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Detection of uranyl ion via fluorescence quenching and photochemical
oxidation of calcein
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Abstract

This paper reports the detection of uranyl ion via fluorescence quenching of a dye molecule followed by the selective photocatalysis of
the dye molecule by excited state uranyl. We have found that selectivity can be obtained when calcein, a highly fluorescent fluorescein-type
dye, is quenched by complex formation with uranyl in solution at low concentrations. Following the quenching by uranyl, the entire sample
is excited at a wavelength that is strongly absorbed by uranyl at 425 nm. This produces the excited state uranyl ion that has a large oxidation
potential and photocatalytically decarboxylates the dye, breaking the dye/metal bond. The photocatalysis product is highly fluorescent and
produces an increase in the fluorescence signal. The detection limit for uranyl via quenching is 60 nM and via photocatalysis is 40 nM.
Interfering metal ions such as iron and chromate have little effect on the amount of fluorescence regenerated since their absorbance bands,
modes of quenching, and photochemistry are different from uranyl.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

There has been a renewed interest in low-cost rapid
techniques for measuring actinides and other heavy metal
contaminants in environmental water[1–9]. One uranium
species of interest is the uranyl ion, UO2

2+ because it can
be found in soils and in low-pH water runoff in and around
nuclear waste sites and processing facilities.

One of the most sensitive and selective methods for the
remote and in situ detection of uranium in aqueous solu-
tions is time-resolved laser induced fluorescence (TRLIF)
[1–3,5,7,9–11]. TRLIF is able to determine uranium con-
centration and speciation under a variety of harsh conditions
with low detection limits (10−13 M). Laser sources are
required, increasing overall cost and extensive signal decon-
volution is required, increasing the response time. For sim-
plicity and cost effectiveness, optical sensors are also being
developed to provide simple, rapid and cost effective initial
detection of uranyl ion. An optical uranyl sensor described
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by Lerchi et al.[12] is based on a plasticized poly(vinyl
chloride) membrane with a colorimetric uranyl-selective
ionophore. This sensor is reversible with a reported detec-
tion limit of ∼500 nM at pH 3.6. A similar optical uranyl
sensor uses arsenazo III as the colorimetric U(VI) probe
[13]. This sensor is an integrating device with a detection
limit of 1.9 �M for a 2 min exposure to a uranyl solution.

Uranyl photochemistry is widely studied in the literature
for a multitude of applications[14–23]. The use of uranyl
photochemistry as a quantitative method in solution has been
previously reported. Nemodruk and Bezrogova[16] reported
a photochemical technique based on the reduction of U(VI)
to U(IV) by ethanol, followed by vanadometric titration of
the U(IV). The authors report a detection limit of 74�M. In
a similar method, Riggs[17] demonstrated improved sensi-
tivity for measuring uranyl through reduction to U(IV) via
an aliphatic alcohol, followed by a colorimetric detection.
Typically colorimetric methods of this type show strong in-
terference from iron(III), Cr(III) and Cu(II).

We are exploring fluorescent indicator methods for uranyl
detection that can subsequently be applied to simple, easy
to use optical sensors. In this work, it was discovered
that UO2

2+ can be detected at low concentrations by flu-
orescence quenching of a fluorescein analog dye, calcein.
Calcein (N,N-bis(carboxymethyl)aminomethylfluorescein)
(Fig. 1, inset) is used primarily in the EDTA titration of
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Fig. 1. Emission spectra of 800 nM calcein after addition of 0, 120, 480
and 960 nM UO22+. Excitation is at 492 nm, pH 4.0 in barbituric acid
buffer. Inset: structure of calcein.

Ca2+ in the presence of magnesium at high pH[24]. It
has also been used for the detection of a variety of metal
ions including Zn(II), Al(III), Cu(II), Ni(II) via quenching
at pH 7.4, Ba(II), Ca(II) Mg(II), Sr(II) and Cd(II) via the
formation of a fluorescent product at high pH[25–27] and
in a variety of clinical applications for Ca2+ detection[28].
Calcein has also been incorporated into a fiber-optic Ca2+
sensor by covalent attachment to cellulose via a reaction
with cyanuric chloride[29].

