH
6 to 10 is mainly due to precipitation of schoepite and U-hydroxides.

dissolved organic ligand and its concentration. Experiments in acidic solutions (pH 2.5
in this study) are valid for our experimental purpose as the possibility of wet
precipitation of uranyl solids can be ruled out at such a low pH (fig. 1).

Photocatalytic experiments with TiO, suspensions were carried out using an
in-house fabricated photoreactor consisting of three vessels nestled inside one another
(fig. 2). The quartz inner vessel is a thimble designed to hold a compact fluorescent
bulb (Philips 9 W, G23). This inner vessel is positioned inside a central reaction vessel,
which in turn sits inside an outer vessel. The outer vessel holds a thermostatic layer of
circulating water controlled by an external water chiller. UV light bulbs providing
different wavelength ranges were used: (1) 368 nm emission peak for the UV-A region,
(2) 311 nm emission peak for the UV-B region, and (3) 254 nm emission peak for the
UV-C region. TiO, suspensions (65 mL, 1gL.”") were irradiated in an anoxic glovebox
(<1 ppm Oy) with a 10 percent H in N gas mix.

Material Characterization

XPS spectra were collected using an Axis Ultra spectrometer (Kratos Analytical
UK). Monochromatic and focused Al K* radiation (1486.6 eV) was used for the
excitation of samples. All measurements were performed in the hybrid mode, which
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Fig. 2. Illustration of the photoreaction apparatus used in this research. The elongated UV lamp is
housed inside the inner quartz thimble in direct contact with the solution to induce photoreactions.
Dissolved oxygen can compete with U(VI) for electrons transferred from an electron donor species. To
minimize the effect of oxygen, the apparatus is set up in a glove box to maintain anoxic conditions; all
solutions are prepared with degassed water. A water chiller outside the glove box is connected to the reaction
vessel inside to keep temperature constant during the course of experiments.

~

employs both electrostatic and magnetic lenses. The x-ray emission current and anode
voltage used during spectra acquisition were 8 mA and 14 keV, respectively. Survey and
core scans were acquired at constant pass energies of 160 and 20 eV, respectively.
Measurements were performed under vacuum conditions lower than 10~® Torr. All
spectra reported were calibrated using the position of the Ti 2p peak (458.7 V) or the
C 1Is peak (284.9 eV) for adventitious carbon. Spectra analysis and calibration were
performed using the CASA XPS software (version 2.3.16, www.casaxps.com). Caution
is needed on XPS analysis for uranium because U(VI) is likely reduced during
exposure to the X-ray beam (Ilton and others, 2007). Sequential analyses were taken
on the same spot, for each specimen, in order to check for beam-induced reduction as
suggested by Ulrich and others (2009). The specimen with EDTA was stable over the
first several spectra whereas oxidation state measurements of the specimens with
acetate and the uranyl adsorption sample suggested reduction over time. Fortunately,
reduction was found to be systematic and slow. The XPS spectra presented in this work
are always the first two scans in each measurement such that the contribution of the
beam-induced reduction to the XPS spectra is minimal.

Microscopic morphologies of solid phases before and after the catalytic photoreac-
tion were examined using scanning electron microscopy (SEM, Hitachi, S-4800)
equipped with an EDX spectrometer.

Modeling Molecular Structures of Uranyl-Organic Complexes

Energy optimizations of uranyl-organic complexes were performed using the
software package DMol® (Local Density Functional Calculations on Molecules) (Delley,
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Fig. 3. Energy-optimized structures and electrostatic potential surfaces of [(UO,*") (oxalate)]® (A, B)
and [(UO,2")HEDTA]™ (B and D). In figures 3C and 3D, the blue and yellow surfaces represent positive
and negative potentials, respectively.

1990). The Perdew-Wang generalized gradient scheme (GGA) was used in combina-
tion with ultrasoft pseudopotentials. The GGA scheme was parameterized by the
Perdew-Burke-Ernzerhof (PBE) functional (Perdew and others, 1996). The double
numeric quality basis set (DNP) and effective core potentials (ECPs) were used for all
calculations. The convergence tolerance for energy change, max force, and max
displacement were 2 X 10 Ha, 0.004 Ha A™', and 0.005 A, respectively. A Fermi
smearing of 0.01 Ha to the orbital occupancy was applied to improve computational
performance.

