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Fluorescence quenching of Pahokee peat fulvic acids (FAs) and humic acids (HAs) by complexation with
Eu(Ill) was studied using high-performance size exclusion chromatography (HPSEC) with fluorescence
detection. This study was performed in a 0.01 M Tris-HCI buffer solution at pH 8.0, mobile phase of
HPSEC, and focused on molecular-size distribution (MSD) for four types of fluorophores of the Pahokee
FA and HA at excitation (Ex)/emission (Em) wavelength of 309-315 nm/429-430 nm for Type I, 255
nm/439 nm for Type II, 439 nm/514 nm for Type III, and 300 nm/514 nm for type IV. In order of
decreasing molecular size, three peaks labeled 1 (830-910 Da), 2 (830-770 Da), and 3 (690-750 Da),
respectively, were identified in the HPSEC chromatograms of the Pahokee FA and HA samples for the
Types I and II fluorophores. On the other hand, only peak 1 was distinct in the chromatograms for Types 111
and IV fluorophores. Regardless of the fluorophore type, fluorescence intensities of peak 1 were markedly
quenched by 65-90% when Eu(lll) was added to the mobile phase, whereas the intensity of peak 3 was
quenched by only 10-20% in both the FA and HA samples. These results indicate that the fluorescence
quenching of FAs and HAs by complexation with Eu(Ill) was strongly affected by MSD of humic
substances.
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Introduction

Humic substances are widely distributed and
abundant in organic matter found in soil, sediment,
and natural waters (Thurman, 1985; Stevenson,
1994). These substances are classified into fulvic
acids (FAs) and humic acids (HAs) that are soluble
and insoluble at pH <1, respectively, and humin that
is insoluble at any pH values (Thurman, 1985).
Humic substances show polydispersity, with the
average molecular weight of HAs being higher than
that of FAs (Hayase and Tsubota, 1985; Stevenson,
1994; Perminova et al., 2003). The polydispersity of
humic substances has been measured by
high-performance size-exclusion chromatography
(HPSEC), revealing the molecular-size distribution

(MSD) (Chin et al., 1994; Peuravuori and Pihlaja,
1997; Perminova et al., 2003). For the purpose of
characterization, the MSD of humic substances with
fluorescence detection has also been determined
(Artinger et al., 1999; Nagao et al., 2003; Sierra et al.,
2006), signifying the presence of fluorescent
moieties (fluorophores) in humic substances (e.g.,
Senesi, 1990).

Humic substances enhance the mobility of toxic
metals owing to their strong complexing abilities
with metals in an aquatic system (Kim et al., 1992,
1994; Pourret et al., 2007). Consequently, a number
of studies concerned with these complexing abilities
with evaluation of the stability constants have been
conducted (e.g., Kim and Czerwinski, 1996;
Kinniburgh et al., 1999; Shin et al, 2001; Tipping,
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2002). In some studies, fluorescence quenching
techniques have been utilized (Cabaniss, 1992;
Lakshman et al., 1993; Lin et al., 1995; Shin et al.,
2001; Saito et al., 2002; Chung et al., 2005; Kumke
et al, 2005). However, fluorescence quenching
dependence on the MSD of humic substances with
fluorescence detection has seldom been investigated.
This study may contribute to better understanding of
the  mechanisms  for  fluorophore-dependent
fluorescence quenching of humic substances by
complexation with metals (Shin et al., 2001).

In this context, HPSEC with fluorescence
detection was used to reveal MSD-dependent
fluorescence quenching of humic substances. The
dependence was compared for different types of
fluorophores. Both a FA and a HA were used for
comparisons. The excitation—emission matrix (EEM)
spectra of FA and HA were measured to determine
fluorophore excitation (Ex) and emission (Em)
wavelengths. Quenching experiments by using EEM
were also performed to compare the quenching
experimental results by HPSEC. Eu(IIl) was selected
as the quenching agent, because Eu(IIl) models
trivalent actinides such as Am(III) and Cm(III),
thereby assisting nuclear waste safety assessment
studies (Moulin et al., 1992; Kim and Czerwinski,
1996).