Although calcein provides excellent sensitivity for the
detection of uranyl in solution via fluorescence quench-
ing, iron(III) and chromate are major interferences because
the two metals also quench calcein fluorescence very effi-
ciently. However, we have observed interesting photochem-
istry in the quenched calcein/uranyl complex. Calcein, a
highly fluorescent dye, is efficiently quenched by uranyl
and subsequently undergoes a photochemical reaction with
excited state uranyl to generate a highly fluorescent prod-
uct. Furthermore, with the proper selection of excitation
wavelength, this photochemical reaction isselective for
uranyl over iron and chromate. In preliminary experiments,
we show that this photochemical response can be used to
selectively measure uranyl in aqueous solution when iron
or chromate ions are present.

2. Experimental

2.1. Apparatus and materials

All fluorescence measurements were obtained using a
lab-built fluorometer. The resolution of the monochromators
was typically 2.5 nm (1.25 mm slits) and 2.25 nm (1.25 mm

slits) for the excitation and emission monochromators, re-
spectively. Fluorescence lifetimes were measured using a
337 nm pulsed nitrogen laser system (Laser Science, Cam-
bridge, MA, Model VSL-337) operating at 20 Hz with a
2 ns full-width half-maximum (FWHM) pulse width and
100�J/pulse. The 520 nm emission was collected using a
digital oscilloscope (LeCroy Model 9350L) to monitor the
PMT (Hammamatsu R2949 PMT) photocurrent. The instru-
ment response function (typically FWHM of less than 4 ns)
was deconvoluted from the fluorescence decay profile us-
ing Andre’s fast Fourier deconvolution method[30] and the
resulting data were fitted to single exponential decays. Ab-
sorption spectra were measured using a Perkin Elmer model
Lambda 14 scanning UV–Vis spectrophotometer.

Analytical grade chemicals were used as received. Deion-
ized, distilled water was used for all samples. Uranium
oxynitrate hexahydrate was obtained from Alfa (Ward Hill,
MA). Barbituric acid and indicator-grade calcein were pur-
chased from Aldrich (Milwaukee, WI). Iron(III) nitrate,
sodium dichromate and trace-metal grade nitric acid were
obtained from Fisher Scientific (Fair Lawn, NJ). Potassium
hydroxide was purchased from EM Science (Gibbstown,
NJ).

2.2. Safety

While naturally occurring, uranium is a gamma and alpha
emitter and should be handled appropriately. Gloves, protec-
tive clothing and mask should be worn. Fume hoods should
be used and the area monitored for radiation. Waste should
be placed in appropriately labeled waste containers.

3. Sample preparation and measurements

Water >18 M� resistivity was used in all solutions. All
glassware was cleaned by boiling for 1 h in 4 M trace-metal
grade nitric acid followed by triple rinsing with water. An
80�M stock solution of calcein was prepared. The pH of
the stock solution was 4.3 and was stable for 3 days when
stored in the dark. Fresh 4�M calcein solutions were made
daily by diluting the stock. A 1 mM uranyl stock solution
was prepared by dissolving 50.2 mg of UO2(NO3)2·6H2O in
100 ml of water. This stock solution was stable for months
when stored in the dark. The pH of the uranyl stock solution
was 2.8. At this pH the formation of (UO2)OHn species is
limited to less than 0.2% of the total UO2

2+ concentration
[6,31]. Exact UO2

2+ concentrations were determined by
spectrophotometric titration using potassium ferrocyanide
[19]. The standardized UO22+ stock solution was used to
prepare dilutions as needed. Solutions of other metal ions
were prepared by diluting stock solutions of the correspond-
ing metal nitrates in distilled water. A pH 4 buffer solution
was prepared by dissolving 0.60 g of barbituric acid in 1 l
of water and adjusting to pH 4 using 0.15 g KOH (4.7 mM
barbituric acid, 2.7 mM KOH). Samples for the quenching
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measurements were made by adding 5 ml of calcein dye
stock solution, 10 ml of barbituric acid buffer and an ap-
propriate amount of uranyl or other metal solution to 25 ml
volumetric flasks and diluting to the mark with distilled wa-
ter. For all uranyl solutions used in quenching experiments,
the concentrations were 800 nM calcein, 1.9 mM barbituric
acid and 1.1 mM KOH. For lifetime measurements buffered
dye samples were prepared using the same dye concen-
trations as in the quenching experiments, but with excess
metal ion concentration.