The uranyl species of [(UO,*") (C,0,)]1% and [(UO,*")HEDTA] ™~ were modeled
and their energy-optimized structures are shown in figures 3A and 3B. The initial
model of [(UOQQJ')(C2O4)]0 before optimization was adopted from Tsushima and
others (2010). To our knowledge, there have been no studies reporting the coordina-
tion environment of uranyl forming a complex with EDTA. The EDTA*" anion has 4 O
atoms belonging to the carboxyl functional group and two N atoms that can form
bonds with the central cation during chelation. When modeling chelation with EDTA,
having uranyl as a center metal ion is not simple because it has two O atoms that may
induce some steric restrictions. Several possible configurations of [ (UO,**)HEDTA] ™
were built while considering some important parameters such as H bonding with N
and O, and coordination number of UO,*" from 4 to 6 with the N and O atoms of
EDTA. From energy optimization of those configurations tested, the one with the
lowest energy is presented in figure 3B.

RESULTS

Speciation and Adsorption of Uranyl in the Presence of Organic Ligands

Speciation of uranyl in the presence and absence of organic ligands is calculated
as a function of pH and presented in figure 1. In the absence of organic ligands, the



organic ligands and UV light wavelengths 955

TABLE 2

Uranyl removal from solution after reaction in darkness and without TiO,

U(VI) adsorption by TiO, (%) U(VI) removal without TiO, (%)

UV Light dark 368 nm 311 nm 254 nm
Acetate 9.0 8.9 5.1 3.8
EDTA 10.2 0.0 4.0 1.7
Oxalate 1.3 11.9 12.2 6.1
HydroQ 5.8 8.7 7.3 0.8

UO,*" ion is the most dominant uranyl species in acidic solutions (pH < 4.0, fig. 1A).
The total U(VI) concentration of 0.21 mM decreases at pH values above 4.0 due to the
formation of uranyl oxyhydroxide solids such as schoepite. In the presence of an
organic ligand, uranyl tends to remain in solution and the total dissolved U concentra-
tion remains constant over a wider range of pH. Among acetate, EDTA, and oxalate,
acetate shows the weakest binding with the UO,*" ion such that the fraction of the
uranyl-acetate complex is calculated to be less than 30 percentin acidic conditions (fig.
1B). The formation of uranyl-ligand complexes plays a critical role in solution
chemistry of uranyl with EDTA and oxalate. The fraction of the UO,*" ion drastically
decreases with increasing pH, and the uranyl-ligand complex is the most dominant
species at pH above 2.0. [(U022+)HEDTA]_ is the dominant uranyl sgecies in the
presence of EDTA, while [(UO,*")(C,0,)1° and [(UO,*")(Cy0,)s]*" are major
species in oxalate solutions at pH 2.5 (figs. 1C and 1D).

Uranyl removal from solution in the absence of UV radiation is due to adsorption
on TiO, (table 1). Uranium uptake by TiO, is the highest in uranyl solutions with
EDTA (10 %) and acetate (9 %), followed by hydroquinone and oxalate (less than
6 %) (table 2). Adsorption of uranyl on TiO, is largely controlled by the surface charge of
the adsorbent (Cerrillos and Ollis, 1998). The point of zero charge of P25 TiO,
nanoparticles is near pH 4 to 5 (Noh and Schwarz, 1989). This means that the surface
of the TiO, particles is positively charged at pH 2.5 and thus repulsive to the UO,*"
ion. Such electrostatic interactions between the surface and the adsorbate can be
influenced by the organic ligand. The organic ligand can be adsorbed onto the catalyst
thereby reducing the solid surface excess positive charge. Additionally, the charge of the
uranyl species can be modified by complexation with the organic ligand, and the resulting
uranyl-ligand complexes may be preferentially partitioned into either the solution or the
solid phase. For example, the lowest adsorption of uranyl onto TiO, is found from solution
with oxalate. At pH 2.5, the dominant oxalate species dissolved in solution is monobasic
oxalate (HC,O, ). The monobasic oxalate anion may have a strong affinity toward the
TiO, surface and counterbalance the positive charge of the proton-dominated TiO,
surface site with its negative charge. Such a mechanism would lessen the interaction of the
negatively charged species, [(UOy>")(Cy0,),]%, with the TiO, surface. Although
[(UO,*") (Cy0,)]° is dominant in solution with oxalate, it might be moderately or least
reactive toward the TiO, surface due to its neutral charge.

Although metal-organic molecules are present in hydrated forms in solution, the
water ligands would be the first to be desorbed because they are more weakly bound
than the organic ligand. Thus, the proportion of dehydrated species would increase
toward the surface region where they interact with reactive surfaces of the solid phase
and form bonds with the surface functional group. This tendency has been shown for