Materials and Methods

Humic substances

Peat FA (standard FA, Pahokee peat II, 2S103F)
and HA (reference HA, Pahokee peat, IR103H) were
purchased from the International Humic Substances
Society (2008) and used without further purification.
Stock solutions were prepared by dissolving 12.5 mg
of each sample in 25 mL ultrapure water. To reduce
the ash content of the solutions (Underdown, 1981),
the solutions were filtered through a 0.45-pm
hydrophilic PTFE filter (ADVANTEC, Tokyo, Japan)
without pre-treatment of the filters. The FA and HA
solutions (10.0 mg L") were prepared by diluting the
stock solutions with the HPSEC mobile phase (0.01
M Tris-HCI buffer at pH 8.0 in 0.01 M NaCl
solution) and used for complexation experiments
with Eu(III).

Complexation experiments
A 1.0 x 10~ M Eu(III) stock solution was prepared
by dissolving Eu(Ill) nitrate hexahydrate (Wako Pure

Chemical Industries, Ltd., Osaka, Japan) in a 0.01 M
HNO; solution. The Eu(Ill) stock solution was
subsequently added to 9 mL of the 10.0 mg L™
solutions of FA and HA in the HPSEC mobile phase
to obtain a final Eu(IIl) concentration of 7.5 x 107° M.
After shaking the solutions overnight at 25°C in the
dark using a shaking apparatus with automatic
temperature adjustment, the solutions were filtered
through 0.45-pm hydrophilic PTFE filters and stored
for subsequent quenching studies by HPSEC. In the
HPSEC system for the samples containing Eu(III),
Eu(Ill) was added to the mobile phase to a final
concentration that was the same as that of the
samples.

Fluorescence analyses

The EEM spectra were measured using a F-4500
fluorescence spectrometer with a 150 W ozone-free
xenon lamp (Hitachi, Tokyo). The ranges of the
Ex/Em wavelengths were 200—500 nm/ 350-550 nm,
with 5 nm intervals (Nagao et al., 2001). The
photomultiplier voltage was set to 700 V. To correct
for baseline drift, the EEM spectrum of quinine
sulfate (10 ug L' in 0.05 M sulfuric acid) was
measured at 2 h intervals during the sample measure-
ments. The normalized fluorescence intensity of the
samples by the quinine sulfate at Ex/Em = 345
nm/455 nm was termed as the relative fluorescence
intensity (RFI) with a quinine sulfate unit (QSU).
The EEM spectra were not corrected for the inner
filter effects due to the relatively low concentrations
(~10 mg L") of the humic substances in the samples
(Plaza et al., 2006). The EEM spectral measurements
were conducted in duplicate.

HPSEC analysis

The HPSEC system consisted of a L-6000 pump
(Hitachi), an L-5020 column oven (maintained at
30°C; Hitachi), and a 7125 injection value with a 20
pL sample loop (Rheodyne, DEX Health & Science,
WA, USA). Both a L-2420 ultraviolet—visible
(UV-Vis) detector (Hitachi) and an L-7485
fluorescence detector (Hitachi) were used. The
separation was performed with a stainless steel gel
permeation chromatography (GPC) column (Hitachi
GL-W530: 30 cm x 10.7 mm ID) packed with a
water-soluble polyacrylate gel resin. A guard column
packed with the same materials (5 cm x 10.7 mm ID)
was used to protect the GPC column. According to
the industrial manufacturer’s specifications, the
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approximate upper exclusion limit was 50 kDa
(calibrated with pullulan). The mobile phase was
0.01 M Tris-HCI buffer at pH 8.0 in a 0.01 M NaCl
2003). A flow rate of 1 mL
weight

solution (Nagao et al.,

min~ was maintained. The molecular
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Fig 1. EEM spectra of Pahokee peat FA (a) and HA (b) in the
HPSEC mobile phase (tris-HCI buffer at pH 8.0), and
those in the presence of 7.5x10° M Eu(Ill) (c and d).
The difference spectra between (a) and (c) and between
(b) and (d) are illustrated in (e) and (f), respectively.
The RFIs in the presence of Eu(Ill) divided by those in
the absence of Eu(Ill) for the FA and HA are illustrated
in (g) and (h). The intervals of the counter lines in (a),
(c), and (e) are 1.81 QSU and those in (b), (d), and (f)
are 0.50 QSU, with maximum QSU of 32.6 and 10.1 for
the FA and HA samples, respectively.

