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Comparison of synchronous and laser-induced fluorescence spectroscopy
applied to the Eu(III)-fulvate complexation
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Abstract

The complexation of europium ion (Eu(III)) with a soil fulvic acid (FA) has been studied at pH 5 in 0.01 M NaClO4 by different experimental
methods, i.e. synchronous fluorescence spectroscopy (SyFS) and time resolved laser-induced fluorescence spectroscopy (TRLFS). A series
of SyFS quenching spectra was obtained by increasing the Eu(III) concentration and keeping the FA concentration constant. The emission
spectra and fluorescence lifetimes of the Eu(III) bound to the FA were also measured by a TRLFS system using the same solution used in the
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yFS spectral measurement. From the analysis of the fluorescence data obtained by the SyFS and the TRLFS using a non-linear
ethod, the concentration of the binding sites (CL) of the FA accessible for the Eu(III) and the corresponding conditional stability con

logK) were estimated. The two different methods gave rise to constants being comparable with one another. The logK andCL values (mean±
tandard deviation of three determinations) determined by the SyFS were 6.4± 0.2 (6.7± 0.1�mol L−1: by the TRLFS) and 10± 1�mol L−1

7 ± 1�mol L−1: by the TRLFS), respectively. The applicability of the FA fluorescence quenching techniques for estimating the e
inding parameters was proved by the direct monitoring of the Eu(III) bound to the FA using the TRLFS system.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Humic substances (HS), namely humic acid (HA) and ful-
ic acid (FA), are naturally occurring organic matters which
ave a high affinity to metal ions, and strongly influence the
peciation of metal ions in a terrestrial and aquifer system
1–3]. The determination of the complexing properties of HS
ith metal ions is not only important from the ecotoxicolog-

cal viewpoint, but also it is required for the understanding of
etal ions transport and speciation in terrestrial and aquatic
nvironments.

The humate and fulvate complexation behavior of metal
ons have been studied by a number of investigators with a
ariety of analytical methods[4–13]. These include electro-
hemical method[4], solvent extraction[5,6], ion exchange
7], equilibrium dialysis[8,9], ultrafiltration[10] and spectro-
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scopic methods[11–14]. Most of these techniques meas
unbound metal ions or both unbound and bound metal
simultaneously. While the fluorescence quenching me
which is based on the quenching of ligand fluoresce
caused by addition of metal ion, measures unbound li
[4,15–24]. It was introduced in the early 1980s as an a
native for the analysis of complexes between HS and m
ions [4,15]. Emission and synchronous fluorescence m
ods have been used in the past to establish the exte
metal ion binding to HS. Synchronous fluorescence spe
as compared with emission spectra, give more informa
on the distribution of fluorephores in HS[17–24]. Recently
a self-modeling mixture analysis technique has been
to analyze synchronous fluorescence spectroscopy (S
spectral data and to further detect the wavelength wher
strongest quenching occurs[25–27]. Although the fluores
cence quenching spectroscopy remains popular as a to
measuring the extent of metal ion binding by HS, its va
ity has been questioned[18,20]. The key assumption that t
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remaining quenchable fluorescence uniformly measures the
remaining free ligand concentration has led to a debate in the
literature[21,22]. Recently, the validity of the fluorescence
quenching techniques was tested by the TRLFS measure-
ments[23]. However, it was not a direct comparison between
the two methods: different experimental conditions were used
in each method. In the SyFS measurements, the europium ion
(Eu(III)) concentration was varied and the HA concentration
was kept constant. While the time resolved laser-induced flu-
orescence spectroscopy (TRLFS) measurements were con-
ducted by increasing the HA concentration and keeping the
Eu(III) concentration constant. It is reported that the stability
constant seems to be affected by the cation concentration, pH
and ionic strength[8,12,13].

