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Abstract
Molecular size distribution of Pu and Am in the presence of groundwater fulvic acid was

studied in an ionic medium of artificial seawater by ultrafiltration technique. The 80% of Pu
was mainly associated with the fulvic acid having molecular size fraction less than 5,000
daltons. The molecular size distribution of Pu was almost similar with that of fulvic acid. The
results indicate that the complexation of Pu depends on the percentage of each molecular size of
fulvic acid. On the other hand, 34% and 54% of Am were found in molecular size of more than
0.45 um and less than 30,000 daltons, respectively. Am was selectively complexed with fulvic
acid having molecular size of 30,000-10,000 daltons at seawater condition.

Introduction
Natural organic materials present in groundwater, especially humic substances (humic

and fulvic acids), which are complex mixtures of high-molecular-weight organic compounds,
could affect radionuclide mobility by changing the solubility and sorption properties of
radionuclides through complexation and redox reactions1'3). In performance assessment
activities, therefore, it is important to have knowledge of the characteristics of humic substances
(occurrence, mobility, complexing properties for radionuclides, etc.) to predict the fate of
radionuclide migrations in underground layer.

The complexation studies of humic/fulvic acids with actinides has been investigated by
numerous laboratories. However, most investigation are conducted under conditions in which
concurrent reactions such as carbonate complexation and hydrolysis are excluded. In aquifer
systems, the carbonate ion is known to compete effectively with humic substances for metal ion
complexation4). Characterizing and understanding the effect of carbonate complexation and
hydrolysis on the fulvate complexation of actinide ions are of pivotal importance for accurate
geochemical modeling of actinide behavior at saline condition.

The present study was reported for the binding properties of Pu and Am with
groundwater fulvic acid in artificial seawater at pH 8-9 and ionic strength of 0.75M. To
understand the complexation, molecular size distribution of Pu and Am in the presence of fulvic
acid was studied by ultrafiltration method.

Materials and methods
Materials

Brownish saline groundwater was collected at Mobara in Chiba Prefecture, Japan.
Chemical composition of the groundwater was given in Table 1. Chemistry of the groundwater
was almost similar with that of seawater. Humic substances were isolated from 600 L of the
groundwater by XAD extraction method5). The groundwater sample after the adjustment of pH
1.5 was flow into the column packed with Amberlite XAD-8 resin. The humic substances
adsorbed on the resin were desorbed by NaOH solution. The alkali solution was acidified to pH
1.5 with HC1 to precipitate humic acid. The remaining solution containing fulvic acid was
passed through the XAD-8 column. The fulvic acid was purified by immobilizing their acidified
solution on XAD-8 resin. The fulvic acid was then extracted with 0.1M NaOH solution and
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passed through a column of hydrogen saturated AG MP-50 cation exchange resin to convert the
fulvic acid to its hydrogen form. The purified humic acid and fulvic acid were freeze-dried for
chemical analysis and complexation experiment.

In the present study, we used the fulvic acid because of major fraction of humic
substances in most of colorless groundwater. The contents of C, H, N and O were 50.8%,
4.7%, 2.5% and 42.0%, respectively. The carboxylic content, estimated from 13C NMR
spectrum of the fulvic acid, was 6.4 meq/g.

Table 1. Chemical composition of the saline groundwater sample.
Sample

Mobara

pH

7.9

Na+

10700 3020

Ca2+

229

Mg2+ Cl-
(mg/L)

315 18800

SO4
2"

22

HCO3-

903

DOC3

55.7

Abs.a

0.777
Data was taken from Kamei6)-
a This work: Abs.= Absorbance at 280 nm. The DOC concentration was measured by a
Shimadzu TOC-5000 TOC analyzer.

Preparation ofactinide tracers and fulvic acid solution
Stock solution of Pu was prepared by diluting 238Pu nitrate (obtained from CEA/LMRI)

with distilled water. In the case of Am, stock solution was prepared by diluting 2 4 1 Am nitrate
(CEA/LMRI) with distilled water and then adjusted to pH 4 by dilute NaOH solution. Artificial
seawater was made according to the method of Tsunogai and Noriki7). Stock solutions of fulvic
acid were prepared by dissolving 10 mg of the purified fulvic acid in artificial seawater and
0.01M NaClO4 solution. These solutions were made upto 100 mL and adjusted to pH 8.

