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Abstract: The aim of the study was to establish whether hydroxyl radicals
(*OH) were produced in UV-irradiated aqueous solutions of uranyl salts. The
production of *OH was studied in uranyl acetate and nitrate solutions by an
EPR spin trap method over a wide pH range, with variation of the uranium
concentrations. The production of *OH in uranyl solutions irradiated with UV
was unequivocally demonstrated for the first time using the EPR spin-trapping
method. The production of *OH can be connected to speciation of uranium
species in aqueous solutions, showing a complex dependence on the solution
pH. When compared with the results of radiative de-excitation of excited ura-
nyl (*UO3") by the quenching of its fluorescence, the present results indicate
that the generation of hydroxyl radicals plays a major role in the fluorescence
decay of *UO3*. The role of the presence of carbonates and counter ions per-
tinent to environmental conditions in biological systems on the production of
hydroxyl radicals was also assessed in an attempt to reveal the mechanism of
*UO3* de-excitation. Various mechanisms, including *OH production, are in-
ferred but the main point is that the generation of *OH in uranium containing
solutions must be considered when assessing uranium toxicity.

Keywords: uranium fluorescence; OH radicals; electron paramagnetic resonan-
ce; spin trap; DEPMPO.

INTRODUCTION

The uranyl ion and its luminescence have been the subject of intensive
research for more than a 100 years.! There are several monographs and a large
number of papers dealing with various aspects of this topic, including
photochemical reactions between excited uranyl (*UO%““) and both inorganic
and organic compounds.!~¢ These reactions are enabled by the fact that *UO%+
has a high oxidative potential (Ee(*UO%+ / UO%* ) =2.6 V) and can readily oxi-
dize different substrates.” During photochemical reactions, quenching of the ura-
nyl fluorescence occurs, which is supposed to be the consequence of the pro-
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duction of non-luminescent uranium forms, such as UO%+ and U(IV); this phe-
nomenon is observed even in pure water solutions of inorganic uranyl salts.3 Stu-
dies showed that the quenching is dependent on solution speciation, the presence
of impurities, solution acidity and temperature.”~11 There are several proposed
mechanisms for explaining this process, which can be reduced to four: auto-
quenching, electron transfer, hydrolysis of excited uranyl and abstraction of hyd-
rogen from the substrate.” However, due to the complexity of uranium speciation
in solution!9 and the structure of the excited states of uranyl,!2 none of them can
be considered as a complete description of the UO%Jr fluorescence quenching
process. Special interest has been shown in the photophysics and photochemistry
of *UO%Jr in aqueous solutions, probably because of their possible influence on
the processes in the environment. In a series of papers dedicated to this prob-
lem,8-11 a research group from the University of Coimbra (Portugal) proposed,
as the most probable mechanism of UO%+ fluorescence quenching, OH radicals
(*OH) produced in the process of hydrogen abstraction from water molecules.
This process is thermodynamically favorable because the redox pair *UO%+/
/ UO%+ has a higher oxidizing potential than the "H*OH/H,O pair (E°(*"H*OH/
/Hy0) = 2.48 V).” However, the production of OH radicals has only been studied
at relatively high uranium concentrations and low pH (where UO%Jr are the
dominant species), which is not the case in the environment and biological
systems. It has been shown that the hydroxyl radical exists in uranyl solutions of
high acidity (pH 1 or lower) or in the presence of polymolybdates, but the origin
of those radicals is uncertain.!3-16 As a concurrent mechanism for the production
of hydroxyl radicals, a reaction of water and organic radicals, previously formed
in the interaction of an excited uranyl ion and a spin trap, was proposed.!16

The aim of this work was to investigate the production of hydroxyl radicals
in aqueous uranyl solutions irradiated by UV light, using EPR spin trap methods,
in order to prove the existence of this species. To assess the influence of different
forms of uranyl in solution on the production of *OH, the reaction was studied
over a wide pH range with varying uranium concentration and in the presence of
different counter-ions. The obtained results are discussed in terms of possible
pathways of hydroxyl radical generation and the influence of different excited
species of uranyl.