calibration for the HPSEC system was performed
using five polystyrene sulfonate sodium salt stand-
ards (Polymer Standard Service-USA, Amherst) with
molecular weights of 1.10, 3.61, 6.53, 14.9, and 32.9
kDa. The void and total volumes of the column were
6.9 mL and 22.8 mL, respectively, as determined
using blue dextran and acetone, respectively.

The wavelength for the UV-Vis detector was set at
280 nm for all samples. The Ex/Em wavelengths of
the fluorescence detector were chosen on the basis of
the fluorophore Ex/Em wavelengths in the EEM
spectra of the FA and HA samples used. The
chromatograms were measured in duplicate.

Results and Discussion

EEM spectra

Figure 1 shows the EEM spectra of the Pahokee
FA and HA in the presence and absence of Eu(III).
Two broad peaks in the FA spectrum were attributed
to different fluorophores, referred to as Type I
(Ex/Em = 315 nm/430 nm) and Type II (Ex/Em =
255 nm/439 nm). In the HA spectrum, there were
also two broad peaks at longer emission wavelengths,
which were designated Type III (Ex/Em = 439
nm/514 nm) and Type IV (Ex/Em = 300 nm/514 nm).
Table 1 summarizes the RFIs for each fluorophore.
Although the peaks for the Types III and IV
fluorophores were not recognized in the FA spectrum,
the RFIs of FA corresponding to those fluorophores
were measured for comparison. Similarly, the RFIs
of HA corresponding to Types I and II fluorophores
were measured. Despite the absence of Types III and
IV fluorophores in FA, the RFIs of FA at Types III

Table 1 RFI of Pahokee peat FA and HA

RFI*
Sample
Type I Type 11 Type 111 Type IV
FA 14.240.2 24.0+0.1 3.8+0.1 12.6+0.3
HA 3.5+0.1 5.4+0.0 3.8+0.0 7.7£0.2

“Measured for 10 mg L FA and HA in the HPSEC mobile
phase (tris-HCI buffer at pH 8.0). Although Types III and IV
fluorophores were not recognized in the EEM spectra of the FA
sample (see Figure 1), RFIs were calculated for comparison.
Similarly, RFIs of HA for Type I and II fluorophores were
calculated. The excitation/emission wavelengths (nm) for Type
I fluorophore were 315/430 for FA, and 309/429 for HA. Those
for Type II, III, and IV fluorophores for FA and HA were
255/439, 439/514, and 300/514, respectively. Errors are ranges
of duplicated data.
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Table 2 Quenched percentage for each fluorophore (Types I-IV) for Pahokee

peat FA and HA by complexation with Eu(III)

Molecular weigth (Da)
1Q°10* 10° 700 500
Ll 1 1

Quenched percentage (%)”

1

Fluorophore type
Sample
(Ex/Em, nm) Peak 1 Peak 2 Peak 3 e | @) —FA
Type I (315/430) 65+5 3645 1241 S o FAEU
A Type 11 (255/439) 6042 3943 111 §
Type 111 (439/514) 88+1 43+1 10£2 g
Type IV (300/514) 8743 4541 943 e
Type I (309/429) 7243 4742 1443 8
HA Type II (255/439) 68+2 5043 1944 §
Type 111 (439/514) 73+1 60+2 51+6 <
Type IV (300/514) 75+1 601 42+1
¢ Quenched percentages were calculated for each peak in HPSEC
chromatograms with fluorescence detection (Figures 3 and 4). The errors are
ranges of duplicated data. E
o
&
and IV fluorophores were comparable to those for g
HA, signifying the superior fluorescent properties of B
the Pahokee FA over the Pahokee HA. 'g
By adding Eu(Ill), the emission intensities from §
the Types I and II fluorophores in Pahokee FA | | | | |

