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Abstract

Objective of this project was the study of basic interaction and migration processes of actinides in the environ-
ment in presence of humic acids (HA). To obtain more basic knowledge on these interaction processes synthetic
HA with specific functional properties as well as '*C-labeled HA were synthesized and applied in comparison to
the natural HA Aldrich. One focus of the work was on the synthesis of HA with distinct redox functionalities.
The obtained synthetic products that are characterized by significantly higher Fe(IIl) redox capacities than Al-
drich HA were applied to study the redox properties of HA and the redox stability of U(VI) humate complexes.
It was confirmed that phenolic OH groups play an important role for the redox properties of HA. However, the
results indicate that there are also other processes than the single oxidation of phenolic OH groups and/or other
functional groups contributing to the redox behavior of HA. A first direct-spectroscopic proof for the reduction
of U(VI) by synthetic HA with distinct redox functionality was obtained.

The complexation behavior of synthetic and natural HA with actinides (Th, Np, Pu) was studied. Structural pa-
rameters of Pu(Ill), Th(IV), Np(IV) and Np(V) humates were determined by X-ray absorption spectroscopy
(XAS). The results show that carboxylate groups dominate the interaction between HA and actinide ions. These
are predominant monodentately bound. The influence of phenolic OH groups on the Np(V) complexation by HA
was studied with modified HA (blocked phenolic OH groups). The blocking of phenolic OH groups induces a
decrease of the number of maximal available complexing sites of HA, whereas complex stability constant and
Np(V) near-neighbor surrounding are not affected.

The effects of HA on the sorption and migration behavior of actinides was studied in batch and column experi-
ments. Th(IV) sorption onto quartz and Np(V) sorption onto granite and its mineral constituents are affected by
the pH value and the presence of HA. HA exhibits a significant influence on the transport of U(IV) and U(VI) in
a laboratory quartz sand system.

In order to provide the basis for a more reliable modeling of the actinide transport, the metal ion complexation
with HA has to be integrated into existing geochemical speciation codes. Within this project the metal ion charge
neutralization model was embedded into the geochemical modeling code EQ3/6. In addition to that, a digital data
base was developed which covers HA complexation data basing on the charge neutralization model.

Zusammenfassung

Ziel des Projektes war die Untersuchung grundlegender Wechselwirkungs- und Migrationsprozesse von Actini-
den in der Umwelt in Gegenwart von Huminsduren (HS). Zur Erzielung grundlegenden Wissens iiber diese Pro-
zesse wurden synthetische HS mit spezifischen funktionellen Eigenschaften sowie '*C-markierte HS synthetisiert
und im Vergleich zur natiirlichen HS Aldrich eingesetzt. Ein Schwerpunkt der Arbeiten lag auf der Synthese von
HS mit ausgeprigter Redoxfunktionalitdt. Die synthetisierten Produkte, die durch signifikant gréBere Fe(III)-
Redoxkapazititen als Aldrich HS charakterisiert sind, wurden zur Untersuchung der Redoxeigenschaften von HS
und der Redoxstabilitdt von U(VI)-Humat-Komplexen eingesetzt. Es wurde bestiitigt, dass phenolische OH-
Gruppen eine wichtige Rolle fiir das Redoxverhalten von HS spielen. Weitere Prozesse als die einfache Phenol-
oxidation und/oder andere funktionelle Gruppen tragen jedoch zum Redoxverhalten von HS bei. Ein erster di-
rekt-spektroskopischer Nachweis fiir die Reduktion von U(VI) durch ausgeprigt reduzierende HS wurde er-
bracht.

Das Komplexbildungsverhalten synthetischer und natiirlicher HS mit Actiniden (Th, Np, Pu) wurde untersucht.
Mittels Rontgenabsorptionsspektroskopie (XAS) wurden Strukturparameter fiir Pu(III)-, Th(IV)-, Np(IV)- und
Np(V)-Humate bestimmt. Die Ergebnisse zeigen, dass vorwiegend monodentat koordinierte Carboxylgruppen
die Wechselwirkung zwischen HS und Actiniden dominieren. Der Einfluss phenolischer OH-Gruppen auf die
Np(V)-HS-Komplexierung wurde mit modifizierten HS (blockierte phenolische OH-Gruppen) untersucht. Die
Blockierung phenolischer OH-Gruppen bewirkt eine Verringerung der Anzahl an verfiigbaren Bindungsplitzen
der HS. Dagegen bleiben Stabilitdtskonstante und Np(V)-Nahordnung davon unbeeinflusst.