All calcein fluorescence spectra were measured on 2 ml
samples using 492 nm excitation, slightly off the peak of
the calcein excitation maximum to minimize photodegrada-
tion of the dye. The optimum excitation wavelength for the
UO2

2+-catalyzed photooxidation of calcein was determined
in a separate experiment by measuring relative fluorescence
recovery as a function of excitation wavelength. The solu-
tions were made by adding 0.37�M uranyl to 800 nM cal-
cein. A similar experiment was performed to determine the
excitation wavelength dependence of calcein photodegrada-
tion resulting from the addition of chromate to the calcein
solution (Fig. 5). The solutions were made by adding 4.6�M
dichromate to 800 nM calcein. No effect was observed for
lower concentrations of chromate. An excitation wavelength
of 425 nm, corresponding to a maximum in the excitation
and absorbance spectra of complexed uranyl ion and lit-
tle response from chromate quenched calcein, was used for
photooxidation experiments.

After a sample was quenched with uranyl and the fluo-
rescence measured, the excitation wavelength was changed
to 425 nm for photooxidation experiments. The excitation
monochromator slits were opened to 5 mm to maximize
the light intensity. The intensity of the 425 nm light used
for photolysis was approximately 800�W at the sample.
In all photolysis experiments, samples were irradiated for
20 min with stirring. Temperature was monitored to ensure
that the sample was not heating. Progress of photolysis
was monitored by measuring the fluorescence intensity of
the solution every 5 min by briefly setting the excitation
wavelength back to 492 nm and reducing the slits. For de-
oxygenated samples, nitrogen gas was bubbled through the
sample for 1 h prior to photolysis. For all figures, relative
fluorescence recovery was taken as change in calcein fluo-
rescence intensity relative to the fluorescence intensity just
prior to photolysis (i.e., quenched) minus the change in flu-
orescence intensity of an identically exposed blank calcein
solution (i.e., containing no uranyl).

4. Results and discussion

4.1. Chemistry of uranyl in solution

Free U6+ does not exist in aqueous solutions[32]. Its spe-
ciation is highly dependent upon the existence of coordinat-
ing molecules in the surrounding medium and pH[31,32].

The uranyl ion is known for its ability to form stable com-
plexes with a variety of ligands including H2O, Cl−, NO3

−,
acetic acid, lactic acid and oxalic acid[20,33–35]. The ab-
sorbance spectrum of uranyl in solution has been highly in-
vestigated. In perchloric acid, it consists of 24 resolvable
bands between 180 and 500 nm which shifts upon complex-
ation with ligands[20].

The photocatalytic nature of uranium was first reported
in 1805 [21] and has been the subject of numerous stud-
ies [22,23,36–39]. The uranyl excited state oxidation po-
tential is very high at approximately 2.6 V[36,37,39]. The
mechanisms of uranyl photooxidation have been the subject
of many reviews[22,23,39]. Two main mechanisms have
been proposed: the kinetic encounter and the complex for-
mation theory[22,38,39]. Both processes proceed through
short-lived U(V) species. According to the complex forma-
tion theory, ground state uranyl is first complexed with a
ligand (LH) containing electron-withdrawing groups (OH,
carbonyls, etc.). When the uranyl is subsequently excited, it
abstracts a hydrogen LH→ L• from its nearest neighbor
carbon as it is reduced to U(V). In the case of carboxylic
acids (see calcein,Fig. 1), the main action of the U(VI) on
the ligand is the decarboxylation at the alpha carbon with
subsequent production of CO2. This mechanism leads to
greater photooxidative selectivity because uranyl is bound
directly to the sites upon which it acts as shown byEqs. (1)
and (2). U(V) is autooxidized in the presence of oxygen to
regenerate U(VI) (Eq. (3)):