EXPERIMENTAL

Solutions of UO,(CH;COOH),-2H,0, UO,(NO3),'6H,0 and Na,CO5; were prepared by
dissolving analytical grade chemicals (Merck, Germany) in deionized water (MiliQ). The pH
values of the solutions were adjusted by adding of 0.10 M HCl1 and 0.10 M NaOH and con-
trolled by a pH-meter. The spin trapping agent was DEPMPO, 5-(diethoxyphosphoryl)-5-me-
thyl-1-pyrroline-N-oxide (Alexis, USA), because it can distinguish between different mecha-
nisms of OH radical formation.!? Solutions together with the spin trap were placed in quartz
cuvettes and irradiated in a self-made UV reactor at a wavelength of 300+10 nm (UVB). The
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PRODUCTION OF OH RADICALS IN AQUEOUS SOLUTIONS OF URANIUM 653

wavelength of UV light was selected to be close enough to hat of an excitation laser (335 nm)
frequently used in uranyl fluorescence studies. It was shown!8 that higher energy states of ex-
cited uranyl de-excite to the first excited state by internal conversion or non-radiative transfer
to the surrounding molecules. Following irradiation, the solutions were transferred to Teflon
tubes and the trapped radicals were measured using a Varian E104-A X-band EPR spectro-
meter (modulation amplitude: 2 G, power: 10 mW). The spectra were processed by Microcal
Origin™ v, 7.5 software using window average smoothing. The intensity of the DEPMPO/OH
peak in the adduct spectra was measured as the peak-to-peak height (line indicated by the
arrow in Fig. 1). All experiments were performed at ambient temperature (22 °C).

Uranium shows complex behavior in aqueous solutions depending on the acidity and
composition of the solution; hence it is necessary to predict the relative abundance of different
uranyl species under various conditions. The theoretical calculation of their equilibrium con-
centrations was performed using Phreeqc v. 2.13 software (USGSC),!? for which purpose, the
program uses thermodynamic equilibrium constants data. As calculation input, temperature,
composition and pH value of the solution were taken. The output file of the program contains
information about the concentrations of all species present in the solution or in the solid phase
(see Fig. 3).

RESULTS AND DISCUSSION

The EPR spectra of the DEPMPO adduct produced by irradiation of 4.2x10~2
mol dm3 solution of uranyl acetate, which contained DEPMPO (0.10 mol dm3),
at different pH values, are shown in Figs. 1b—1d. The corresponding spectra ob-
tained for uranyl nitrate contained the same spectral lines. A typical spectrum of
the DEPMPO/OH adduct is given for comparison in Fig. 1a. All the EPR spectra
obtained in this study showed the presence of this adduct, which can be consi-
dered as proof for the production of OH radicals in UV irradiated solutions of
uranyl ions. The blank probe, consisting only of irradiated deionized water and
the spin trap, showed no EPR spectra. Also, a solution of uranyl and the spin-trap
showed no EPR spectra (Fig. 1), and Fig. 1 shows that a small amount of some
adducts other than DEPMPO/OH was present at higher pH values. A possible ex-
planation for this in solutions containing CH3COO™ could be the generation of an
adduct with acetate radicals, formed in reaction with the excited uranyl ion. How-
ever, the existence of same lines in the spectra obtained for uranyl nitrate solu-
tions and the fact that the formation of the acetate radicals is favored in solutions
of low pH,’” makes this explanation less probable. On the other hand, other ex-
cited uranyl species, which are present in solutions at the intermediate pH values,
could have de-excitation pathways other than *UO%+; these routes may involve
the production of free radicals. One of the proposed mechanisms for quenching
uranyl fluorescence involves reversible crossing between two excited states of
UO3Z* (U* and X") and separate routes of their de-excitation’-? (Fig. 2). It has
been assumed that processes of non-radiative de-excitation of the X* state in-
clude the generation of *OH.% 16 However, in the case of complex uranyl species,
even the de-excitation of the U™ state could involve free radical production other
than hydroxyl in solution (see below).
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Fig. 1. EPR spectra of DEPMPO adducts: a)
simulated EPR spectra of DEPMPO/OH!7 and
spectra obtained by UV irradiation (wave-
length: 300 nm) of uranyl acetate solution (the
uranium concentration was 10 ppm, the con-
centration of the spin trap DEPMPO was 0.1
mol dm) at different pH values: b) 2.0, ¢) 7.0
and d) 10.0. The arrow indicates the line which
was the least affected by the presence and
which was used for peak-to-peak measure-
ments of the EPR signal height. The dashed
——  line is used to indicate the alignment of the
206G gpr spectra.

Fig. 2. The mechanism of quenching of uranyl fluorescence
U* L) X* proposed by Formosinho,® where U is the higher excited state of
(T the uranyl ion, X" is the first excited state of UO%Jr , ky and k, are
constants of crossing between states, ky and kyx are cumulative

\LkU \LkX rate constants for the de-excitation processes.