Der Einfluss von HS auf das Sorptions- und Migrationsverhalten von Actiniden wurde in Batch- und S4ulenver-
suchen untersucht. Th(IV)-Sorption an Quarz sowie Np(V)-Sorption an Granit und seinen mineralischen Be-
standteilen werden durch pH-Wert und HS beeinflusst. HS zeigen einen signifikanten Einfluss auf den Transport
von U(IV) und U(VI) in Quarzsand auf Labormafstab.

Zur zuverldssigen Modellierung des Actiniden-Transports ist die Integration der Metallionen-HS-Komplexierung
in geochemische Speziationscodes erforderlich. Dazu wurde das Metallionen-Ladungsneutralisationsmodell in
den geochemischen Modellierungscode EQ3/6 implementiert. Dariiber hinaus wurde eine digitale Datenbank
entwickelt, die auf dem Ladungsneutralisationsmodell basierende HS-Komplexierungsdaten enthilt.
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1 Introduction

Studies on the migration behavior of radioactive and non-radioactive toxic substances are of
high importance for the reliable long-term risk assessment of potential underground nuclear
waste repositories, of facilities of the former uranium mining and milling sites in Saxony and
Thuringia (Germany), and of subsurface dumps and sites with radioactive and/or heavy metal
containing inventory. Depending on the prevailing geochemical conditions different materials
and processes can influence the behavior of such pollutants in natural aquifer systems. There-
fore, knowledge on these processes and materials is indispensable for the trustworthy model-
ing of the migration of radioactive and toxic metal ions, e.g., actinide ions, in the nature.
Besides inorganic ligands such as sulfate, phosphate, arsenate and silicate, humic acids (HA),
organic macromolecules ubiquitous found in natural environments, play an important role in
the interaction processes of actinide ions. HA are soluble in the pH range of natural waters
and possess the ability for complex and colloid formation. In addition to that, HA are charac-
terized by redox properties, which can influence the oxidation state of metal ions. For in-
stance, HA can reduce Np(VI) to Np(V), Pu(VI) to Pu(IV) [1] and U(VI) to U(IV) [2]. Due to
these properties HA can affect the speciation of metal ions, e.g., actinide ions, and therefore,
their migration in the environment. The colloidal behavior of HA together with their high
complexing ability for metal ions may cause an effective transport mechanism for actinides.
The chemistry of penta- and hexavalent actinides under aerobic conditions was already sub-
ject of a number of investigations also in the presence of HA. However, under reducing
conditions, as prevalent in deep underground environments, e.g., in deep groundwaters [3],
actinides can occur in the tetravalent oxidation state, which then dominates their speciation
and migration. The data base for the interaction behavior of actinides in the tetravalent
oxidation state is small and the basic scientific understanding of these processes is low. The
existing data on the interaction between HA and tetravalent actinides (e.g., [4-9]) is not

sufficient for the geochemical modeling of the migration behavior of actinides.

The main focus of this research project was on the study of basic interaction and migration
processes of actinides (U, Np, Pu, Th) in different oxidation states, especially in the tetrava-
lent, in the presence of HA. In order to gain a more basic knowledge on these processes, syn-
thetic HA with different functional properties and '“C-labeled HA were applied in comparison
to natural HA from Aldrich. Partially, these substances were already developed and success-

fully used in our previous project funded by BMBF (contract number 02 E 88150), where the



interaction between HA and uranium under aerobic conditions was the main subject of inter-
est [10]. Within the present project new batches of HA were prepared and synthesis methods
were optimized. In addition to that, synthetic HA with distinct redox functionalities were de-
veloped for detailed studies on the redox properties of HA and on the redox stability of acti-
nide humate complexes. In order to improve the knowledge on the complexation between HA
and actinides in lower oxidation states and for the enhancement of existing complexation
models for the HA complexation, thermodynamic and structural studies on actinide (Pu(III),
Np(IV), Np(V), Th(IV)) humate complexes were performed. The influence of HA on the
sorption and migration behavior of actinides (U(IV), U(VI), Th(IV), Np(V)) was studied in
batch and column experiments, respectively. The reliable geochemical modeling of the acti- ’
nide transport requires the integration of the actinide HA complexation as well as of current
experimental data into existing modeling programs. It was the aim of this project to integrate
the HA metal ion complexation in a suitable modeling code. In addition to that, it was focused
on the development of a digital data base on the HA metal ion complexation because no ac-

cepted and consistent data base is available for that up to now.