U(VI ) + LH ⇔ U(VI )LH (1)

U(VI )LH + hν ⇔ U(V) + L• (2)

U(V) + 1
2O2 → U(VI ) [as UO2

2+] (3)

4.2. Quenching data

The inset ofFig. 1shows the structure of calcein. UO2
2+

and other metal ions bind to the carboxylate groups.Fig. 1
also shows the fluorescence emission spectrum of calcein
in pH 4 solution and UO22+-quenched spectra obtained af-
ter addition of UO2

2+. We found pH 4 to be the optimum
for efficient uranyl quenching. The fluorescence lifetime of
calcein with and without uranium present is 5.5 ± 0.1 and
5.2± 0.1 ns, respectively, indicative of static quenching and
a stable complex.

A Stern–Volmer plot of the normalized inverse fluores-
cence intensity versus uranyl concentration is shown in
Fig. 2a for five concentrations of UO22+ ranging from 0 to
960 nM. Each point is the average of five measurements.
The Stern–Volmer quenching constantKsv is obtained from
the slope of the linear curve and is related to the concentra-
tion of species in solution by

Ksv = [FQ]

[F][Q]
(4)

For uranyl,Ksv at pH 4 is equal to 6.3 × 105, which indi-
cates that at a concentration of 960 nM quencher (uranyl)
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Fig. 2. (a) Stern–Volmer plot showing quenching of calcein by uranyl
(Ksv = 4.71× 105 l/mol); (b) Stern–Volmer plot of quenching of calcein
by dichromate (Ksv = 1.44×107 l/mol). Each measurement is an average
of five replicates. The error bars show±1 standard deviation.

and 800 nM fluorophore (calcein) the maximum amount
of complex formed is 480 nM or 60%. This assumes a 1:1
complex; however, the value could be lower since we were
not able to find a reference to indicate that calcein and
UO2

2+ form a 1:1 complex. The detection limit for UO22+
based on calcein quenching alone was determined to be
60± 6 nM. Fig. 2b shows a Stern–Volmer plot for calcein
with dichromate. This plot shows that chromate is a much
better quencher of calcein than UO2

2+ and is thus a major
interference in the detection of UO2

2+ by calcein quench-
ing. The Stern–Volmer quenching constant for dichromate
is 1.4 × 107 for a 25-fold lower dichromate concentration.
This indicates an association of calcein and dichromate at
11:1, which can only occur in a dynamic quenching model.

4.3. Photochemical measurements

The data resulting from the wavelength optimization
experiments is shown inFig. 3a and b. InFig. 3a, the per-
centage fluorescence increase varies with wavelength and
corresponds to the UO22+ excitation spectrum (lower curve
of Fig. 3a), with the highest rate of UO22+-catalyzed cal-
cein photooxidation occurring for 440 nm excitation. When
uranyl is excited at the proper wavelength, it abstracts a hy-
drogen from the carboxylic acid functional group, destroys
the chelating site and results in a molecule that can no
longer be quenched by uranyl ion yet still contains the main
chromophore component, thus the fluorescence increases.

Unlike UO2
2+, the photoresponse of the calcein solution

with 4.6�M dichromate was negative everywhere except
around 425 nm where it was closer to zero (upper curve of
Fig. 3b). A negative photoresponse indicates a further loss
of calcein fluorescence intensity following photoexcitation
at the indicated wavelength. Although a significant negative
response occurs where chromate absorbs (lower curve of
Fig. 3b) the dichromate response did not closely mirror the
absorbance spectrum as it did for uranyl.

Since dichromate is an anion, stable complexes with
the negatively charged carboxylic acid functional groups
in calcein in solution are unlikely. Thus, the dichromate
must be associated with the more positively charged chro-
mophore region of the dye. Any photochemical reaction
by dichromate on the dye molecule leads to disruption of
chromophore conjugation and resultant product with little
fluorescence. The fluorescence lifetime of calcein in the
presence of excess chromate was decreased from that of free
calcein, but could not be accurately determined as the signal
was not resolvable from the instrument response. However,
this decrease is indicative of dynamic, rather than static,
quenching.