The complexity of the EPR spectra obtained for solutions at intermediate pH
somewhat complicates the quantitative assessment of DEPMPO/OH adducts;
hence, for this purpose, the line which is the least affected by the presence of
other adducts (indicated by arrow in Fig. 1) was selected.

It is well known that different uranyl species exist in aqueous solutions at
different pH values,2 which can be the explanation for the different DEPMPO
adducts. The calculated distribution of uranyl species in the pure solutions used
for UV irradiation is given in Fig. 3. In solutions of both uranyl acetate and ura-
nyl nitrate at pH < 5, the most dominant specie is the free uranyl ion (with a
hydration layer). Above this value, positively charged hydroxyl complexes of the
uranyl ion become dominant, while at pH > 8, the only species present in the
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solution is (UO,);(OH)3. As shown in Fig. 3, the concentration of these species
is not equal to the total uranium concentration because of the existence of a solid
phase in the form of UO,(OH), and UO,(OH),-2H;0 (schoepite) in this pH ran-
ge (the solid phases are not presented in the diagram). In solutions with an excess
of carbonates, the hydroxyl complexes are replaced with carbonate complexes of
uranyl, which are negatively charged and no solid phase is formed. It has been
shown that the structure of the energetic levels of excited uranyl in complexes
becomes altered in comparison to UO%Jr (low pH), which in turn should have an
impact on the uranyl fluorescence lifetime and spectra. Consequently, the
production of OH radicals in the reaction of hydrogen abstraction!® should also
be affected by uranyl speciation.
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Fig. 3. Relative abundances of uranyl species in a solution of uranyl acetate:
abundances in the absence (-) and in the presence (---) of carbonates.

The pH dependence of the signal height of the DEPMPO/OH adduct pro-
duced in a solution of uranyl acetate upon irradiation with UVB light is shown in
Fig. 4. The pH profile of the adduct signal at pH < 6 qualitatively follows the
concentration profile of the free uranyl ion, i.e., a high and steady production of
OH radicals up to pH 4, followed by a decline between pH 4 and 6 (see Fig. 3).
This implies that *UO%Jr plays a major role in "OH production in this pH range.
Fomosinho et al.,? considering uranyl fluorescence quenching in the pH range
between 1 and 4, showed that the quenching constant depends on the pH of the
solution, but the pH dependence of the profile showed an unexpected minimum
around pH 3, which was explained by the presence of a strongly fluorescent hyd-
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roxyl complex of uranyl. Since the EPR method directly measures the production
of hydroxyl radicals while the study of *UO%+ de-excitation by fluorimetry just
indirectly suggests their presence, the conclusion can be drawn of the co-exis-
tence of other non-radiative decay processes.
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Fig. 4. pH dependence of the signal height of the DEPMPO/OH adduct produced in a solution
of uranyl acetate (concentration of uranium: 10 ppm) by irradiation with UVB light.

In the pH range between 4 and 6, there is a drop in the production of OH
radicals, which could be a consequence of various mechanisms. Firstly, uranium
speciation in this range shows the presence of two hydroxyl complexes of uranyl
ion with overlapping abundance profiles. Due to the low concentrations of these
species, their impact on OH radical production should be small. However, Park et
al2! observed that the fluorescence decay of uranyl above pH 3 has two com-
ponents, which arise from two excited species: *UO%+ and * (UOZ)Z(OH)%’L; the
fluorescence of the second species decays five times slower than the first one.2!
The concentration profile for (UO,), (OH)%Jr (see Fig. 3) shows that it has a
small abundance in this pH region. Considering the previously mentioned facts,
the conclusion can be drawn that this species has a small influence on OH radical
production. Secondly, in this pH range, the EPR spectra showed, in addition to
the signal of the DEPMPO/OH adduct, additional lines which probably arise from
the DEPMPO adduct of an unknown radical species (see Fig. 1¢), the production
of which could be a concurrent process to hydroxyl radical generation. A possib-
le explanation could be the generation of organic radicals in reactions with ex-
cited uranyl ions, which was previously found in studies of UO%+ fluorescence
quenching.3-4 Since acetates were present in the solution, a reaction could occur
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via hydrogen abstraction from C, with the generation of acetate radicals. How-
ever, the fact that the additional signals also exist in solutions of uranyl nitrate in
this pH range favors the assumption that * (U02)2(OH)%+ shows different de-ex-
citation pathways, one involving an OH radical and the other the production of an
unknown free radical.