956 Y. Kim and others—Photocatalytic reduction of wranyl: Effects of

uranium interacting with the TiO, surface where uranium of the uranyl molecule
forms bonding directly with oxygen on the surface, for example, in the bidentate mode
[Perron and others, 2006, see also the excellent review regarding the structures of
hydrated uranyl complexes (Kubicki and others, 2009)]. Here, the molecular struc-
tures of uranyl species, [(U022+) (C2O4)]O and [(U022+)HEDTA] ~, were calculated
to consider the reactivity of these molecules upon interaction with the catalyst surface.
When a uranyl ion forms a complex with an oxalate anion, the two O atoms of uranyl
(axial oxygen in fig. 3A) are bent and form an O-U-O angle of 166°. The two O atoms
of oxalate are equatorially positioned with respect to the uranyl structure (equatorial
oxygen in fig. 3A). The structure of the uranyl molecule shows the U-O,, distance of
1.8 Aand the U-O_, distance of 2.2 A. These U-O bond distances are approximately the
same as previous reports of uranyl-oxalate complexes (Tsushima and others, 2010). In
the model of [(UOQ%)HEDTA]*, the angle between the U atom and the axial O
atoms are 151° and their distance is 1.8 A (fig. 3B). The uranyl forms five-fold
coordination with three O atoms of the carboxyl functional group and two N atoms
and the U-O distance is 2.3 to 2.5 A and the U-N distance are 2.7 and 2.9 A. The oxygen
bonded with H is farther away from the uranium atom (3.7 A). The distances between
central uranium and the five nearest N and O atoms are close to values reported from
previous studies of uranyl-formate complexes (Lucks and others, 2013).

The electrostatic potential of individual complexes are presented in figures 3C
and 3D. The negative Opotential is mainly distributed near the two nonbonding O atoms
of [(UO,*") (Cy0,)]1° while O atoms that belong to the carboxyl functional group of
EDTA are the main location of the negative potential in the molecular structure of
[(UO,*>")HEDTA] . Uranyl accounts for the largest portion of positive potential
found in the molecules of these uranyl complexes. Since the surface of the TiO,
catalyst is proton-dominant at pH 2.5, the electron-rich regions of these molecules
where the negative potential is dominant would be reactive to interact with the
positively charged surface. It is followed that these uranyl-organic molecules are likely
bound to the surface through the ligand when adsorbed. This inference is in good
agreement with a previous study suggesting that the S-I-M binding mode where the
ligand (L) is located between the surface (S) and the metal ion (M) could explain
adsorption behavior of uranyl in the presence of EDTA (Cerrillos and Ollis, 1998). In
turn, it is supposed that the interaction between uranyl and the catalysts surface can be
largely modified by the presence of the organic ligand.

Macroscopic Evidence of Photocatalytic Uranyl Reduction

Dissolved uranyl can undergo several processes in the presence of UV light and
TiO, catalyst.

[1] The surface of TiO, provides reactive sites where the uranyl molecule can be
adsorbed (adsorption).

[2] Uranyl may be reduced by interaction with UV light. The process does not
involve catalysis by TiO,, but possibly the oxidation of a coexisting organic
compound (homogeneous photoreduction).

[3] Electrons excited by UV light into the conduction band are transferred to the
adsorbed uranyl molecule. This process is coupled with the oxidation of an
organic compound that acts as a hole-scavenger (heterogeneous photoreduc-
tion).

Experimental sets to estimate the contributions of individual processes are

summarized in table 1 and experimental results are presented in table 2 and figure 4.
At pH 2.5, uranyl removal by TiO, without UV light (that is, adsorption) is =10
percent in the presence of acetate, oxalate, hydroquinone or EDTA (table 2). Uranyl
removal by photoreaction without TiO, particles (that is, homogeneous photoreduc-
tion) is less than 10 percent for solutions containing acetate, EDTA and hydroquinone,
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Fig. 4. Uranium removal from solutions containing different organic compounds. [U(VI)];; = 0.21
mM, [Org.];,; = 1.68 mM, pH = 2.5 and 1 g/L of TiO,. The error bars represent data from replicate
experiments.

and 6 to 12 percent for solution with oxalate depending on the UV region (table 2).
Assuming these two processes were always independent, their maximum contribution
would be =~22 percent for all possible combinations of organic compound and UV
light region. Figure 4 shows the effect of different UV light wavelengths on uranyl
removal from organic compounds solutions in the presence of TiO,. For solutions
containing acetate, oxalate, and hydroquinone, photolytic uranyl removal by TiOs is
more than 30 percent over all UV regions, 2/3 or more of which can be associated to
the influence of the UV source and/or the TiO, catalyst.

Among organic molecules tested in this study, the most effective electron donors
are acetate and oxalate which show uranium removal of more than 70 percent for all
the UV lights tested, followed by hydroquinone and EDTA (fig. 4). There are no
significant differences in uranyl removal between the three UV regions when acetate
and oxalate are present in solution as an electron donor. Uranyl removal depends
highly on the UV light range when uranyl coexists with EDTA and hydroquinone, but
dependence on UV wavelength is found contrasting between the latter two com-
pounds. Uranyl removal is the greatest in the UV-A region for solutions containing
uranyl and hydroquinone, whereas maximum removal of uranyl from solutions with
EDTA occurs in the UV-C region.