The selection of the optimum photochemical wavelength
is the most crucial step in obtaining selectivity in this exper-
iment. This is because of wavelength-dependent competing
effects, including direct photodegradation of the calcein dye,
interfering metal ions with known photochemical properties
as well as nonphotoactive absorbers that could dissipate the
light energy as heat, rendering it useless for photooxidation.
Although 440 nm gives optimal response for UO2

2+ alone,
in the presence of chromate and iron(III) one needs to exam-
ine the most selective wavelengthm, i.e., what wavelength
gives a high uranium fluorescence increase but a negligible
effect from other interfering ions in solution. In this report,
we chose 425 nm to eliminate the interference from dichro-
mate. Selectivity is therefore only limited by the ability to
isolate a uranyl excitation band from absorption bands of
known interferences.

Fig. 4a shows the photooxidative calcein fluorescence
recovery time response for 40, 160 and 630 nM UO2

2+
exposed at 425 nm. The dye concentration was 800 nM
assuring a slight excess of dye for all concentrations
of UO2

2+ used. Significant relative fluorescence recov-
ery was observed after 5 min for all concentrations of
UO2

2+. The magnitude of the response was observed to be
concentration-dependent. This concentration dependence
is shown quantitatively inFig. 4b. Here, the relative fluo-
rescence recovery after 20 min of photolysis at 425 nm is
plotted versus UO22+ concentration. Based on this curve a
detection limit of 40± 7 nM was obtained.

Many factors affect the efficiency of UO22+ photooxida-
tion, primarily the amount of dissolved oxygen in the sam-
ple and light intensity. Since oxygen is required (Eq. (3)) for
the sensitized photoxidation to recycle uranyl from U(V) to
U(VI), removal of oxygen from the system decreases the
photooxidation rate and the slope of the relative fluorescence
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Fig. 3. (a) Excitation spectrum of uranyl (lower curve). Excitation wavelength-dependence of the photochemical response of calcein to uranyl following
photolysis for 30 min using∼800�W at 425 nm (upper curve). The solutions used for these measurements were made by adding 370 nM uranyl to
800 nM calcein. For simplicity, error bars are not shown, but are typically 3–4% of signal. (b) Absorbance spectrum of chromate (lower curve). Excitation
wavelength-dependence of the photochemical response of calcein to chromate following photolysis for 30 min (upper curve). The solutions used for these
measurements were made by adding 460 nM dichromate to 800 nM calcein. For simplicity, error bars are not shown, but are typically 3–4% of signal.

response curve. This was observed experimentally using
deoxygenated samples.

As described above, the photochemical method was found
to be highly selective for uranyl in the presence of two pri-
mary interferences, chromate and iron(III). This is illustrated
in Fig. 5 and the data are tabulated inTable 1. This figure
shows the time response of relative fluorescence recovery
for 315 nM UO2

2+ in the presence of 1400 nM iron(III) and

Table 1
Table of relative responses (increase in fluorescence intensity from the quenched state) of calcein photooxidation after 20 min exposure to∼800�W of
light at 425 nma

Uranyl ion concentration (nM) Chromate concentration Iron concentration

0 nM 140 nM 280 nM 555 nM 0 nM 700 nM 1400 nM

160 20.2± 3.7 18.6± 2.2 20.1± 1.8 18.3± 1.0
315 26.2± 5.6 23.2± 1.4 24.0± 3.7 25.9± 3.9 26.2± 5.6 24.9± 6.2 19.1± 2.2
630 30.8± 7.4 34.2± 2.1 29.2± 6.0 27.2± 7.2 30.8± 7.4 32.2± 3.6 28.2± 5.3

a Responses for 160, 315 and 630 nM uranyl alone, and for uranyl at these same concentrations with 140, 280 and 555 nM dichromate, and for 315
and 630 nM uranyl with 700 and 1400 nM iron(III). The average of triplicate measurements are shown with the standard deviations of each.