(Figure la) decreased with a slight blue-shift (i.e., a
shift to a shorter wavelength) in the peak positions
(Figure 1c), and those from Types III and IV
fluorophores in Pahokee HA (Figure 1b) decreased
with a definite blue-shift (Figure 1d). The RFIs of the
FA and HA for Types I and II fluorophores in the
presence of Eu(Ill) divided by those in the absence
of Eu(Ill) (Z/y) (quenched ratio) were approximately
0.7-0.8, whereas the ratios for Types III and IV
fluorophores (longer emission wavelengths) were
approximately 0.6 for FA and 0.5 for HA (Figures 1g
and h). Preferable quenching of fluorophores in
humic substances at longer emission wavelengths by
adding Eu (III) was also observed by Nagao et al.
(2001), Chung et al. (2005), and Kumke et al. (2005).
The mechanism for the preferable quenching at
longer emission wavelengths as well as the blue-shift
of the fluorophore will be discussed in connection
with the quenching experimental results by HPSEC.

Size exclusion chromatograph

The HPSEC chromatograms with UV absorbance
detection for the Pahokee FA and HA samples in the
HPSEC mobile phase in the presence and absence of
Eu(Ill) are shown in Figure 2. There was almost no
difference in peak shape or intensity between FA and
FA-Eu (Figure 2a), whereas the peak area of HA-Eu
was depleted about 28% compared with the peak
area of HA (Figure 2b). However, the depleted

6 7 8 9 100 11 12
Retention volume (mL)

Void volume of the column

Fig 2. HPSEC chromatograms detected at 280 nm
for10 mg L' Pahokee peat FA (a) and10 mg
L' Pahokee peat HA (b) in the absence and
presence of Eu(IIl). The mobile phase was
tris-HCI buffer at pH 8.0 with Eu(Ill) con-
centration of 7.5x10° M for the Eu(IIl)
-contained samples. Molecular weight scale is
based on the calibration curve drawn with
standard polystyrenesulfonate compounds.
Void volume (6.9 mL) is designated in the
figure. Total volume of the column was 22.8 mL.

percentage of peak area with UV absorbance
detection was much smaller than the quenched
percentages in the chromatograms with fluorescence
detection (see Table 2).

The chromatograms with fluorescence detection
for Pahokee FA and HA samples in the HPSEC
mobile phase in the presence and absence of Eu(II)
are shown in Figures 3 and 4, respectively.
Chromatogram peaks began to appear from the
retention volume of 7.6 mL with florescence
detection (Figures 3 and 4), whereas they began to
appear at the void volume (6.9 mL) with absorbance
detection, especially for the HA sample (Figure 2).
The presence of  “less-fluorescent”  large
molecular-size fractions of humic substances has also
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been demonstrated by other studies
(Chin et al., 1994; Lin et al., 1995;
Fukushima et al., 2001; Saito et al.,
2002). A higher fluorescence
quantum yield from smaller
molecular-size fractions of the HA
sample may be attributed to the
“rigidity” of the fractions, resulting
in the decreased non-radiative
transitions from the photo-excited
state to the ground state
(Fukushima et al., 2001).

In this study, we describe the
Pahokee FA component detected by
Ex and Em wavelengths for Type I
fluorophore as Type I-FA. The
chromatograms for Types I- and
II-FA/HA showed three distinct
peaks labeled 1, 2, and 3 from the
large to small molecular-size region
(Figures 3a, 3b, 4a, and 4b). For
Types III- and IV-FA/HA, peak 1
was distinct, whereas peaks 2 and 3
were shoulders (Figures 3c, 3d,
4c, and 4d). The retention volumes
for peaks 1, 2, and 3 were in the
range of 8.1-8.6 mL, 8.6-8.9 mL,
and 9.2-9.6 mL, respectively, for
all types of the fluorophores in the
FA and HA analyzed in this study.
The  corresponding  molecular
weights were 830-910 Da for peak
1, 770-830 Da for peak 2, and
690-750 Da for peak 3.