In this study, the complexation of Eu(III) with the FA is
described. The metal ion Eu(III) is selected because it has
good fluorescence properties and represents a good chemical
analogue for the actinide metals which constitute a radiolog-
ical hazard[8,11,12,25]. The FA, the most soluble fraction
of HS, is one of the constituents of soil organic matter; and
therefore, it is thought to have a special role in the environ-
mental mobility of metal ions[28]. Synchronous fluorescence
is used because it gives a higher resolution spectrum and may
allow to measure the corresponding fluorescent fractions of
the FA accessible for the Eu(III)[17,20,25].
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sample preparation. The SyFS spectral measurements were
made with the luminescence spectrometer AB 2 (AMINCO-
Bowman). For these measurements, slit widths were set at 4
and 8 nm for the excitation and emission monochromators,
respectively. The SyFS spectra were recorded for the samples
at an emission wavelength ranging 250–650 nm and at a scan
rate of 4 nm s−1. The wavelength difference (�λ) was 30 nm
between the excitation and emission monochromators. The
effect of varing�λ on the shape of SyFS spectra was inves-
tigated in our preliminary study and a value of�λ = 30 nm
resulted in the best overall spectral resolution[27].

2.3. Time resolved laser-induced fluorescence
spectroscopy

The emission spectra and fluorescence lifetimes of Eu(III)
bound to the FA were also measured by a TRLFS system
using the same solution used in the SyFS spectral measure-
ments. A pulsed Nd-YAG laser (YAG5011 COMP10, B.M.
industries) operating at 355 nm (third harmonic output) and
delivering about 5 mJ energy in a 5 ns pulse width with a
repetition rate of 10 Hz was used to excite the europium
ion. The emitted fluorescence light was focussed into a
spectrograph (HR 320, Jobin Yvon; with 600 g mm−1

grating) at a right angle to the excitation laser beam. The
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The objectives of this study were to investigate the bin
f Eu(III) to the FA using a SyFS and a TRLFS system an
ompare the results obtained by the two different experim
al methods. The TRLFS system, which can directly mon
nbound and bound Eu(III) to the FA, was used to tes
pplicability of the FA fluorescence quenching technique
stimating the europium binding parameters.

. Experimental

.1. Humic substances

The HS used in this study was isolated from soil sampl
he Jeju Island in Korea. Detailed information for the sites
een described elsewhere[29]. The HS was extracted and fu

her purified by the procedures of IHSS[30]. After extraction
nd purification of HS, the protonated final humic and fu
icds were freeze-dried and kept in a vacuum desiccato

.2. Synchronous fluorescence spectroscopy

Stock solutions of the FA and Eu(III) ion were 100 mg L−1

nd 2.0× 10−4 mol L−1 at pH 5.0 in 0.01 M NaClO4, re-
pectively. A series of samples was prepared by mixing
ppropriate quantities of the two stock solutions and 0.0
aClO4. The Eu(III) concentrations were varied from 1.0×
0−6 to 2.8× 10−5 mol L−1 in 20 different concentration
nd the FA concentration was kept constant at 10.0 mg−1.

The solutions were shaken for ca. 2 min and the pH
djusted to 5.0± 0.1 with NaOH and HClO4. Spectro
copic measurements were taken immediately following
pectrograph was centered at 590 nm and in a dispe
f the spectral range 540–650 nm to observe the direc
uorescence of europium. The intensified CCD-dete
iStar, ENDOR Technology) was used for the detec
f the fluorescence signal. An external trigger from
d-YAG laser activates the digital delay generator built

he ICCD, so that the digital delay generator can con
he intensifier tube for gating application. Time resol
xperiments were performed using a delay time of 1�s
ith respect to the initial laser pulse, a gate time ste
5�s and a gate width for fluorescence of 1500�s.

. Results and discussion

.1. Complexation study by SyFS

The fluorescence quenching of the FA by an addition o
u(III) was measured at the FA concentration of 10 mg L−1,
ith the Eu(III) ranging 1.0× 10−6 to 2.8× 10−5 mol L−1.
he SyFS spectra for a series of samples are illustrat
ig. 1. These spectra showed four distinct peaks at 320
20 and 498 nm. The peak at 320 nm could be due to
aman emission of the solvent water, which appeared i
lank solution[17]. When water of high purity (fluorescenc

ree) was excited at 290 nm, the Raman band of water i
mission spectrum was observed at a wavelength of 32
he second and forth peaks were relatively sharp but the
eak centered at about 420 nm was broad. The three
eaks are attributed to the different fluorophores of the
he fluorescence properties of the various fluorophore
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Fig. 1. The SyFS quenching spectra of FA as a function of the Eu(III) concentration: pH 5; [Eu(III)] = 1.0× 10−6 to 2.8 × 10−5 mol L−1; and [FA] =
10.0 mg L−1.