Since the organic compounds show different efficiencies as electron donors for
uranyl removal (that is, oxalate > acetate > hydroquinone > EDTA), it is worth testing
whether the efficiencies of hydroquinone and EDTA are enhanced by adding acetate
(or oxalate). The coexistence of acetate and hydroquinone increases uranyl removal
by ~15 percent whereas uranyl removal with EDTA marginally changes when the same
concentration of acetate is added to the solution (fig. 5A). However, decreasing EDTA
concentrations enhances uranyl photoreduction by TiO, (fig. 5B). Uranyl removal
increases as the uranyl to EDTA molar ratio increases from 1:8, to 1:4, and to 1:2. This
observation suggests that dissolved EDTA species can act as electron donors but hinder
the uranyl removal as its concentration reaches certain levels.
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Fig. 5. (A) Effects of adding 1.68 mM acetate on uranium removal from different solutions. Red symbols:
0.21 mM of U(VI) and 1.68 mM of EDTA. Green symbols: hydroquinone. (B) Uranyl removal from solution
([U(VD ;i = 0.21 mM) with varying concentrations of EDTA (0.42 mM, 0.84 mM, and 1.68 mM). The
colored rectangles on fig. 5A are error bars from replicates. The absence of bars indicate the error is smaller
than the symbols.

These results of uranium solution chemistry show that mechanisms of uranyl
photocatalytic reduction can vary depending on the coexisting organic molecule
functioning as a ligand and an electron donor. Specific effects of organic ligands are
discussed further in the discussion section.

Forms of Uranium after Photoreaction with Organics

XPS analysis is performed to measure variation in the oxidation state of uranium
as a result of the photoreaction. The binding energies of uranium are analyzed to
identify possible forms of uranium in the reacted solid phase such as uranium oxides
and uranium-organic complexes.

XPS core scans of the U 4f peaks are presented in figure 6. Uranyl nitrate
hexahydrate was used as reference material and shows two peaks centered at 382.8 and
393.6 eV, which corresponds to U4f 7/2 and 5/2 spin-orbit split peaks, respectively (data
are not shown here). These binding energies are comparable to other reported values of
U(VI) in uranyl nitrate hexahydrate (Dash and others, 1999; Froideval and others, 2003).
In samples from photoreactions with acetate and EDTA, the U 4f peaks are shifted to lower
binding energy by ~2.4 eV (figs. 6A and 6B), which is likely indicative of the presence of
uranium species with the oxidation states of U(V) and U (IV).

Distinguishing among the different oxidation states of uranium (IV, V and VI) is
not straightforward in samples with mixed oxidation states because the primary peaks
lie within 3 to 4 eV. Notwithstanding, satellite structures that are observed around the
primary peaks can be used to assist in identification of peaks. Specifically, the U (VI)
species typically display satellites at around 4 and 10 eV above the primary spin orbit
split U4f peaks while satellites that belong to U(IV) and U (V) species tend to appear at
~6 and ~8 eV above, respectively. Based on such a relationship between the primary
peak and the satellite, we fit three components to the main peaks and satellites of the
XPS spectra of uranyl photoreaction with acetate and EDTA to discern uranium
species with different oxidation states (fig. 6). The fitting procedure documented by
Ilton and Bagus (2011) is followed in this study. Fitting was performed with character-
istic fit parameters being constant, such as the shapes and full width at half maximum
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Fig. 6. The fits to the core scans of U 4f orbitals (A) for uranyl photoreduction with acetate (pH 2.5;
[Uli; = 0.21 mM and [acetate];,; = 1.68 mM; 5 h radiation with UV-A) (B) with EDTA (pH 2.5; [U]
0.21 mM and [EDTA];,; = 0.84 mM; 5 h radiation with UV-A).

ini T

(FWHM) of the primary peaks; in addition, the relative ratio of FWHM of the satellite
to that of the main peak are identical among peak components with different
oxidation states (Ilton and Bagus, 2011). Peak separations between the primary and
satellite peaks are found to be 6.0 = 0.4 and 8.0 = 0.5 eV, for U(IV) and U(V),
respectively (fig. 6). The fit data confirm that U(IV) and U (V) species result from the
uranyl photoreaction with acetate and EDTA. The proportions of U oxidation states
were (50%,/20%/30% for U(IV),/U(V)/U(VI)) from the acetate solution and (33%/
47%/20% for U(IV)/U(V)/U(VI)) from the EDTA one (table 3). In other words, in
the acetate-containing sample, 70 percent of U had been reduced by one or two
electrons and in the EDTA-containing one, that fraction was 80 percent (table 3). The
dominant uranium oxidation state is U(IV) in the sample with acetate (50 % in atomic
proportion) and U(V) in the sample with EDTA (47 %). The primary peak positions of