The chromatograms of the
FA-Eu and HA-Eu in the mobile
phase also exhibited three peaks (or
shoulders), 1', 2', and 3’ (Figures 3
and 4), whose retention volumes
were almost same as those for
peaks 1, 2, and 3. The decrease in
fluorescence intensities of all types
of fluorophores in FA and HA
samples in the presence of Eu(III)
was larger for the larger
molecular-size  fractions (recog-
nized by peak 1) than for the
smaller molecular-size fractions
(recognized by peak 3, or
corresponding peak shoulder)

Molecular weigth (Da) Molecular weigth (Da)
1Q°10* 10° 700 500 10° 10 10° 700 500
Ll 1 1 1 Ll | 1 1

(@ 19 (b) 1

— FA

— FA
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Fluorescence intensity
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wnes EA-EU
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Fig 3. HPSEC chromatograms with fluorescence detection for 10 mg L™ Pahokee peat
FA in the presence and absence of Eu(Ill). (a) Type I-FA, (b) Type II-FA, (c)
Type LII-FA, and (d) Type IV-FA. The mobile phase was tris-HCI buffer at pH
8.0 with Eu(III) concentration of 7.5x10 M for the Eu(Ill)-contained sample.
The wvertical scale is identical among all the chromatograms. The
excitation/emission wavelengths (nm) for Types L, II, III, and IV fluorophores
were 315/430, 255/439, 439/514, and 300/514, respectively. The molecular
weight scale is based on the calibration curve drawn with standard
polystyrenesulfonate compounds. Void volume (6.9 mL) is designated in the
figure. Total volume of the column was 22.8 mL.

Table 3 Quenched ratios of the Pahokee FA and HA samples by complex formation with

Eu(III)
Fluorophore type Area ratio RFI ratio
Sample (Ex/Em, nm) /5, V5

Type 1 (315/430) 0.75+0.03 0.72+0.01

FA Type 11 (255/439) 0.51+0.01 0.71+0.01
Type 111 (439/514) 0.33+0.01 0.61+0.01

Type IV (300/514) 0.35+0.05 0.61+0.00

Type 1 (309/429) 0.54+0.02 0.79+0.01

HA Type 11 (255/439) 0.50+0.07 0.76+0.00
Type 111 (439/514) 0.33+0.05 0.50+0.00

Type IV (300/514) 0.33+0.04 0.51+0.02

“ The area ratios S/S, were calculated from the peak area of chromatograms with
fluorescence detection (Figures 3 and 4). The RFI ratios //I, were calculated from the
EEM spectra in HPSEC mobile phase (tris-HCI buffer at pH 8.0). The subscript “0”
associated with “S” and “/” indicates Eu(Ill)-free matrix of the samples. Errors are
ranges of duplicated data.
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Molecular weigth (Da)
1Q°10° 10° 700 500
Ll . 1

1

Molecular weigth (Da)
10°10*10° 700
Ll 1 1

for each fluorophore (Table 3). The
500 SISy and I/l ratios showed similar
L trends, the higher values for Types

@ 12— (®) 1 2

Type I

Fluorescence intensity

IIT and IV than for Types I and II
fluorophores. On the other hand, the
I/l ratio was higher than the S/S,
ratio by about 20% for each
fluorophore, except for Type I-FA. In
the HPSEC quenching experiments
before sample injection into the
HPSEC  system, free Eu(Ill)
concentrations should have been

— HA

Fluorescence intensity

considerably lower than the added
Eu(III) concentration of 7.5 x 10° M
owing to the complexation with FA
and HA. After sample injection, the
FA and HA would have been further
complexed with Eu(IIl) since the
flowing mobile phase contained free
Eu(Ill) at a concentration of 7.5 %
10° M. Further complexation of

6 7 8 9 10 M1 12 6 7 8
Retention volume (mL)