the HS are well discussed elsewhere[17,27,31]. All of these
three distinct peaks showed a decrease in the fluorescence
intensity by a quenching of the Eu(III) as its concentration
was increased. However, the strongest relative quenching was
observed at 498 nm among the three major peaks. So, the
quenching profile at 498 nm was further analyzed to estimate
the conditional stability constant and the binding site concen-
tration. InFig. 2, the relative fluorescence intensity at 498 nm
is plotted against the total europium concentration.

mental result.

The concentration of the binding sites of FA accessible to
the Eu(III) and the corresponding conditional stability con-
stants can be estimated by the analysis of the quenching pro-
file (Fig. 2) using non-linear least-squares method with the
equation below[15,16,27].

I = IML − 100

2KCL
{(KCL + KCM + 1)− [(KCL + KCM + 1)2

−4K2CLCM]1/2} + 100 (1)
Fig. 2. Fluorescence quenching profiles of FA at 498 nm. Experi
 data are shown as solid squares and the solid line indicates the fitted
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Table 1
Equilibrium parameters obtained by the SyFS and TRLFSa

SyFS TRLFS
F592,0 F616,0

logK 6.4± 0.2 6.7± 0.1 6.7± 0.2
CL 10± 1 7± 1 6± 1
IML 30± 2 – –
α616/α592 – 1.0 2.8± 0.4

a logK: logarithm of the conditional stability constants (mol−1 L); CL :
concentration of the ligand (�mol L−1); IML : limiting fluorescence intensity
at maximum metal–ligand binding condition;α592 andα616: proportional
constants at 592 and 616 nm. The values of logK, CL andIML are listed as
mean± standard deviation of three independent experiments.

where I is the fluorescence intensity,K is the conditional
stability constant,CL andCM are the total FA and Eu(III)
concentrations andIML is the limiting fluorescence intensity
at maximum metal–ligand binding condition. Using the ex-
perimental data (IandCM), this equation can be solved forK,
CL andIML . The optimized equilibrium parameters are listed
in Table 1. The results indicate that the conditional stability
constant (logK) is 6.4 ±0.2 mol−1 L and the total site con-
centration (CL) of 10.0 mg L−1 of the FA is 10± 1�mol L−1.
The estimatedCL value of the FA used in this work is lower
than the one (22.1�mol L−1) observed for the soil fulvic acid
(10 mg L−1) with the Cu(II) ion at pH 5[15]. This may be
due to low amount of proton exchange sites of the FA used in
this study[32]. The residual fluorescence (IML ) value can be
experimentally determined to be about 30 inFig. 2. However,
the IML value could also be fitted very well withK andCL
in this study. The optimizedIML value by the fitting was in
good agreement with the experimentally determined value.

F ce of th
[ spectru

Table 2
Spectroscopic properties of the Eu(III) speciesa

[FA] tot [Eu(III)] tot Frel (592 nm) Frel (616 nm)

0 20 1 1
10 20 260 410
10 1 40 95

a [FA] tot: total concentration of the FA (mg L−1); [Eu(III)] tot: total con-
centration of the Eu(III) ion (�mol L−1); Frel (592 nm) andFrel (616 nm):
relative fluorescence intensities at 592 and 616 nm.