TABLE 3

XPS primary peak positions and atomic proportions of uranium oxidation states

U + acetate
U((IV) U(v) U(VI)
v4f;, 380.3 381.2 382
Udfs, 391.3 392.2 392.8
Atomic 0.50 0.20 0.30
proportion
U+ EDTA
u((Iv) Uv) UVl
Udf;, 380.1 380.5 381.4
Udfs, 390.9 3914 392.5
Atomic 0.33 0.47 0.20

proportion
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U4f; , and U4f; , for each oxidation state are lowered consistently by 0.2 to 0.8 eV in
the sample with EDTA than the one with acetate. These U XPS results suggest that
reaction products are not identical between photoreactions with acetate and EDTA.

Previous studies suggest that redox transformation of U(VI) to U(IV) is the
dominant process of uranyl photoreduction as catalyzed by TiO, and that U (IV) oxides
such as UOy and UQOy, , (x = 0 to 0.25) are the primary product of the process (Chen
and others, 1999; Kim and others, 2015; Salomone and others, 2015). This general
conclusion would be the case when the UO,*" ion is the main reactant to be subject to
reduction during the catalytic photoreaction. In solution of pH 2.5 with acetate, the
dominant uranium species is the U022+ ion (fig. 1B) and U(IV) species detected in
the XPS spectrum is attributed to U(IV) oxides. From SEM measurements, micro-
scopic morphologies of the solid phases are similar before and after the photocatalytic
reaction with acetate (fig. 7). The EDS mapping results show a uniform distribution of
uranium in micrometer scales (data not shown here). It is inferred that U(IV) oxides
would be in the form of precipitates on the TiOy nanoparticle in smaller sizes than the
substrate. This inference is consistent with a previous study which reports uniform
distributions of uranium precipitates in sub to few nanometer sizes on TiO, electrodes
after photochemical and electrochemical reduction (Kim and others, 2015). U(V)
dominates over U(IV) in the sample reacted with EDTA (table 3). The presence of
U(IV) could be partially attributed to U(IV) oxide precipitates as similar to photoreac-
tion with acetate. It has been considered that UO," is not as stable as UO,** and
UOy, and undergoes a disproportionation reaction to form the latter species (Re-
nock and others, 2013; Yuan and others, 2015). In solution with EDTA, however,
U(VI)-EDTA complexes are dominant over the UO,*" ion at pH 2.5 (fig. 1C) and can
be reduced to U(V)-EDTA and possibly U (IV)-EDTA without decomplexation (Baker
and Sawyer, 1970; Chen and others, 1999). This explanation is also consistent with the
XPS results showing lower binding energies of uranium species from photoreaction
with EDTA than those with acetate.

DISCUSSION

Mechanisms of Photoreduction of Uranyl and Uranyl-Organic Complexes Catalyzed by TiO,

Our experiments demonstrate the dependency of the uranyl photoreduction with
varying organic ligands on the energy of UV light. Uranyl photoreduction mediated by
the TiO, catalyst proceeds through three sequential steps: (i) the formation of the
electron-hole pair by photons; (ii) electron transfer into uranyl species; and (iii)
oxidation of organic compound to scavenge the hole. In this section, these individual
steps of uranyl photoreduction are examined and reaction mechanisms in relation to
complexation with organic ligands and photoexcitation by UV lights are specified.

In our experimental setting, the formation of the electron-hole pair takes place
when electrons in the valence band gain energies greater than the band gap of TiO, as
radiated with UV light. The energy gap between the valence and conduction bands in
TiO, is 3.2 eV and can be overcome by all UV light regions used in this study as
calculated from the energy associated with radiation:

E = hv (1)

where h is the Plank’s constant (6.626 - 10~>* ] - s) and v is the frequency of light (s™").
UV light with shorter wavelengths provides photons with higher energies. This means
that some proportion of excited electrons occupy higher energy states in the conduc-
tion band that are not available from photoexcitation with longer UV wavelengths (the
energy diagram in fig. 8). Whether uranyl species can gain electrons from the
conduction band is determined by their relative energies: Electrons are transferred
between those energetic states in the conduction band and the electron acceptor,
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Fig. 7. SEM images of P25 TiO, particles. (A) Unreacted samples, and (B) photoreacted samples in
solution containing uranyl and acetate and (C) in solution containing uranyl and EDTA.
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Fig. 8. Simplified energy diagram of the photocatalytic uranyl reduction in the presence of organic
electron donors and proposed processes involving organic ligands that can influence the uranyl photoreduc-
tion. The results of this study suggest that uranium photoreduction can be mediated by not only (A) mineral
catalyst but also (B) radical anions such as CO, . (C) Precipitation of oxidation products of electron
donating organics can hinder further photoreduction of uranyl. (D) Oxidation of organic ligands is essential
to promote uranium reduction and it is balanced with production of oxidants matters with varying the UV
wavelength to prevent the reoxidation of reduced uranium species.