280 nM dichromate. At these concentrations neither metal
had an effect on the UO22+ photoresponse after 20 min
of photolysis. Concentrations up to 5 mM chromate did
not have an effect, but concentrations above 50�m iron
decreased the recovery. In the case of UO2

2+, the calcein
chromophore is left intact after photolysis since the primary
action is cleavage of the alpha-carbon on the carboxylate
group [22,23,39]. Although this photoproduct has not yet
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Fig. 4. (a) Time dependence of relative fluorescence recovery for 800 nM calcein quenched with uranyl upon exposure to approximately 800�W of
light at 425 nm. Uranyl concentrations shown are 40 nM (circles), 160 nM (squares), 630 nM (triangles). (b) Uranyl concentration-dependence of relative
fluorescence recovery for 800 nM calcein following 20 min of photolysis using approximately 800�W of light at 425 nm.

Fig. 5. Relative fluorescence recovery of 800 nM calcein quenched by 315 nM uranyl (circles), 315 nM uranyl with 280 nM chromate (squares) and
315 nM uranyl with 1400 nM iron (triangles). All data points are the average of three measurements. Error bars show±1 standard deviation.
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been identified its movement on a TLC plate is quite different
from calcein.

Certain anions can also have an effect on uranyl photoox-
idation and should be considered in the experiment design
[22]. The effect of chloride, carbonate and nitrate ions, at
concentrations of 2 mM, on the relative calcein fluorescence
recovery of samples containing 315 nM uranyl has been
investigated. Nitrate had no effect on relative fluorescence
recovery at this concentration. The chloride-containing
sample showed lower rates of fluorescence recovery ini-
tially but after about 15 min this rate was the same as for
a chloride-free uranyl solution. For uranyl responses mea-
sured after 20 min of photooxidation chloride had no effect.
The response of the uranyl solution with carbonate present
showed only half of the calcein fluorescence recovery after
20 min that was observed for a carbonate-free sample.

5. Conclusions

The use of photochemistry in combination with fluores-
cence quenching of an indicator dye, calcein, can provide
improved selectivity for the determination of UO2

2+ in the
presence of chromate and iron, compared to calcein quench-
ing alone. Additionally, the photochemical effect can be used
without loss of sensitivity. Detection limits of about 60 nM
were measured for quenching experiments and 40 nM for
photooxidation experiments. Chromate and iron(III) do not
significantly interfere with this technique.

Acknowledgements

We would like to acknowledge M.P. Skorveretz and
B. Cullum for help with data collection. This work was
supported by DOE #W-7405-ENG-48, NSF EPSCoR
EPS-9630167 and the USC Research and Productive Schol-
arship Fund.

References

[1] A.F. Arruda, A.D. Campiglia, B.P.S. Chauhan, P. Boudjouk, Anal.
Chim. Acta 396 (1999) 263.

[2] C. Moulin, J. Wei, V. Van Iseghem, I. Laszak, G. Plancque, V.
Moulin, Anal. Chim. Acta 396 (1999) 253.

[3] C. Moulin, P. Decambox, P. Mauchein, D. Pouyat, L. Couston, Anal.
Chem. 68 (1996) 3204.

[4] D.L. Perry, S.M. Klainer, H.R. Bowman, F.P. Milanovich, T.
Hirschfeld, S. Miller, Anal. Chem. 53 (1981) 1048.

[5] C. Moulin, S. Rougeault, D. Hamon, P. Mauchein, Appl. Spectrosc.
47 (1993) 2007.

[6] C. Moulin, P. Decambox, V. Moulin, J.G. Decaillon, Anal. Chem.
67 (1995) 348.

[7] C. Moulin, C. Beaucaire, P. Decambox, P. Mauchein, Anal. Chim.
Acta 238 (1990) 291.