3.2. Complexation study by TRLFS

When a non-complexed Eu(III) ion is excited by using
a pulsed Nd-YAG laser operating at 355 nm, two main flu-
orescence peaks are observed at 592 nm (magnetic dipole
5D0–7F1 transition) and 616 nm (hypersensitive5D0–7F2
transition). Two peaks were also observed at the same po-
sitions by an excitation of a non-complexed Eu(III) ion at
308 or 394 nm[11,12,23]. When the Eu(III) is complexed
with the FA, the two main peak positions do not change but
the intensity of the peaks is increased (Fig. 3). In addition, a
weak band is observed at 580 nm (non-degenerated5D0–7F0
transition). In general, the fluorescence spectrum of the non-
complexed Eu(III) ion exhibits the most intensive peak at
592 nm. However, the hypersensitive5D0–7F2 transition peak
(616 nm) becomes the most intense as the Eu(III) is bound to
the FA.

Fig. 3 shows the fluorescence spectra of the non-
complexed Eu(III) ion and the Eu(III) bound with the FA.
The spectroscopic properties of the Eu(III) are summa-
rized in Table 2. Upon the complexation of the Eu(III) of
20�mol L−1 to the FA of 10.0 mg L−1, the total intensities
ig. 3. Fluorescence spectra of the Eu(III) in the absence and presen
FA] = 10 mg L−1; and (c) [Eu(III)] = 20�mol L−1, [FA] = 0 mg L−1. The
e FA: (a) [Eu(III)] = 1�mol L−1, [FA] = 10 mg L−1; (b) [Eu(III)] = 20 �mol L−1,
m of (c) is scaled by 20.
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of the fluorescence peaks at 592 and 616 nm are dramati-
cally enhanced by a factor of 260 and 410 relative to the
non-complexed Eu(III) ion, respectively. This is due to the
sensitized Eu(III) luminescence following the intramolecular
energy transfer from the FA to Eu(III) excited levels[33]. The
intensity at 616 nm was much more enhanced due to the hy-
persensitive5D0–7F2 transition of the Eu(III) bound to the FA
[11,12,23]. These properties of the sensitized luminescence
and hypersensitive transition of the Eu(III) are very impor-
tant for the complexation study. The measured fluorescence
intensities are mainly caused by the Eu(III) bound to the FA.
The excitation of the non-complexed Eu(III) ion has hardly
any contribution to the measured fluorescence in this exper-
imental condition where the non-complexed Eu(III) ions are
presented with less than 20�mol L−1 (seeTable 2). There-
fore, the fluorescence intensities (Fi) at 592 and 616 nm, con-
sidering that the ligand exchange reaction does not take place
within the excited state lifetime[34], are directly proportional
to the Eu(III) bound to the FA. The relationship between
the fluorescence intensity (Fi) and the concentration of the
Eu(III) bound to the FA can be expressed as:

Fi = αi[ML] (2)

where theαi values are the proportional constants (i= 592
and 616 nm) and dependent on the instrument setup as well
a o the
o (III)
b sing
t tion
c

(1:1
s FA
( ity
c

rent ga

concentration (CL):

[ML] = 1
2K

{(KCL + KCM + 1) − [(KCL + KCM + 1)2

−4K2CLCM]1/2} (3)

A combination ofEqs. (2) and (3)gives the relationship
between the fluorescence intensity (Fi) and the total metal
ion concentration (CM):

Fi = αi

2K
{(KCL + KCM + 1) − [(KCL + KCM + 1)2

−4K2CLCM]1/2} (4)

Using the experimental data (Fi andCM), this equation
can be solved forK, CL andαi.

The fluorescence intensity (Fi,0) at t= 0 can be obtained
from the analysis of the time dependent fluorescence spectra
shown in theFig. 4. The fluorescence intensities at 592 and
616 nm are integrated from 583 to 603 nm and from 603 to
643 nm, respectively. The relaxation of fluorescence emis-
sion at 592 nm for the selected samples is shown inFig. 5.
The natural logarithm of the intensity at 592 nm is plotted as a
function of the delay. A non-monoexponential decay pattern
is observed at all the europium concentration ranges. At low
values of the total europium concentration (Fig. 5(a)), a slow
d ay
c tra-
t y
d s as-
c of
t ential
f

F

s the sample characteristics. This equation is similar t
nes used to calculate the stability constants of the Eu
ound to the HS with the TRLFS measurements by increa

he HS concentration and keeping the Eu(III) concentra
onstant[12,23].