which are at approximately the same energy level (Xu and Schoonen, 2000). The
standard electrode potential of reaction between UO,>* and UO, " is 0.163 V, and the
standard electrode potential of the uranyl-organic complexes are lower than this value
due to the electron-donating ability of organic ligands (Morris, 2002; Kim and others,
2009). In other words, the energy level of the uranyl-organic complex is higher than
that of the uranyl ion such that electrons must be excited to higher energetic states in
the conduction band to be transferred to the uranyl-organic complex (the energy
diagram in fig. 8). This justification accounts for the trend of uranyl photoreduction
with EDTA where uranyl removal is greater by a factor of two or three when photons
are sourced from UV-C light than UV-A and B (fig. 5B). It is found that the uranyl
removal with acetate and oxalate is nearly constant with varying the UV wavelength
(fig. 4). Because the uranyl ion is the dominant species in solution with acetate, it is
inferred that photons in the UV-A, B and C regions have sufficient energies to excite
electrons to energetic states in the conduction band that coincide with the energy level
of the uranyl ion. If only the photo flux and energy are the main limiting factor during
the uranyl photo reaction, the photoreaction with an organic compound would be
the highest at the UV-C region or nearly constant over all UV regions. However, the
photoreaction with hydroquinone is lower in the UV-B and UV-C compared to the
UV-A region. This observation indicates that there are limiting factors other than
the photon flux and energy that influence the uranyl photoreduction with organic
compounds. This peculiar trend of the photoreaction with hydroquinone is discussed
further in the following section.
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After the electron-hole pair is formed by photoexcitation, electrons are trans-
ferred to adsorbed uranyl species (eq 2) and the hole (h™) serves as a mediator to
couple uranyl reduction with oxidation of other species (fig. 8). One such coupled
reaction would be water oxidation by the hole (h™*) in the valence band to obtain an
OH radical (-OH) (eq 3).

U(VI/V) + eqy — U(V/IV) (2)
H,0 + hy® — -OH + H* (3)

‘OH can undergo self-combination to form hydrogen peroxide (HyO,), which in turn
produces an oxygen molecule (O,) as the final product. Although reduced U (V) and
U(IV) species are not stable in the presence of h™, ‘OH, or O,, organic compounds can
scavenge those oxidants, and in doing so, promote uranyl reduction. Organic or
inorganic radicals can result from the reaction between the organic compound and
the oxidants.

Forouzan and others (1996) suggested that oxalate undergoes a two-step process
of oxidation with an intermediate radical. The first step is to decompose the molecule
into CO, and the radical anion (COy ") (eq 4). In the second step, CO,~ donates an
electron to the metal ion. This suggestion can be applied to our experiments as stated
in equations (4) and (5).

HC,0,  + h," — CO, + CO,™ + H' (4)
COy~ + U(VI/V) = COy + U(V/IV) (5)

Acetate and EDTA have carboxyl groups (COOH or COO ") in the structure and
react with either the valence band hole or the OH radical to produce organic radicals
(eqs 6 and 7).

R-CH,COO™ + hy" — R-CH,COO' (6)
R-CH,COO~ + -OH — R-CH,COO" + OH" (7)

The organic radicals undergo further reactions possibly involving water and the
valence band hole generating CO, and oxidation products (for example, eqs 8 and 9).

R-CH,COO" — RCH, + CO, (8)
RCH, + H,O + h;" — RH + CH,O + H" (9)

Hydroquinone is the major product of the photocatalytic phenol oxidation
mediated by TiO, and its oxidation results in the formation of quinone (Sobczynski
and others, 1999). Therefore, the oxidation of hydroquinone to quinone is one likely
reaction to be coupled with the photocatalytic reduction of uranium species in
solution with hydroquinone.

Effects of Organic Ligands on Uranyl Photoreduction

The present and previous studies (Chen and others, 1999; Madden and others,
1997) propose that uranyl-ligand complexes are photochemically reactive and reduced
to form U (V)-ligand complexes as catalyzed by TiO, nanoparticles (fig. 8A). EDTA and
oxalate form strong complexes with uranyl, such as [(UOQ%)HEDTA] o,
[(U022+) (oxalate)]°, [(U022+) (oxalate)2]2_, and possibly [(U022+) (oxalate)3]* (see
Vallet and others, 2003) and these complexes can be potential species to preserve the
oxidation state of U(V) and U (IV) after photochemical reduction of uranyl (fig. 6 and
text). Although the role of organic molecules seems manifest on complexation and
redox transformation of uranyl during the photochemical process, their oxidation
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processes are complicate and are barely known in connection with the uranyl photore-
duction. In this section, some of the results are revisited to discuss possible processes
that involve organic molecules and influence the uranyl photoreduction.