At pH values higher than 6, the signal of the DEPMPO/OH adduct first
shows an increase, a slight variation around pH 8, followed by a drop of the sig-
nal height above pH 9. The speciation diagram (see Fig. 3) shows a dominance of
the polyuranyl hydroxyl complex (UO,);(OH)3 in this region, the concentration
of which remains unaltered throughout the region. In comparison with the OH
radical yield in the region below pH 5, OH radical production in the pH region 7—-
9 showed higher efficiency. This could be explained by the formation of the
uranyl exciplex species, “UO,(UO, ), (OH)% (or *UO,(*U0O,),(OH)Z, which is
less probable). The formation of exciplex species in a uranium solution is theo-
retically possible, but has not yet been experimentally confirmed,3 and also the
Phreeqc program cannot take into account the existence of such species. It is pos-
sible that the coordinated OH™ in this species can act as some kind of mediators
in the process of *OH formation. It is premature to speculate whether this can
explain the sudden drop of *OH production at pH 10.

The dependencies between the DEPMPO/OH adduct signal and the concen-
tration of uranium at pH 2 for solutions of uranyl acetate and uranyl nitrate are
shown in Fig. 5. It appears that *OH production is almost independent of the ura-
nium concentration for both uranyl acetate and nitrate. The data for uranyl nitrate
are in agreement with the concentration independence of the fluorescence decay
constant of the excited uranyl ion,%-2! but the authors did not give an explanation
of such behavior. The same dependence was found in case of uranium acetate
solutions, which may imply that the mechanism of OH radical production at pH 2
does not depend on the employed uranyl compound (acetate or nitrate). A slight
increase in the DEPMPO/OH adduct signal in case of the nitrate solution was ob-
served at higher uranium concentration. This can be explained by the following:
the generation of hydroxyl radicals involves the production of UOj; which is
further converted to U(IV); this process is possible only in the presence of an
*OH scavenger (hydroxyl radicals are good oxidants and can oxidize UO3 back
to the uranyl ion). However, if nitrates are present in a low pH solution, they can
perform re-oxidation’ of UOJ to UO%*. It is possible that above a certain ura-
nyl nitrate concentration, this process becomes dominant; hence more UO%Jr is
“recycled” and available for excitation.

The same dependence but at pH 10.0 is shown in Fig. 6. The adduct signal
showed no concentration dependence below 5 ppm for uranyl nitrate solutions,
after which there was a steady increase in *OH production. A similar situation
exists for uranyl acetate solutions, except that the threshold is at 3 ppm. The pro-
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duction of *OH was generally higher in nitrate solutions. This again indicates that
different species are involved in the production of OH radicals at different pH
values, but also indicates that the counter ions play a significant role at high pH
values. The Phreeqc calculation showed (not included in Fig. 3) the existence of
small quantities of UO,NO3. There is thus a possibility of the formation of an
excited mixed nitrate-hydroxyl complex, which could be de-excited easier by *OH
production.
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Fig. 5. Uranium concentration dependence of the signal of DEPMPO/OH, produced in
solutions of uranyl acetate (®) and uranyl nitrate (¢),pH 2.0, by irradiation with UVB light.
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Fig. 6. Uranium concentration dependence of the signal of DEPMPO/OH, produced in
solutions of uranyl acetate (®) and uranyl nitrate (¢), pH 10, by irradiation with UVB light.
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The dependences between the signals of the DEPMPO/OH adducts and the
concentration of uranium for solutions of uranyl acetate and uranyl nitrate in the
presence of 0.010 M sodium carbonate, which is a realistic model for a natural
aquatic environment, are shown in Fig. 7. The presence of 0.010 M carbonate
maintains the pH value of the solution at pH 10.0, when carbonate complexes of
uranyl are the only species present (Fig. 2). The found dependence of the
DEPMPO/OH adduct signal on the uranium concentration could be a conse-
quence of the replacement of hydroxyl ions in the coordination sphere of uranyl
by carbonates. The dependencies for both compounds are linear, although with
opposite slopes — negative for acetate and positive for nitrate.
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0 1 2 3 4 5 6 7 8
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Fig. 7. Uranium concentration dependence of the signal of DEPMPO/OH, produced in
solutions of uranyl acetate (®) and uranyl nitrate (¢#) (0.010 M carbonate added) by
irradiation with UVB light, on the uranium concentration.

