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Abstract

The complexation of europium ion (Eu(lIl)) with a soil fulvic acid (FA) has been studied at pH 5in 0.01 M N&gferent experimental
methods, i.e. synchronous fluorescence spectroscopy (SyFS) and time resolved laser-induced fluorescence spectroscopy (TRLFS). A serie
of SyFS quenching spectra was obtained by increasing the Eu(lll) concentration and keeping the FA concentration constant. The emission
spectra and fluorescence lifetimes of the Eu(lll) bound to the FA were also measured by a TRLFS system using the same solution used in the
SyFS spectral measurement. From the analysis of the fluorescence data obtained by the SyFS and the TRLFS using a non-linear least-square
method, the concentration of the binding sit€g)(of the FA accessible for the Eu(lll) and the corresponding conditional stability constants
(logK) were estimated. The two different methods gave rise to constants being comparable with one anotheK ahd@pyalues (mear:
standard deviation of three determinations) determined by the SyFS werd&@46.7+ 0.1umol L~: by the TRLFS) and 18- 1 wmol L~
(7 = 1pumol L1 by the TRLFS), respectively. The applicability of the FA fluorescence quenching techniques for estimating the europium
binding parameters was proved by the direct monitoring of the Eu(lll) bound to the FA using the TRLFS system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction scopic method§l1-14]. Most of these techniques measure
unbound metal ions or both unbound and bound metal ions
Humic substances (HS), namely humic acid (HA) and ful- simultaneously. While the fluorescence quenching method,
vic acid (FA), are naturally occurring organic matters which which is based on the quenching of ligand fluorescence
have a high affinity to metal ions, and strongly influence the caused by addition of metal ion, measures unbound ligand
speciation of metal ions in a terrestrial and aquifer system [4,15-24]. It was introduced in the early 1980s as an alter-
[1-3]. The determination of the complexing properties of HS native for the analysis of complexes between HS and metal
with metal ions is not only important from the ecotoxicolog- ions [4,15]. Emission and synchronous fluorescence meth-
ical viewpoint, but also it is required for the understanding of ods have been used in the past to establish the extent of
metal ions transport and speciation in terrestrial and aquaticmetal ion binding to HS. Synchronous fluorescence spectra,
environments. as compared with emission spectra, give more information
The humate and fulvate complexation behavior of metal on the distribution of fluorephores in H$7—-24]. Recently,
ions have been studied by a number of investigators with aa self-modeling mixture analysis technique has been used
variety of analytical methodgl—-13]. These include electro- to analyze synchronous fluorescence spectroscopy (SyFS)
chemical methodH], solvent extractiornf5,6], ion exchange  spectral data and to further detect the wavelength where the
[7], equilibrium dialysig8,9], ultrafiltration[10] and spectro- ~ strongest quenching occuf@5-27]. Although the fluores-
cence guenching spectroscopy remains popular as a tool for
* Corresponding author. Tel.: +82 42 868 2296; fax: +82 42 8631289, N€asuring the extent of metal ion binding by HS, its valid-
E-mail addresscwlee@kaeri.re.kr (C.W. Lee). ity has been questiongtl8,20]. The key assumption that the
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remaining quenchable fluorescence uniformly measures thesample preparation. The SyFS spectral measurements were
remaining free ligand concentration has led to a debate in themade with the luminescence spectrometer AB 2 (AMINCO-
literature[21,22]. Recently, the validity of the fluorescence Bowman). For these measurements, slit widths were set at 4
quenching techniques was tested by the TRLFS measure-and 8 nm for the excitation and emission monochromators,
mentg23]. However, it was not a direct comparison between respectively. The SyFS spectra were recorded for the samples
the two methods: different experimental conditions were used at an emission wavelength ranging 250-650 nm and at a scan
in each method. In the SyFS measurements, the europium iorrate of 4 nmst. The wavelength difference (A1) was 30 nm
(Eu(lIn) concentration was varied and the HA concentration between the excitation and emission monochromators. The
was kept constant. While the time resolved laser-induced flu- effect of varingAA on the shape of SyFS spectra was inves-
orescence spectroscopy (TRLFS) measurements were contigated in our preliminary study and a valuesf = 30 nm
ducted by increasing the HA concentration and keeping the resulted in the best overall spectral resolufipr].
Eu(lll) concentration constant. It is reported that the stability
constant seems to be affected by the cation concentration, pH2.3. Time resolved laser-induced fluorescence
and ionic strengtlf,12,13]. spectroscopy