Void volume of the column

Fig 4. HPSEC chromatograms with fluorescence detection for 10 mg L' Pahokee
peat HA in the presence and absence of Eu(Ill). (a) Type I-HA, (b) Type
II-HA, (c) Type III-HA, and (d) Type IV-HA. The mobile phase was tris-HCI
buffer at pH 8.0 with Eu(III) concentration of 7.5%10° M for Eu(III)-contained
samples. The vertical scale is identical among all the chromatograms. The
excitation/emission wavelengths (nm) for Types L II, III, and IV fluorophores
were 309/429, 255/439, 439/514, and 300/514, respectively. The molecular
weight scale in the upper part of the figure is based on the calibration curve
drawn with standard polystyrenesulfonate compounds. Void volume (6.9 mL)
is designated in the figure. Total volume of the column was 22.8 mL

(Figures 3 and 4). As summarized in Table 2, the
quenched percentages of peaks 1, 2, and 3 were
approximately 90, 45, and 10%, respectively, for
Types III- and IV-FA and approximately 75, 60, and
45%, respectively, for Types III- and IV-HA. Those
values were approximately 60, 40, and 10% for
Types I- and II-FA and 70, 50, and 15% for Types I-
and II-HA, respectively.

Comparison of the experimental results by EEM
and HPSEC

The quenched ratios by the chromatogram area
(8/8y) for the Pahokee FA and HA (Figures 3 and 4)
were compared with the //]; ratios for those in the
EEM spectra in the HPSEC mobile phase (Figure 1)

Eu(Ill) with FA and HA in the
HPSEC system likely resulted in the
lower S/S, ratios than the 1/1, ratios.

10 11 12
Retention volume (mL)

Regulation of fluorescence
quenching by MSD

Types III- and IV-FA/HA were
mainly  composed of  larger
molecular-size fractions (recognized
by peak 1), while Types I- and
II-FA/HA contained smaller
molecular-size fractions (recognized
by peak 3) that were resistant to
quenching (Figures 3 and 4). This
should be the preferable quenching mechanism for
Types III and IV fluorophores over Types I and II
fluorophores for the FA and HA in the EEM
quenching experiments (Figure 1). The tendency of
preferable quenching in longer emission wavelengths
was even discerned within each fluorophore resulting
in a blue-shift of the peak positions in the quenched
spectra (Figure 1).

Regarding the tendency that larger molecular size
fractions of humic substances is more liable to
quenching, an electrostatic effect was proposed by
Green et al. (1992). Further research is required to
consider the differences in other factors, including
binding site density (Lakshman et al, 1993;
Fukushima et al., 1996; Pourret and Martinez, 2009;
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Reiller et al., 2011), chemical structure (Rao and
Choppin, 1995; Tombacz, 1999; Plaschke et al.,
2004), and intramolecular electron transfer processes
(Boyle et al., 2009), between larger and smaller
molecular size fractions (Stamberg, 2003).

Conclusions

HPSEC with fluorescence detection was used to
examine MSD-dependent fluorescence quenching for
the Pahokee peat FA and HA by complexation with
Eu(Ill). The marked MSD dependence was
manifested by chromatographic comparison in the
presence and absence of Eu(IIl) in the HPSEC
mobile phase. Larger molecular size fractions
(830-910 Da) in both the FA and HA were liable to
quenching regardless of types of fluorophores.
Preferable quenching in longer emission wavelengths
for both the FA and HA in the presence of Eu(IIl)
reflects the dominant constitution of the larger
molecular size fractions with fluorescence detection.

Acknowledgments

We thank Dr. Motoki Terashima and Ms. Noriko
Yoshida in our Ilaboratory for their technical
assistance. We also thank Professor Tsutomu Sato,
Hokkaido University, for the geochemical code for
Eu(Ill) speciation. We appreciate the assistance of
Tomoyo Suzuki, Kanazawa University, in data
management. This study was partly supported by the
special committee of “Fundamental chemical
research for the stable operation of a reprocessing
plant and the management and disposal of TRU
waste.”

References

Artinger, R., Buckau, G, Kim, J.I. and Geyer, S. (1999)
Characterization of groundwater humic and fulvic acids of
different origin by GPC with UV/Vis and fluorescence
detection. Fresenius J. Anal. Chem. 364, 737-745.

Boyle, E.S., Guerriero, N., Thiallet, A., Vecchio, R.D. and
Blough, N.V. (2009) Optical properties of humic substances
and CDOM: Relation to structure. Environ. Sci. Technol. 43,
2262-2268.