Based on the mass balances between Eu(III) and FA
toichiometry), the concentration of Eu(III) bound to the
[ML]) can be written in terms of the conditional stabil
onstant (K), total Eu(III) concentration (CM) and total FA

Fig. 4. Fluorescence spectra of the Eu(III) bound to the FA at diffe
 te pulse delay time: pH 5; [Eu(III)] = 20�mol L−1; and [FA] = 10.0 mg L−1.

ecay component (τ1) is predominant. However, a fast dec
omponent (τ2) becomes dominant as the Eu(III) concen
ion is increased (Fig. 5(f)). The multi-exponential deca
oes not correspond to the different binding sites but i
ribed to the quenching process[34]. The time dependency
he fluorescence intensity can be analyzed by a bi-expon
unction:

i,t = Fi,0[x exp(−t/τ1) + (1 − x) exp(−t/τ2)] (5)
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Fig. 5. Time dependency of the fluorescence emission of the Eu(III) bound to the FA of 10 mg L−1 at various Eu(III) concentrations: (a) [Eu(III)] = 2�mol L−1;
(b) [Eu(III)] = 4 �mol L−1; (c) [Eu(III)] = 8 �mol L−1; (d) [Eu(III)] = 12 �mol L−1; (e) [Eu(III)] = 16�mol L−1; and (f) [Eu(III)] = 20�mol L−1. The decay
curves ((a)–(e)) are scaled to the same total emission of the (f) att = 15�s.

where t is the gate pulse delay time,Fi,t andFi,0 are the
fluorescence intensity att = t and 0 (i = 592 and 616 nm),
respectively,τ1 and τ2 are the lifetimes of the two com-
ponents andx is the fraction of the first component con-
tributed to the total fluorescence intensity. Using the exper-
imental data (Fi,t , t), the fluorescence intensity (Fi,0) at t =
0 was estimated byEq. (5)whereτ1 is fixed at 155�s. The
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lifetime (τ1) of the slow component was reasonably calcu-
lated to be 155± 3�s by a monoexponential decay pattern
using the curve obtained with the low values of the total eu-
ropium concentration (Fig. 5(a)). The lifetime (τ2) of the
fast component was estimated to be 74± 5�s. This value is
shorter than the fluorescence lifetime of the non-complexed
Eu(III) ion (110�s), which was obtained at the Eu(III)
0.0 5.0x10-6 1.0x1

0.0

[

ig. 6. Change of the fluorescence intensity of the Eu(III) bound to th
0−5 mol L−1, [FA] = 10.0 mg L−1. Experimental data are shown as sym
in brackets) atF616,0 were not included to fit the data.
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s a function of the Eu(III) concentration: pH 5, [Eu(III)] = 1.0× 10−6 to 2.8×
and the solid lines indicate the fitted results. The data deviated from t
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concentration of 2×10−2 mol L−1. Fig. 6 shows the change
of the fluorescence intensities (Fi,0) attributed to the Eu(III)
bound to the FA as a function of the Eu(III) concentration.
The intensity at 616 nm is steadily decreased after the plateau
region, which is not expected byEq. (2). This observation
may be due to self-quenching effect at high concentration of
Eu(III). Further work is needed to elucidate this problem.

From the analysis of the TRLFS spectral data shown in
Fig. 6 usingEq. (5), the equilibrium parameters were opti-
mized and listed inTable 1. The results indicate that the logK
andCL values estimated from theF592,0 are 6.7± 0.1 mol−1

L (6.7± 0.2 mol−1 L from theF616,0) and 7± 1�mol L−1 (6
± 1�mol L−1 from theF616,0), respectively. These values are
comparable with the ones obtained by the SyFS method de-
scribed above. The proportional constant (α616) for the peak
at 616 nm was three times higher than the value ofα592. This
can be explained by the proportionality of theαi values to the
maximum fluorescence intensity.

4. Concluding remarks

The two different experimental methods provided compa-
rable values for the conditional stability constants. The logK
values determined by the SyFS and TRLFS were 6.4± 0.2
and 6.7± 0.1 mol−1 L, respectively. The data of this study are
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