In this study, the complexation of Eu(lll) with the FA is
described. The metal ion Eu(lll) is selected because it has The emission spectra and fluorescence lifetimes of Eu(lll)
good fluorescence properties and represents a good chemicdlound to the FA were also measured by a TRLFS system
analogue for the actinide metals which constitute a radiolog- using the same solution used in the SyFS spectral measure-
ical hazard8,11,12,25]. The FA, the most soluble fraction ments. A pulsed Nd-YAG laser (YAG5011 COMP10, B.M.
of HS, is one of the constituents of soil organic matter; and industries) operating at 355 nm (third harmonic output) and
therefore, it is thought to have a special role in the environ- delivering about 5mJ energy in a 5ns pulse width with a
mental mobility of metal ionR28]. Synchronous fluorescence repetition rate of 10Hz was used to excite the europium
is used because it gives a higher resolution spectrum and mayon. The emitted fluorescence light was focussed into a
allow to measure the corresponding fluorescent fractions of spectrograph (HR 320, Jobin Yvon; with 600gmn
the FA accessible for the Eu(ll[17,20,25]. grating) at a right angle to the excitation laser beam. The

The objectives of this study were to investigate the binding spectrograph was centered at 590nm and in a dispersion
of Eu(lll) to the FA using a SyFS and a TRLFS system and to of the spectral range 540—650 nm to observe the direct line
compare the results obtained by the two different experimen- fluorescence of europium. The intensified CCD-detector
tal methods. The TRLFS system, which can directly monitor (iStar, ENDOR Technology) was used for the detection
unbound and bound Eu(lll) to the FA, was used to test the of the fluorescence signal. An external trigger from the
applicability of the FA fluorescence quenching technique for Nd-YAG laser activates the digital delay generator built into
estimating the europium binding parameters. the ICCD, so that the digital delay generator can control

the intensifier tube for gating application. Time resolved
) experiments were performed using a delay time of.45

2. Experimental with respect to the initial laser pulse, a gate time step of

. 15us and a gate width for fluorescence of 1
2.1. Humic substances K 9 500

The HS used inthis study was isolated from soil sampled at
the Jeju Island in Korea. Detailed information for the sites has
been described elsewhgP®]. The HS was extracted and fur-
ther purified by the procedures of IHE®]. After extraction
and purification of HS, the protonated final humic and fulvic
aicds were freeze-dried and kept in a vacuum desiccator.

3. Results and discussion
3.1. Complexation study by SyFS

The fluorescence quenching of the FA by an addition of the
Eu(lll) was measured at the FA concentration of 10 mg,L
2.2. Synchronous fluorescence spectroscopy with the Eu(lll) ranging 1.0x 107° to 2.8 x 107> mol L™,

The SyFS spectra for a series of samples are illustrated in

Stock solutions of the FA and Eu(lll) ion were 100 mg'L Fig. 1. These spectra showed four distinct peaks at 320, 392,
and 2.0x 10*molL~! at pH 5.0 in 0.01 M NaClQ), re- 420 and 498 nm. The peak at 320 nm could be due to the
spectively. A series of samples was prepared by mixing the Raman emission of the solvent water, which appeared in the
appropriate quantities of the two stock solutions and 0.01 M blank solutior{17]. When water of high purity (fluorescence-
NaClOy. The Eu(lll) concentrations were varied from x0 free) was excited at 290 nm, the Raman band of water in the
106 to 2.8 x 10-°mol L1 in 20 different concentrations  emission spectrum was observed at a wavelength of 320 nm.
and the FA concentration was kept constant at 10.0mgL  The second and forth peaks were relatively sharp but the third

The solutions were shaken for ca. 2 min and the pH was peak centered at about 420 nm was broad. The three major
adjusted to 5.0+ 0.1 with NaOH and HCIQ. Spectro- peaks are attributed to the different fluorophores of the FA.
scopic measurements were taken immediately following the The fluorescence properties of the various fluorophores of
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Fig. 1. The SyFS quenching spectra of FA as a function of the Eu(lll) concentration: pH 5; [Eu(lll)] = 107° to 2.8 x 10°molL™L; and [FA] =
10.0mgL-L.

the HS are well discussed elsewh§gr@,27,31]. All of these The concentration of the binding sites of FA accessible to
three distinct peaks showed a decrease in the fluorescencéhe Eu(lll) and the corresponding conditional stability con-
intensity by a quenching of the Eu(lll) as its concentration stants can be estimated by the analysis of the quenching pro-
was increased. However, the strongest relative quenching wadile (Fig. 2) using non-linear least-squares method with the
observed at 498 nm among the three major peaks. So, theequation belowl15,16,27].

quenching profile at 498 nm was further analyzed to estimate I — 100

the conditional stability constant and the binding site concen- I = ——————{(KC_ + KCy + 1) — [(KCL + KCp + 1)
tration. InFig. 2, the relative fluorescence intensity at 498 nm 2kC,

is plotted against the total europium concentration. —4K?cemlY? + 100 1)
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Fig. 2. Fluorescence quenching profiles of FA at 498 nm. Experimental data are shown as solid squares and the solid line indicates the fitted result.