Cabaniss, S.E. (1992) Synchronous fluorescence spectra of
metal-fulvic acid complexes. Environ. Sci. Technol. 26,
1133-1139.

Chin, Y.-P., Aiken, G. and O’Loughlin, E. (1994) Molecular
weight, polydispersity, and spectroscopic properties of
aquatic humic substances. Environ. Sci. Technol. 28,

1853-1858.

Chung, K.H., Lee, W., Cho, Y.H., Choi, GS. and Lee, C.W.
(2005) Comparison of synchronous and laser-induced
fluorescence spectroscopy applied to the Eu(Ill)-fulvate
complexation. Talanta 65, 389-395.

Fukushima, M., Tanaka, S., Nakamura, H., Ito, S., Haraguchi,
K. and Ogata, T. (1996) Copper(ll) binding abilities of
molecular weight fractionated humic acids and their
mixtures. Anal. Chim. Acta 322, 173-185.

Fukushima, M., Tatsumi K. and Nagao, S. (2001) Degradation
characteristics of humic acid during photo-fenton process.
Environ. Sci. Technol. 35, 3683-3690.

Green, S.A., Morel, FM.M. and Blough, N.V. (1992)
Investigation of the electrostatic properties of humic
substance by fluorescence quenching. Environ. Sci. Technol.
26, 294-302.

Hayase, K. and Tsubota, H. (1985) Sedimentary humic acid
and fulvic acid as fluorescent organic materials. Geochim.
Cosmochim. Acta 49, 159-163.

International Humic Substances Society (2008) “Products” in
http://www.humicsubstances.org/

Kim, J.I., Zeh, P. and Delakowitz, B. (1992) Chemical
interactions of actinide ions with groundwater colloids in
Gorleben aquifer system. Radiochim. Acta 58/59, 147-154.

Kim, J.I., Delakowitz, B., Zeh, P., Klotz, D. and Lazik, D.
(1994) A column experiment for the study of colloidal
radionuclide migration in Gorleben aquifer system.
Radiochim. Acta 66/67, 165-171.

Kim, J.I. and Czerwinski, K.R. (1996) Complexation of metal
ions with humic acid: Metal ion charge neutralization model.
Radiochim. Acta 73, 5-10.

Kinniburgh, D.G, van Riemsdijk, W.H., Koopal, L.K.,
Borkovec, M., Benedetti, M.F. and Avena, M.J. (1999) Ion
binding to natural organic matter: Competition,
heterogeneity, stoichiometry and thermodynamic consistency.
Colloids Surf. A 151, 147-166.

Kumke, M.U., Einder, S. and Kriiger, T. (2005) Fluorescence
quenching and luminescence sensitization in complexes of
Tb* and Eu®* with humic substances. Environ. Sci. Technol.
39, 9528-9533.

Lakshman, S., Mills, R. and Patterson, H. (1993) Apparent
differences in binding site distributions and aluminum(III)
complexation for three molecular weight fractions of a
coniferous soil fulvic acid. Anal. Chim. Acta 282, 101-108.

Lin, C.-F.,, Lee, D.-Y., Chen, W.-T. and Lo, K.S. (1995)
Fractionation of fulvic acids: Characteristics and
complexation with copper. Environ. Pollut. 87, 181-187.

Moulin, V., Tits, J. and Ouzounian, G. (1992) Actinide
speciation in the presence of humic substances in natural
water conditions. Radiochim. Acta 58/59, 179-190.

Nagao, S., Aoyama, M., Watanabe, A., Nakaguchi, Y. and
Ogawa, H. (2001) Fluorescence quenching studies of
Eu-Humic complexes by three-dimensional excitation
emission matrix spectroscopy. Anal. Sci. 17, 11585-11588.

Nagao, S., Matsunaga, T., Suzuki, Y., Ueno, T. and Amano, H.
(2003) Characteristics of humic substances in the Kuji river
waters as determined by high-performance size exclusion
chromatography with fluorescence detection. Water Res. 37,
4159-4170.