The research project was performed in close collaboration with the R&D projects of the Uni-
versities of Mainz and Saarbriicken and of the Institute for Interdisciplinary Isotope Research
Leipzig (IIF) that were funded by the Bundesministerium fiir Wirtschaft und Arbeit (BMWA)
under contract number 02 E 9309 and 02 E 9329, respectively, and with the Institute for Nu-

clear Waste Management (INE) of the Forschungszentrum Karlsruhe.

Within the framework of this project the main emphasis of the studies of the Institute of Ra-

diochemistry (Forschungszentrum Rossendorf) was on the following topics:

1. Synthesis and characterization of HA model substances with different functionalities in-
cluding their modification and '*C-labeling. Synthetic HA were to be provided to the pro-
ject partners. Development of synthetic HA with distinct redox functionalities.

2. Studies on the redox properties of HA and on the redox stability of actinide humate com-
plexes.

3. Structural and thermodynamical studies on the actinide complexation by HA applying
synthetic HA model substances and natural HA. The main focus was on structural studies
on the interaction of HA with actinides in lower oxidation states (Th, Np, Pu) and on the

influence of phenolic OH groups on the Np(V) complexation by HA.



4, Studies on the influence of HA on the sorption of Np(V), Th(IV) onto relevant rock mate-
rials and minerals and on the migration of U(IV)/U(VI) in a laboratory system.

5. Software and model development: Integration of the metal ion charge neutralization
model [11] for the description of the HA complexation into the speciation code EQ3/6
[12].

6. Development of a digital data base for the HA complexation based on the metal ion

charge neutralization model.

The scientific results of this project are described in detail in the following sections.

2 Natural humic acid reference material

As in the previous project [10], commercially available natural HA from Aldrich (AHA; Al-
drich, Steinheim, Germany) was used as reference material. Before use, the sodium salt of
AHA (Batch H1, 675-2) was purified according to the purification method described by Kim
and Buckau [13] in order to remove inorganic contaminants of this substance.

For preparation of batch A2/98, the sodium salt of AHA was dissolved in 0.1 M NaOH
(Merck, Darmstadt, Germany) containing 0.01 M NaF. The solution was stirred over night
under nitrogen atmosphere. After that, the solution was centrifuged to separate the alkali-
insoluble components of the sodium humate. To precipitate the HA, the supernatant was
acidified with HCI (Merck) to pH 1. The HA precipitate was isolated by centrifugation and
washed with 0.1 M HCI and water. The whole purification procedure was repeated three

times. Subsequently, purified HA AHA (batch A2/98) was dried by lyophilization.

3 Synthesis and characterization of humic acids with specific functional

properties

In order to improve the knowledge on the interaction processes between HA and metal ions,
e.g., actinide ions, various HA model substances with different functional properties were
already developed at the Institute of Radiochemistry. These include synthetic HA with differ-
ent functional group contents and various structural elements [10,14], chemically modified
HA with blocked phenolic OH groups [10,15,16] as well as '*C-labeled HA [10,17]. Within

this project, synthetic HA with distinct redox functionalities were developed.

3



The following paragraphs show the synthesis, modification, '*C-labeling and characterization
of different synthetic HA model substances with various functional properties that were per-

formed within the scope of this project.

3.1  Synthesis and "*C-labeling of humic acid type M42
3.1.1 Synthesis of humic acid type M42

Within this project a new batch of synthetic HA type M42 (batch M145) was synthesized. It
was made available to all project partners for comparative studies.