392

K.H. Chung et al. / Talanta 65 (2005) 389-395

Table 1 Table 2
Equilibrium parameters obtained by the SyFS and TRLFS Spectroscopic properties of the Eu(lll) speéies
SyFS TRLFS [FA]tot [Eu(lD)] tot Frel (592 nm) Frel (616 nm)
Fsa20 F616.0 0 0 1 1
logK 6.4+ 0.2 6.7+ 0.1 6.7+ 0.2 10 20 260 410
CL 10+1 7+1 6+1 10 1 40 95
I 30+£2 N a [FA]qot: total concentration of the FA (mgtl); [Eu(lll)] «ot: total con-
ap16/at592 - 1.0 28+04 ot ' ot

2 |ogK: logarithm of the conditional stability constants (mbL); Cy:
concentration of the ligand (wmoH?); Iy : limiting fluorescence intensity
at maximum metal-ligand binding conditiomsg, and ae16: proportional
constants at 592 and 616 nm. The values oip@, andly_ are listed as
mean+ standard deviation of three independent experiments.

wherel is the fluorescence intensiti is the conditional
stability constantC; andCy, are the total FA and Eu(lll)
concentrations anigy, is the limiting fluorescence intensity
at maximum metal-ligand binding condition. Using the ex-
perimental data @ndCy), this equation can be solved fiér

C. andlpm . The optimized equilibrium parameters are listed
in Table 1. The results indicate that the conditional stability
constant (lod) is 6.4 +0.2 mol 1 L and the total site con-
centration (¢) of 10.0 mg L1 of the FAis 10+ 1 pmol L1,
The estimated; value of the FA used in this work is lower
than the one (22.mol L~1) observed for the soil fulvic acid
(10 mg L=1) with the Cu(ll) ion at pH 515]. This may be

centration of the Eu(lll) iongmol L=1); Frer (592 nm) andFre (616 nm):
relative fluorescence intensities at 592 and 616 nm.

3.2. Complexation study by TRLFS

When a non-complexed Eu(lll) 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
SDo—'F; transition) and 616 nm (hypersensitiv®o—'F»
transition). Two peaks were also observed at the same po-
sitions by an excitation of a non-complexed Eu(lll) ion at
308 or 394nm11,12,23]. When the Eu(lll) 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-degeneradgd’ Fo
transition). In general, the fluorescence spectrum of the non-
complexed Eu(lll) ion exhibits the most intensive peak at
592 nm. However, the hypersensitRy—'F, transition peak
(616 nm) becomes the most intense as the Eu(lll) is bound to

due to low amount of proton exchange sites of the FA used in the FA.

this study[32]. The residual fluorescencey(l) value can be
experimentally determined to be about 3Fig. 2. However,
thelyL value could also be fitted very well with andC.

in this study. The optimizety value by the fitting was in
good agreement with the experimentally determined value.

Fig. 3 shows the fluorescence spectra of the non-
complexed Eu(lll) ion and the Eu(lll) bound with the FA.
The spectroscopic properties of the Eu(lll) are summa-
rized in Table 2. Upon the complexation of the Eu(lll) of
20pmol L= to the FA of 10.0mg L2, the total intensities

6x10°

5x10°

4x10°

3x10°

Intensity (a. u.)

2x10°4

1x10°

616 nm

540

560

580

600 620 640 660

Wavelength (nm)

Fig. 3. Fluorescence spectra of the Eu(lll) in the absence and presence of the FA: (a) [Eu(llbjei 11, [FA] = 10 mg L=2; (b) [Eu(lll)] = 20 wmol L1,
[FA] = 10mg L~%; and (c) [Eu(lI)] = 20pmol L~1, [FA] = 0 mg L. The spectrum of (c) is scaled by 20.
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of the fluorescence peaks at 592 and 616 nm are dramati-concentration (€):
cally enhanced by a factor of 260 and 410 relative to the 1 2
non-complexed Eu(lll) ion, respectively. This is due to the [ML] = 7 {(KCL + KCyv + 1) — [(KCL + KCy + 1)
sensitized Eu(lll) luminescence following the intramolecular —4K2cLcu]Y? 3)
energy transfer from the FA to Eu(lll) excited lev§38]. The

intensity at 616 nm was much more enhanced due to the hy-

persensitiv€Do—’F transition of the Eu(lll) bound to the FA A combination ofEgs. (2) and (3pives the relationship
[11,12,23]. These properties of the sensitized luminescencePetween the fluorescence intensity)(Bnd the total metal
and hypersensitive transition of the Eu(lll) are very impor- ion concentration (§):

tant for the complexation study. The measured fluorescence, _ « 2
intensities are mainly caused by the Eu(lll) bound tothe FA. =" 2k (KCL+ KO + 1) — [(KCL + KCu + 1)