The process of adsorption is a critical step in the reaction pathway for a reactant to
undergo heterogeneous photoreaction. Intriguingly, our data of adsorption and
heterogeneous photoreaction in solution with uranyl and the organic ligand show that
photocatalytic uranyl removal is not necessarily proportional to uranyl adsorption on
the catalyst. For example, adsorption of uranyl on TiO, is marginal in the presence of
oxalate and no UV radiation. However, for the same suspension, removal of uranyl is
maximum under UV radiation. Conversely, the highest adsorption of uranyl is found
in solution with EDTA whereas photocatalytic reduction of uranyl is limited in the
presence of this organic molecule. These observations indicate that reactions that do
not involve the catalyst (that is, homogeneous reactions) may contribute to the uranyl
removal. The oxidation of monobasic oxalate (HC,O, ) is mediated by the anatase
catalyst (eq 4). The resulting radical anion (CO, ) is released into solution and reacts
with dissolved uranium species (eq 5; fig. 8B). As a result, one oxalate molecule ion can
release two electrons and reduce uranium species via more than one process (eq 2 and
5), which accounts for its highest ability as an electron donor among the four organic
ligands tested in this study.

The oxidation of EDTA in the presence of UV irradiation is a source of electrons
for uranyl reduction transferred through the TiO, catalyst, but uranium removal from
solution tends to decrease at high concentrations of EDTA (fig. 5B). After the electron
transfer proceeds, reduced uranium species of U(V) and U(IV) that remain in the
form of EDTA complexes can be either released into solution or partitioned onto the
catalyst surface (fig. 8A). The release of reduced uranium species into solution would
be enhanced with increasing the EDTA concentration. This explanation is also
consistent with the XPS data results of photoreduction with EDTA showing the
dominance of U(V) over other U species and lower binding energies of reduced
species than those produced from the reaction with acetate (fig. 6 and text). Another
reason for the decrease in uranyl removal at higher EDTA concentrations may be that
products of EDTA oxidation precipitate on the surface of TiO, while the photoreac-
tion proceeds, such that the catalysis becomes less effective as the reaction proceeds
(fig. 8C). This hypothesis is supported by our macroscopic observation that the TiOy
catalyst turns dark grey after photoreactions in solution of EDTA with and without
dissolved uranyl. The hydrogen molecule (H,) and ethylenediaminetriacetate (ED3A)
can be produced as a result of the photooxidation of acetate and EDTA, respectively, as
described in equation (9). ED3A is found to undergo sequential oxidation steps that
lead to smaller oxidation products when the reaction system is saturated with the
oxygen molecule (Babay and others, 2001). In case of photoreaction with hydroqui-
none, quinone can be oxidized further into other intermediates and ultimately COq
and H,O as long as an oxygen supply is not limited during the reaction (Sobczynski
and others, 1999). In our experimental settings, however, gaseous oxygen is limited to
less than 1 ppm and dissolved oxygen is removed by water boiling above 100 °C and
sequential degassing by N gas (see the methods section). As a result, the oxidation of
large organic ligands would not be complete. Such oxidation products could impede
further reduction of uranium species mediated by the catalyst.

One peculiar trend observed from the reaction with hydroquinone is that hetero-
geneous uranyl reduction is lower in the UV-B and UV-C compared to the UV-A region
(fig. 4). The heterogeneous photoreduction depends on the production of the
electron-hole pair in the catalyst. The production rate of the electron-hole pair
increases with increasing UV light energy (fig. 8). With shorter wavelengths of UV
light, not only the process of electron transfer to uranyl species but also the reactions
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associated with the valence band holes, including the oxidation of organic ligands and
the production of strong oxidants, will proceed to a greater extent (eq 3, 4 and 6; fig.
8D). If the oxidation rate of organic ligands is high enough to scavenge the oxidants
produced from the valence band hole, oxidation of reduced uranium can be pre-
vented. In the case where the rate of oxidant production is greater than the rate of
electron donation from the organic molecule, however, uranyl reduction is hindered,
and reduced uranium species are oxidized by the oxidant. It is possible that limited
uranium reduction occurs in the UV-B and -C ranges because the production of
oxidant surpasses electron donation from hydroquinone to a larger degree than it
does in the UV-A range.