Complexation procedure
Complexation experiments for Pu and Am with the fulvic acid were carried out by batch

method. Pu and Am tracer solutions were added to the fulvic solutions adjusted to the
concentration of 10 mg/L at ionic strength of 0.75M (artificial seawater) and 0.01M (NaClO4
solution as a reference). The initial concentrations of 238Pu and 241Am were 6.7xlO"^M and
7.6X10~9M, respectively. The solutions were shaken in an oven at 25 "C for 7 days. After the
reaction time, the solution was filtered with 0.45um Millipore filters and measured for pH.

Molecular size distribution of these nuclides in the groundwater was estimated by using
ultrafiltration technique. The ultrafiltration was sequentially carried out with ultrafilters,
Millipore Ultra Free CL, with molecular weight cut-off of 100,000 (100k), 30,000 (30k),
10,000 (10k) and 5,000 (5k) daltons. The concentration of radioactivity in each size fraction
was measured by a Packard Tri-Carb 2550 liquid scintillation counter. The amount of fulvic
acid was determined spectroscopically at ultraviolet wavelength of 280 nm. The percentage of
each size range of Pu, Am and fulvic acid was estimated on the basis of the measurements of
radioactivity and absorbance.

Results and discussion
Validity on molecular size separation ofactinides

Validity on size separation of actinides in the presence of humic substances by
ultrafiltration was checked for Am in the presence of the groundwater humic and fulvic acids at
pH 6-7 and ionic strength of 0.01M. In the absence of humic substances, more than 80% of
Am was retained by the filters with 0.45jim. However, in the presence of humic substances,
about 90% of Am was passed through the 0.45um filters due to the association with humic
substances (Table 2). The dominant molecular size of Am was 30k-10k daltons, but there is
small difference in the size distribution of Am complexes with fulvic and humic acids.

The simple centrifuge ultrafilters contain a very small amount of sodium azide and
glycerin to protect microbial activity. Therefore, we checked the artificial effect on ultrafiltration
of Am by using the prewashed and nonwashed ultrafilters. Distilled-ion exchanged water was
put into the ultrafiltration unit, and then the unit was centrifuged at the similar condition with the
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ultrafiltration. The prewashing procedure was carried out just before the ultraflltration of Am.
As shown in Table 2, there was no difference in the distribution of Am-humus complexes
between the prewasbing and nonwashing on the ultrafiltration filters. These results indicate that
the artificial effect on ultrafiltration of Am-humus complexes may be smalL

The percentage of Am fractionated by ultrafilters almost agreed with each molecular size
fraction at fulvic and humic acid systems (Table 2). Standard deviation of molecular size range
of 30k-10k daltons (dominant molecular size fraction) was 48±7% for the Am-fulvate
complexes and 54±4% for the Am-humate complexes at six measurements. Reproducibility on
the size separation by ultrafiltration technique was enough to understand the size distribution of
actinide-humus complexes.

Table 2 Variation of size distribution of Am in the presence of fulvic (FA) and humic acids
(HA).

Sample pH Size fraction of Am (%)

>0.45um 0.45um-100k 100k-30k 30k-10k 10k-5k <5k
daltons

Am-MobaraFA 7.0* 5.3±0.2 7.9±1.1 10.8±1.5 48.4±4.6 20.7±2.1 7.1±2.4
7.0** 5.2±0.9 6.9±0.2 4.1±0.7 45.7±7.7 24.3±9.4 14.0±2.2
5.9** 0.9±0.9 12.5±1.0 2.4±1.4 49.7±6.6 22.2±4.0 12.6±3.0

Am-MobaraHA 7.0* 1.5±1.5 15.0±0.7 24.5±0.8 49.8±2.2 24.3±9.5 1.8±0.7
7.0** 0.0±0.0 15.7±0.0 10.3±1.9 57.7±1.3 12.6±1.2 3.8±0.6
6.6** 8.9±0.4 13.3±4.0 18.8±3.6 54.7±0.5 4.4±0.4 0.0±0.0

* Ultrafiltration with ultrafilters prewashed by distilled-ion exchanged water.
** Non-treatment
The concentration of fulvic and humic acids was 10 mg/L in 0.01M NaClC>4 solution. The
percentage of each size fraction was averaged ones in duplicate samples.

Molecular size distribution ofactinides in the absence and presence of fulvic acid
a) Plutonium

The molecular size distribution of Pu in the absence and presence of groundwater fulvic
acid in artificial seawater (ionic strength of 0.75 M) and 0.01 M NaClC>4 solution at pH 8 was
shown in Figure 1. In the absence of fulvic acid, the 70-80% of Pu was retained by the 0.45um
filters, but 20-30% of Pu was found in the molecular size of less than 5k daltons. The Pu in
this fraction was passed through the ultrafilters with 3k daltons. At the experimental pH, Pu
may occur hydrolysis on the basis of the estimation from kinetic data*). There is no difference
in the molecular size distribution of Pu between the artificial seawater and NaClC^ solutions.