The negative slope for uranyl acetate can be explained by a more efficient
non-radiative energy transfer to acetate ions, probably via carbonates from the
coordination sphere, which is favored by an increased concentration of acetates.
Examples that this process is unfavorable from the aspect of the larger differren-
ces in energy with organic matter are numerous, including action on bioorganic
polymers such as proteins and nucleic acids.22 The proposed mechanism is hyd-
rogen abstraction from a reactive carbon atom, i.e., a carbon atom in the states in
the case of uranyl nitrate; hence there is a positive correlation between the
amount of OH radicals and the concentration of uranium once the OH ions are
removed from the coordination sphere.

Examples are uranyl ion interactions in the nearest vicinity of double bonds,
hydroxyl, carbonyl or carboxyl group. Since it was shown in this study that *OH
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are produced in uranyl solutions at physiological pH values, these mechanisms
should be reconsidered to include the influence of hydroxyl radicals.

CONCLUSIONS

Using the EPR spin-trapping method, the production of OH radicals in ura-
nyl solutions irradiated with ultraviolet light was unequivocally demonstrated.
This is the first comprehensive study of this type, where their production was stu-
died over a wide range of pH values (the only previous EPR study was cons-
trained to a narrow, low pH range). Comparison of the obtained EPR results with
those obtained by other authors using uranyl fluorescence quenching in aqueous
solutions showed that production of OH radicals should be considered as one of
the major mechanisms of UO%Jr fluorescence decay. The effect of different
counter ions and carbonate ions was also studied in order to assess their influence
on production of hydroxyl radicals, attempting to reveal the mechanism of
*UO%Jr de-excitation. Although, further investigations are needed for a clarifyca-
tion of these mechanisms, the fact remains that potentially harmful OH radicals
are produced under almost any circumstances encountered by biological systems,
which should be taken into account when considering uranium toxicity.

Acknowledgements. This work was supported by grant no. 143016 from the Ministry of
Science and Technological Development of the Republic of Serbia.

U3BOJ

[MPOYYABAE ITPON3BO/ILE OH PAIVIKAJIA Y BOOAEHUM PACTBOPUMA
YPAHUIYMA TIOA AEJCTBOM VIITPAJbYBUYACTE CBETJIOCTHU

M. JAKOBWH, M. MOJOBUR u I'. BAUNHh
Dakyaitieiti 3a pusuuky xemujy, Cittyoeniticku itipz 1216, 11000 beozpao

Llub pajia je MCIMTUBAME YCIIOBA IPU KOjUM 1ojasu a0 npoaykuuje OH pamukana ("OH) y
BOJICHHM PAacTBOPHMA YPaHHU]yMOBHUX COJIM IO/ JIe]CTBOM YATpasbyOu4acTor 3padetma. [ eHepucame
‘OH je npoyuasano nomohy EPR cruH Tpam MeTofie y IIMPOKOM orcery pH ¥ nmpu pasanuuTéum
KOHIICHTpalKjaMa ypaHHjyMa y pacTBOpHMA YpaHHJI alleTaTa M ypaHWI HUTpaTa. Y CTAaHOBJBCHO je
Jla je MpOM3BO/ba XUIPOKCHIIHAX pajiiKajia IoBe3aHa ca AUCTPUOYIMjOM ypaHW]yMCKUX BpCTa y
pacTBOpy M Jia Ha CIIOKeH Ha4MH 3aBHcH of pH Bpennoctu pacrBopa. JloOujeHn pesynTartH, yro-
pelieHn ca mpeTXOAHO IMyOIMKOBaHUM TOJalMMa 3a raieme (IIyopecleHInje YpaH/uI joHa, yKa-
3yjy Ja XUIPOKCWIHM paJuKalli Urpajy IJaBHy yJOTY Y OBOM Ipomecy. Y Wby Jajber pasjari-
BhaBalka MEXaHUu3aMa JeeKcuuranyje nodyhenor cramwa ypanuna, npoaykuuja “OH je ncnuruBana
U y IPUCYCTBY KapOoHaTa, OHOCHO I0J] YCJIOBUMa CBOjCTBEHUM JKHBOTHOj cpeauHu. [Iponykiuja
XHUAPOKCHIIHUX jOHA y pacTBOPUMA YpaHHjyMa 03paueHuM YJITPaJbyOHIacTHM 3paucheM OJ(BHja Ce
NPEKO pasiMuuTHX Mexanuszama. Ynmenuna na “OH HacTajy y OBUM pacTBOpMMA MOpa CE y3€TH Y
0031p KO/ pa3Marpama TOKCHYHHUX edekara ypaHujyma.

(ITpumsbeno 17. nenem6pa 2008, peBuaupano 3. pedpyapa 2009)
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