The basic synthesis of HA type M42 was already described in detail in [10]. It starts from a
mixture of 22 g glutamic acid monohydrate (Merck), 33 g xylose (Merck) and 60 mL water
which is heated for 92 hours at 80 £ 2 °C under reflux and inert gas. After expiration of the
reaction time and cooling of the reaction mixture the formed solid melanoidin fraction is sepa-
rated from the liquid fraction by centrifugation. Then, the solid product is washed and ground
with ethanol (Merck) and ether (Merck). Similar to the isolation of natural HA [18], the HA-
like melanoidin fractions are extracted by stirring the solid product with 2 M NaOH (Merck)
for 8 hours under inert gas. The synthetic HA is precipitated from the alkaline solution with 2
M HCI (Merck). The resulting HA precipitate is washed, dialyzed using dialysis tubes (Spec-
tra/Por®, exclusion limit MWCO <1000, Roth, Karlsruhe, Germany) against purified water,
and lyophilized.

52 g synthetic HA type M42 (batch M145) were synthesized. For that, seven synthesis se-

quences, each with six parallel batches, were performed.

3.1.2  Synthesis of "*C-labeled humic acid type M42 ([**C]M42)

Carbon-14 labeled synthetic HA are synthesized according to the unlabeled HA type M42,
however, applying 14C-labeled amino acids, e.g., [u-"*C]glutamic acid, as starting materials
[10,17]. In the present project two batches of *C-labeled synthetic HA type M42 (['*C]M42)
were synthesized as described above, batch M170 and M180. Batch M170 was synthesized
starting from 27.75 g xylose, 18.33 g glutamic acid monohydrate and 50 mL water. 2 mg [u-
“Clglutamic acid (111 MBq) were added to the precursor substances. Batch M180 was pre-
pared from 8.95 g xylose, 5.91 g glutamic acid monohydrate, 5.4 mg [u-'*C]glutamic acid



(296 MBq) and 16 mL water. These syntheses resulted in 932 mg (batch M170) and 368 mg
(batch M180) synthetic HA type ['*C]M42 with specific activities of 2.38 MBg/g and 17.0
MBq/g, respectively. In both syntheses, only 2 % of the starting “C-activity were incorpo-
rated into the HA-like synthetic product. Evaluating this radiochemical yield is has to be
taken into account that the HA-like fraction of the reaction product is small compared to the
other fractions that are formed during the synthesis, e.g., preliminary products, humin and
fulvic acid-like fractions. The differences in the specific activities of the reaction product are
due to the different specific activities of the reaction mixtures used for the syntheses.

100 mg of synthetic HA type ['“C]M42 (batch M180) were provided to the Institute of Inter-

disciplinary Isotope Research Leipzig for sorption experiments.

3.1.3 Characterization of synthetic humic acid type M42 and [**C]M42

Table 3.1 summarizes the elemental compositions and the functional group contents of the
newly synthesized batches of HA type M42 and ['*C]M42 in comparison to the data of the
purified, commercially available, natural HA from Aldrich (AHA) and natural HA from
literature [19,20].

Synthetic HA type M42 shows an elemental composition that is similar to those of AHA and
other natural HA. It contains no sulfur due to the use of sulfur-free precursor substances.
Comparing the ash content of synthetic HA type M42 with that of AHA it becomes obvious
that the synthetic product is characterized by a very low content on inorganic constituents.
The carboxyl group content and the proton exchange capacity (PEC) of HA type M42 are
comparable to those of AHA and other naturally occurring HA. In addition to that, HA type
M42 shows an amount of phenolic/acidic OH groups that is similar to natural HA. Comparing
the functional group contents of the unlabeled and '“C-labeled synthetic HA type M42 it be-
comes obvious that these agree well in the range of their standard deviations. This fact points

to a good reproducibility of the synthesis with regard to the HA functional group content.



Tab. 3.1: Characterization of HA type M42 (batch M145) and ['*C]M42 (batch M170 and
M180) in comparison to natural HA.