On the other hand, the molecular size distribution of Pu in the presence of fulvic acid was
different from solution conditions. The 80% of Pu in artificial seawater was found in the
molecular size of less than 5,000 daltons. At ionic strength of 0.01M, about 25% of Pu was
found in three molecular size fractions as follows: >0.45um, 10k-5k daltons and <5k daltons.
The difference in size distribution of Pu at both chemical conditions appears to be related to the
molecular size distribution of fulvic acid. The correlation factor of size distribution between Pu
and fulvic acid was 0.99 from the least square method.

2) Americium
The size distribution of Am, Am-fulvate complexes and fulvic acid in artificial seawater

and 0.01M NaClC>4 solution was shown in Figure 2. In the absence of the fulvic acid, major
part of Am (83-86%) was found in molecular size fraction more than 0.45um. In the presence
of the fulvic acid, Am was found in more than 0.45um (34%) and less than 30k daltons (55%)
at seawater system, though paniculate forms of Am was only 5% at NaClO4 system. The size
distribution of Am complexes less than 30k daltons were relatively similar with seawater and
NaQC)4 solution systems. The 80% of fulvic acid was found in molecular size of less than 5k
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daltons. The correlation of molecular size distribution between Am-fulvate complexes and
fulvic acid appeared to be poor.
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Figure 1. Molecular size distribution of Pu in the absence and presence of fulvic acid and its
size distribution in NaCl&t solution (leftpanels) and artificial seawater (right panels). The ionic
strength was 0.75 M for the seawater and 0.01 M for the NaClC>4 solution. The pH of sample
solutions was 7.4-8.6. The symbols of molecular size ranges were as follows: Q >0.45um,
H 0.45um-100k daltons, B 100k-30k daltons, 0 30k-10k daltons, M 10k-5k daltons and •
<5k daltons.
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Figure 2. Molecular size distribution of Am in the absence and presence of fulvic acid and its
size distribution in 0.01M NaClO4 solution (left panels) and artificial seawater (right panels).
The pH of sample solutions was 7.8-8.6. The symbols of molecular size ranges were as
follows: • >0.45um,H 0.45um-100k daltons, • 100k-30k daltons, 0 30k-10k daltons, S
10k-5k daltons and • <5k daltons.

Complexation properties ofPu and Am with fulvic acid at saline condition
The molecular size distribution of Pu- and Am-fulvate complexes in artificial seawater

was different from that in 0.01M NaClQt solution (Figure 1 and 2). In the case of Pu, the
percentage of Pu in the lower molecular size (<5k daltons) in artificial seawater was four times
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higher than that in 0.01M NaCl.04 solution. On the other hand, Am-fulvate complexes retained
by the 0.45um filters was 34% at seawater system, but 5% at NaC104 system. Takahashi et al
9) have shown that stability constant (log P) of Am with humic acid exponentially decreased
with increasing ionic strength. The formation of particulate Am may be explained by ionic
strength dependency of log p. However, particulate forms of Pu in the presence of fulvic acid
was only 3% at seawater system.

We discussed the effects of competitive reaction by calcium and carbonate ions, and of
size selective complexation with fulvic acid on variation of molecular size of actinide-fulvate
complexes at both solutions. Because these information is available to understand the
complexation properties of actinides with fulvic acid at saline condition,
a) Effects of calcium and carbonate ions

Choppin10) has pointed out that the binding of calcium to humic substances reduced the
Am-humus complexes. Takahashi et al11) have shown that log |3 of Am-humate complexes
decreased with increasing the calcium and magnesium concentrations. Li the present study, the
concentration of calcium and magnesium ions was 420 mg/L and 1300 mg/L, respectively.
Therefore, Am present in molecular size of more than 0.45um may be formed by complexation
of fulvic acid with calcium and/or magnesium ions.