Perminova, 1.V., Frimmel, F.H., Kudryavtsev, A.V., Kulikova,



24 Humic Substances Research Vol.9 (2012)

N.A., Abbt-Braun, G, Hesse, S. and Petrosyan, V.S. (2003)
Molecular weight characteristics of humic substances from
different environments as determined by size exclusion
chromatography and their statistical evaluation. Environ. Sci.
Technol. 37, 2477-2485.

Peuravuori, J. and Pihlaja, K. (1997) Multimethod
characterization of lake aquatic humic matter isolated with
sorbing solid and tangential membrane filtration. Anal. Chim.
Acta 337, 133-149.

Plaschke, M., Rothe, J., Denecke, M.A. and Fanghénel, T.
(2004) Soft X-ray spectromicroscopy of humic acid
europium(Ill) complexation by comparison to model
substances. J. Electron Spectrosc. Relat. Phenom. 135,
53-62.

Plaza, C., Brunetti, G, Senesi, N. and Polo, A. (2006)
Molecular and quantitative analysis of metal ion binding to
humic acids from sewage sludge and sludge-amended soils
by fluorescence spectroscopy. Environ. Sci. Technol. 40,
917-923.

Pourret, O., Dia, A., Davranche, M., Gruau, G., Hénin, O. and
Angée, M. (2007) Organo-colloidal control on major- and
trace-element  partitioning in shallow groundwaters:
Confronting ultrafiltration and modeling. Appl. Geochem. 22,
1568-1582.

Pourret, O. and Martinez, R.E. (2009) Modeling lanthanide
series binding sites on humic acid. J. Colloid Interface Sci.
330, 45-50.

Rao, L. and Choppin, GR. (1995) Thermodynamic study of the
complexation of Neptunium(V) with humic acids.
Radiochim. Acta 69, 87-95.

Reiller, P.E., Brevet, J., Nebbioso, A. and Piccolo, A. (2011)
Europium(IlI) complexed by HPSEC size-fractions of
vertisol humic acid: Small differences evidenced by
time-resolved luminescence spectroscopy. Spectrochim. Acta
A 78, 1173-1179.

Saito, T., Nagasaki, S. and Tanaka, S. (2002) Molecular
fluorescence spectroscopy and mixture analysis for the
evaluation of the complexation between humic and Uo,*.
Radiochim. Acta 90, 545-548.

Senesi, N. (1990) Molecular and quantitative aspects of the
chemistry of fulvic acid and its interactions with metal ions
and organic chemicals. Anal. Chim. Acta 232, 77-106.

Shin, H.-S., Hong, K.-H., Lee, M.-H., Cho, Y.-H. and Lee,
C.-W. (2001) Fluorescence quenching of three molecular
weight fractions of a soil fulvic acid by UO,(Il). Talanta 53,
791-799.

Sierra, M.M.D., Giovanela, M., Parlanti, E. and Soriano-Sierra,
EJ. (2006) 3D-Fluorescence spectroscopic analysis of
HPLC fractionated estuarine fulvic and humic acids. J. Braz.
Chem. Soc. 17, 113-124.

Stamberg, K., Benes, P., Mizera, J., Dolansky, J., Vopalka, D.
and Chalupska, K. (2003) Modeling of metal-humate
complexation based on the mean molecular weight and
charge of humic substances: Application of Eu(Ill) humate
complexes using ion exchange. J. Radioanal. Nucl. Chem.
258, 329-345.

Stevenson, F.J. (1994) In: Humus chemistry—genesis,
composition, reactions, second ed. John Wiley & Sons. New
York.

Thurman, E.M. (1985) In: Organic geochemistry of natural
waters. Kluwer Academic Publishers. Dordrecht.

Tipping, E. (2002) In: Cation binding by humic substances.
Cambridge University Press. New York.

Tombacz, E. (1999) Colloidal properties of humic acids and
spontaneous changes of their colloidal state under variable
solution conditions. Soil Sci. 164, 814-824.

Underdown, A.W., Langford, C.H. and Gamble, D.S. (1981)
Light scattering of a polydisperse fulvic acid. Anal. Chem.
53, 2139-2140.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