[8] R. Brina, A.G. Miller, Anal. Chem. 64 (1992) 1413.
[9] C. Moulin, P. Decambox, L. Trecani, Anal. Chim. Acta 321 (1996)

121.
[10] R.A. Malstrom, T. Hirschfeld, Anal. Chem. Symp. Ser. 19 (1984) 25.
[11] P.T. Varineau, R. Duesing, L.E. Wangen, Appl. Spectrosc. 45 (1991)

1652.
[12] M. Lerchi, E. Reitter, W.F.Z. Simon, Anal. Chem. 348 (1994) 272.
[13] L.C. Baylor, B.R. Buchanan, Appl. Spectrosc. 49 (1995) 679.
[14] Y. Mao, A. Bakac, J. Phys. Chem. A 101 (1997) 7929.
[15] S. Dai, D.H. Metcalf, G.D. Del Cul, L.M. Toth, Inorg. Chem. 35

(1996) 7786.
[16] A.A. Nemodruk, E.V.Z. Bezrogova, Anal. Khim. 21 (1966) 1210.
[17] W.M. Riggs, Anal. Chem. 44 (1972) 390.
[18] N.S. Nassory, Talanta 36 (1989) 672.
[19] C.J. Rodden, Analytical Chemistry of the Manhattan Project,

McGraw-Hill, New York, 1950, p. 99.
[20] E. Rabinowitch, R.L. Belford, Absorption spectra of uranyl ions

complexed with acid anions, in: Spectroscopy and Photochemistry
of Uranyl Compounds, Pergamon Press, Oxford, 1964.

[21] Seekamp, Am. Chim. Phys. I 56 (1805) 142.
[22] E. Rabinowitch, R.L. Belford, Photochemistry of uranyl, in:

Spectroscopy and Photochemistry of Uranyl Compounds, Pergamon
Press, Oxford, 1964, p. 229.

[23] J.G. Calvert, J.N. Pitts, Photochemistry, Wiley, New York, 1966
(Chapter 7).

[24] H. Diehl, J.L. Ellingboe, Anal. Chem. 28 (1956) 882.
[25] D.F.H. Wallach, T.L. Steck, Anal. Chem. 35 (1963) 1035.
[26] A.J. Hefley, B. Jaselskis, Anal. Chem. 46 (1974) 2036.
[27] D.F.H. Wallach, D.M. Surgenor, J. Soderberg, E. Delano, Anal.

Chem. 31 (1959) 456.
[28] J.B. Hill, Clin. Chem. 11 (1965) 122.
[29] W.R. Seitz, L.A. Saari, Anal. Chem. 56 (1984) 810.
[30] J.C. Andre, L.M. Vincent, D. O’Conner, W.R. Ware, J. Phys. Chem.

83 (1979) 2285.
[31] S. Sunder, D.W. Shoesmith, R.J. Lemire, M.G. Bailey, G. Wallace,

J. Corros. Sci. 32 (1991) 373.
[32] S. Ahrland, Acta Chem. Scand. 3 (1949) 374.
[33] S. Ramamoorthy, M. Santappa, Bull. Chem. Soc. Jpn. 41 (1968)

1330.
[34] I. Grethe, D. Ferri, F. Salvatore, J. Chem. Soc., Dalton Trans. 64

(1984) 2439.
[35] R.K. Singh, M.C. Saxena, In. J. Chem. A 29 (1990) 822.
[36] C.K. Jorgensen, J. Lumin. 18/19 (1979) 63.
[37] V. Balzani, F. Bolletta, M.T. Gandolfi, M. Maestri, Top. Curr. Chem.

75 (1978) 3.
[38] D. Greatorex, R.J. Hill, T.J. Kemp, T.J. Stone, J. Chem. Soc., Faraday

Trans. 68 (1972) 2059.
[39] H.D. Burrows, T. Kemp, J. Chem. Soc. Rev. 3 (1974) 139.


	Detection of uranyl ion via fluorescence quenching and photochemical oxidation of calcein
	Introduction
	Experimental
	Apparatus and materials
	Safety

	Sample preparation and measurements
	Results and discussion
	Chemistry of uranyl in solution
	Quenching data
	Photochemical measurements

	Conclusions
	Acknowledgements
	References