Additional experiments on uranyl removal in the absence of organic ligands show
that uranyl removal with TiO, is not significant (< 5%) at pH 2.5 under no UV light,
but after 5 hours of irradiation, increases to levels on the order of uranyl removal with
EDTA. Salomone and others (2015) performed uranyl photoreaction experiments in
the presence of propanol. They also observed a certain amount of uranyl being
removed from solution in the absence of propanol. The removal rates without organic
ligands under UV light are a few times lower than the removal rates with oxalate and
acetate, which suggest a limited influence at the time-scale of our experiments. Unlike
uranyl removal with EDTA, photoreaction without organic ligands produced no gray
precipitates under the UV light. This observation suggests that uranyl removal pro-
cesses differ between solutions with and without organic compounds, and that organic
compounds are the primary electron donors to uranyl during the photoreaction with
high ratios of organic compound to uranyl as it is suggested in previous related works
(Chen and others, 1999; Evans and others, 2004; Bonato and others, 2008; Salomone
and others, 2015).

It was beyond the scope of our study to address the processes responsible for
uranyl removal by irradiated TiO, without organic compounds. These mechanisms
remain chiefly unidentified and their contribution cannot be completely ruled out
from our experimental setting wherein the photodecomposition of dissolved organic
ligands is the major contribution to uranyl removal from solution. Future research
should include specific mechanisms of uranyl removal in the absence of organic
electron donors.

CONCLUSIONS

This study describes the synergistic interplay between organic ligands (that can
provide electrons but also may hinder electron transfer), a catalytic surface, and light
in the reduction of uranyl molecules. To our knowledge, the present study is the first to
report the dependency of the uranyl photoreduction on the wavelength (or energy) of
UV light. Such dependencies are variable depending on organic compounds. Acetate
is a good electron donor but does not act as a ligand in our experiments because of its
weak binding affinity with uranyl. It has been shown that uranyl photoreduction as
coupled with oxidation of acetate is nearly independent of UV wavelength. Oxalate is a
good electron donor as well as a strong ligand. Uranyl photoreduction with oxalate is
strikingly efficient but may result from multiple processes that can be activated by any
photons in the UV-A, B, and C spectrum. Electrons in higher energetic states of the
conduction band are required to reduce uranyl-EDTA complexes. The production of
such electrons can be further promoted by using UV light with shorter wavelengths.
Although EDTA acts as an electron donor, increasing EDTA concentrations does not
necessarily assist in enhancing uranyl removal from solution. This is probably because
solubility of reduced uranium species increases if they form complexes with EDTA.
Hydroquinone is found to act as an electron donor, but its electron donation becomes
inefficient to leave uranium in reduced forms as the photon energy increases. This
result supports the idea that reduced uranium from photoreduction is preserved only
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when the oxidation of organic molecules proceeds at fast rates to overcome oxidant
attacks.

The computational results in this study reveal a significant change in the
reactivity of uranyl toward the positively/negatively charged surfaces due to the
formation of complexes with organic ligands. Further simulations using DFT
calculations are necessary to decipher the exact mechanism of surface adsorption and
the process of electron transfer within uranyl-organic complexes upon interaction with
TiO,. One could potentially adopt time-dependent DFT calculations to simulate the
reduction of a uranyl-organic complex during the course of electron injection from
the valence band to the conduction band by UV light (for example, Elenewski and
others, 2016).

U (V) remains stable upon the photocatalytic reduction with EDTA whereas U (IV)
is the dominant species as a result of photoreaction with acetate. Distinct features in
uranium redox chemistry between different electron donors are likely the result of the
formation of complexes of reduced uranium species with organic ligands. Our results
show that specific effects of organic molecules and UV radiation ranges should be
considered when performing photocatalytic uranyl reduction. Yuan and others (2015)
demonstrates that U(V) is more stable and stay on the surface longer than previously
believed when it is produced from uranyl reduction mediated by magnetite. Our
spectroscopic data suggest that U(V) can be an important reaction intermediate upon
photo-induced redox transformation of uranium, especially when its stability can be
enhanced by complexation with organic molecules.

The extraction or immobilization of U(VI) has been primarily addressed in
environments where contamination risk is high. Recent events such as the Fukushima
Daiichi nuclear accident suggest that it would be advisable to expand our understand-
ing of uranium removal to other settings (Schneider and others, 2017). In the marine
photic zone, uranium chemistry is largely affected by the presence of carbonate.
Uranyl-carbonate complexes in the form of [UOy(COs),,] (typically, n is 1 to 3) are
dominant at neutral and weak basic pH (Djogic and others, 1986). Future studies
could be aimed at investigating photoreaction of uranyl carbonate complexes, for
example, in the absence and presence of TiO,. Those attempts will address the
extraction of dissolved uranyl from natural seawater or the recovery of accidently
discharged radionuclide uranium.
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