The excitation of the non-complexed Eu(lll) ion has hardly —4K?CLCm]Y? (4)
any contribution to the measured fluorescence in this exper-

imental condition where the non-complexed Eu(lll) ions are . . . )
presented with less than 6nol L—1 (seeTable 2). There- Using the experimental data (Bnd Cy), this equation
fore, the fluorescence intensities &t 592 and 616 nm, con-  can be solved foK, €, andu;.

sidering that the ligand exchange reaction does not take place The fluoresc_ence |nte_nS|ty {b) at t= 0 can be obtained
within the excited state lifetimi@4], are directly proportional oM the analysis of the time dependent fluorescence spectra

to the Eu(lll) bound to the FA. The relationship between shown in tthig. 4. The fluorescence intensities at 592 and
the fluorescence intensity {Fand the concentration of the 016 1M are integrated from 583 to 603 nm and from 603 to

Eu(lll) bound to the FA can be expressed as: 6_43 nm, respectively. The relaxation of fI_uorescenpe emis-
sion at 592 nm for the selected samples is showhidn 5.

F; = o;[ML] ) The natural logarithm of the intensity at 592 nmis plotted as a
function of the delay. A non-monoexponential decay pattern

where theo; values are the proportional constants (i= 592 is observed at all the europium concentration ranges. At low

and 616 nm) and dependent on the instrument setup as wellalues of the total europium concentration (Figa}, a slow

as the sample characteristics. This equation is similar to thedecay component (¥ is predominant. However, a fast decay

ones used to calculate the stability constants of the Eu(lll) component (z) becomes dominant as the Eu(lll) concentra-

bound to the HS with the TRLFS measurements by increasingtion is increased (Fig. %f)). The multi-exponential decay

the HS concentration and keeping the Eu(lll) concentration does not correspond to the different binding sites but is as-

constan{12,23]. cribed to the quenching procd84]. The time dependency of

Based on the mass balances between Eu(lll) and FA (1:1the fluorescence intensity can be analyzed by a bi-exponential
stoichiometry), the concentration of Eu(lll) bound to the FA function:
(IML]) can be written in terms of the conditional stability

constant (K), total Eu(lll) concentration (J and total FA ~ Fir = Fiolx exp(—/m) + (1 — x) exp(—1/)] (5)
_—1.6x10S g
F1ax1o® 2
L (2]
B s 5
Flax0 2
Flox10® 8
I g
Fs.ox10' @
: &
Fe.ox10t 2
F [
- 4.0x10°
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Fig. 4. Fluorescence spectra of the Eu(lIl) bound to the FA at different gate pulse delay time: pH 5; [Eu(lIjwo20~1; and [FA] = 10.0mg L.
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Fig. 5. Time dependency of the fluorescence emission of the Eu(lll) bound to the FA of 10'ag\arious Eu(lll) concentrations: (a) [Eu(ll)] =2mol L—1;
(b) [Eu(l] = 4 pmol L~L; (c) [Eu(ll)] = 8 wmol L=%; (d) [Eu(ll)] = 12 wmol L~1; (e) [Eu(ll)] = 16 wmol L~1; and (f) [Eu(ll)] = 20wmol L—2. The decay
curves ((a)—(e)) are scaled to the same total emission of thet(#) Bbus.

wheret is the gate pulse delay timé&,;, andF; o are the lifetime (r1) of the slow component was reasonably calcu-
fluorescence intensity at=t and 0 { = 592 and 616 nm), lated to be 155 3 us by a monoexponential decay pattern
respectively,r1 and z,> are the lifetimes of the two com-  using the curve obtained with the low values of the total eu-
ponents and is the fraction of the first component con- ropium concentration (Fig. £a)). The lifetime () of the
tributed to the total fluorescence intensity. Using the exper- fast component was estimated to bef% p.s. This value is
imental data (F, t), the fluorescence intensity (b) at t = shorter than the fluorescence lifetime of the non-complexed
0 was estimated bkq. (5)wherer; is fixed at 155us. The Eu(lll) ion (110ws), which was obtained at the Eu(lll)

2.0x10' T T T T T T T T T T T T T
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Fig. 6. Change of the fluorescence intensity of the Eu(lll) bound to the FA as a function of the Eu(lll) concentration: pH 5, [Eu(l1l)] £0tDto 2.8 x
103 mol L~1, [FA] = 10.0 mg L. Experimental data are shown as symbols, and the solid lines indicate the fitted results. The data deviated from the plateau
(in brackets) aFg16 0 Were not included to fit the data.
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concentration of 2x 16 mol L. Fig. 6 shows the change
of the fluorescence intensities; (§) attributed to the Eu(lIl)
bound to the FA as a function of the Eu(lll) concentration.
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