Complexation of Am by carbonate ion was the principle competitor to humic substances
in natural waters10). The concentration of carbonate ion in seawater is almost 100 mg/L7). If
Am is complexed with carbonate, Am is dissolving in seawater. However, almost 90% of Am
was found in molecular size of more than 0.45um in artificial seawater at blank experiment
(Figure 2). Therefore, effect of carbonate ion on fulvate complexation with Am is considered to
be small. The similar results were observed in contaminated groundwater from Oak Ridge
National Laboratory 12X

Carbonate complexation and hydrolysis of Pu was also principle competitor to humus
complexation with Pu at neutral pH region1), but data on the competitive reaction was scarce for
Pu. Study on size fraction of Pu in the presence of fulvic acid has shown that major part of Pu
present as dissolved forms associated with fulvic acid at seawater system, though Pu in the
absence of fulvic acid was found in more than 0.45pm due to hydrolysis reaction (Figure 1).
Fulvate complexation is considered as one of factors controlling speciation of Pu at seawater
condition. Carbonate complexation with Pu may be slightly influenced to the fulvate
complexation because 20-30% of Pu was found in molecular size of less than 5k daltons at
blank experiment (Figure 1). At the next step, we will evaluate the competitive reaction for Pu
between fulvate and carbonate complexation by carbonate loading experiment under CO2
controlled condition.

b) Variation of molecular size of fulvic acid
Before discussing relationship in molecular size distribution among Pu, Am and fulvic

acid, we checked the variation of size distribution of fulvic acid before and after the
complexation experiment. The results were shown in Figure 3. The percentage of fulvic acid
with molecular size fraction less than 5k daltons was 81% and 71% in the absence and presence
of Am at seawater system, respectively. The maximum variation of percentage in each
molecular size fraction was about 7% on basis of comparison with the molecular size
distribution of fulvic acid at 10 mg/L and 100 mg/L (Figure 3b,c). Therefore, the distribution of
fulvic acid was not significantly changed before and after the complexation experiment with
Am.

It is well known that molecular size distribution of humic substances in solution vary with
ionic strength due to the random coil structure of humic substances13'14). When ionic strength
of the solution containing humic substances increases, molecular size of humic substances
decreases. In the present study, the percentage of fulvic acid with molecular size of less than 5k
daltons at seawater system was two times higher than that at 0.01M NaCKU system. Molecular
size distribution of Pu in the presence of fulvic acid was almost similar with that of fulvic acid.
The correlation factor of size fraction between Pu and fulvic acid was 0.99 from the least square
method. The binding properties with fulvic acid of Pu was controlled by molecular size
distribution of fulvic acid. The association of Pu with groundwater fulvic acid mainly occurred
at lower molecular size fraction (<5k daltons) of fulvic acid at seawater system.
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Fulvic acid in the
Am complexes Fulvic acid

Sample
Fulvic acid

Figure 3. Molecular size distribution of fulvic acid (10 mg/L) in the presence of Am (a), and of
fulvic acid with the concentration of 10 mg/L (b) and 100 mg/L (c) at seawater system. The pH
of sample solutions were 7.9-8.6. The symbols of molecular size ranges were as follows: Ll
>0.45um, H 0.45um-100k daltons, B 100k-30k daltons, ^ 30k-10k daltons, B l0k-5k
daltons and H <5k daltons.

Unlike the Pu complexation, molecular size distribution of Am-fulvate complexes was
different from that of fulvic acid. The percentage of Am with molecular size of less than 5k
daltons was only 9%, though the percentage of fulvic acid was 70% at seawater system. On the
other hand, the 26% and 50% of Am were found in molecular size of 30k-lQk daltons (30%
and 10% of fulvic acid) in seawater and 0.01 M NaC104 solution, respectively. These results
indicate that the binding of Am with fulvic acid had size selectivity, and Am was selectively
completed with, the size fraction range of fulvic acid. The differences in size distribution of Pu
and Am in the presence of humic substances will be evaluated by the combination of
measurement of stability constant, characterization of each molecular size of humic substances,
and using different analytical technique such as column chromatography.

Summary
The effect of high ionic strength on complexation of Pu and Am with groundwater fulvic

acid were studied. The fulvic acid was isolated from brownish, organic-rich and saline
groundwater from Mobara in Chiba Prefecture, Japan. The complexation experiment was
carried out in artificial seawater at pH8, ionic strength of 0.75M, and fulvic concentration of 10
mg/L. The binding of Pu and Am to the fulvic acid was studied by ultrafiltration method. The
dominant molecular size fraction of Pu and Am in the presence of fulvic acid was less than 5k
daltons (80%) and 30k-10k daltons (26%), respectively. The percentage of Pu in the dominant
fraction was 4 times higher than that in 0.01M NaClQ* solution, but 2 times lower for Am. The
variation on size distribution of Pu is considered to be due to the variation of molecular size of
fulvic acid. On the other hand, Am was selectively complexed with fulvic acid having molecular
size of 30k-10k daltons.
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