HA Elemental composition
C H? N S o’ Ash | Moisture

(%) (%) (%) (%) (%) (%) | (%)
Type M42
(batch M145) 56.1+0.3[4.1+0.1/4.4%0.1 - 26.8+03 |0.11 8.4
AHA 58.6=0.1/3.020.1]08=0.1]3.8+0.1| 235+0.1 [239] 7.9
(batch A2/98) ) 113, 11o. 113. ) ) 1 (2. )
Natural [19] 50-60 | 4-6 2-6 0-2 30 - 35

Functional groups
COOH © PEC* Phenolic/acidic OH ©
(meq/g) (meq/g) (meq/g)

Type M42
(batch M145) 3.76 + 0.09 3.51+0.07 2.0+02
Type [C]M42
(batch M170) 3.63+0.03 3.55+£0.05 Not measured
Type [*C]M42
(batch M180) 3.59+0.01 3.36+0.53 Not measured
AHA
(batch A2/98) 4,49 +0.14 4.60 + 0.08 3.1+0.1
Natural [20] 1.5-5.7 2.1-5.7

3 Corrected for the water content of the HA. ° The oxygen content was calculated from the difference
to 100 % in consideration of the ash and moisture content of the HA. ° Determined by calcium acetate
exchange [21]. ¢ PEC: Proton Exchange Capacity. Determined by potentiometric titration. ¢ Radiomet-
rically determined [10,22].

In Fig. 3.1 the FTIR spectra (FTIR spectrometer Spectrum 2000, Perkin Elmer; KBr method)
of HA type M42 and ["*C]M42 are depicted in comparison to that of natural HA from Al-
drich. In general, synthetic HA type M42 shows 1R absorption bands which are similar to
those observed for natural HA [10,19]. The comparison of the FTIR spectra of HA type M42
and ['*C]M42 in terms of the position of the IR absorption bands and the band intensities
shows that all three spectra are nearly identical. Thus, it can be concluded that the unlabeled
and "*C-labeled synthetic HA type M42 show comparable structures, which points to a good

reproducibility of the synthesis concerning the HA structure.
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Fig. 3.1: FTIR spectra of unlabeled and '*C-labeled synthetic HA type M42 in comparison to
natural HA AHA.

3.2  Synthesis and characterization of chemically modified humic acids with blocked

phenolic OH groups

In order to study the influence of phenolic OH groups on the interaction behavior of HA we
developed and verified a method for the synthesis of chemically modified HA with blocked
phenolic OH groups by methylation with diazomethane [10,15,16]. Such modified HA were
already successfully used to study the influence of phenolic OH groups on the U(VI) com-
plexation by natural and synthetic HA [15,23].

Figure 3.2 shows the reaction scheme for the chemical modification process applied. In the
first modification step the original HA is methylated with diazomethane for three hours at -5
to 5 °C in methanolic solution. This methylation results in the formation of methyl esters of
carboxyl groups and methyl ethers of phenolic/acidic OH groups. The methylation is repeated
several times and stopped when the incorporation of diazomethane into the HA molecule is
completed. The solvent, that is distilled from the reaction mixture, shows then the yellow
color of the non-reacted excess of diazomethane. In the second modification step the methy-
lated HA is treated with alkaline solution (2 M NaOH) at room temperature under inert gas to

hydrolyze the methyl esters of carboxyl groups that were formed by methylation with diazo-



methane. However, methyl ether groups of phenolic OH groups remain blocked because these
cannot be decomposed by alkaline hydrolysis. After hydrolysis, the modified HA with
blocked phenolic OH groups is precipitated with 2 M HCI, separated by centrifugation, dia-
lyzed (MWCO < 1000), and lyophilized. It should be noted that in addition to phenolic OH
groups also other acidic OH groups of the HA, i.e., enolic OH groups or acidic OH groups
substituted to five-membered heterocycles can be methylated with diazomethane, resulting in
non-hydrolizable ether groups. Applying this method we obtained partially modifications of
HA phenolic/acidic OH groups. We modified for instance, 68 % and 74 % of the originally
occurring phenolic/acidic OH groups of HA AHA and M42, respectively [10].

COOH COOCH; COOH
CHN, NaOH
.._—> ______»

Q) Q) (O
~~OH ~~"OCH; ~OCH;
COOH COOCH; COOH
1 2 3

Fig. 3.2: Scheme for the synthesis of chemically modified HA with blocked phenolic OH
groups. 1: original HA, 2: methylated HA (type HA-B), 3: HA with blocked phenolic OH
groups (type HA-PB).

In the present project the modification procedure that was applied up to now was optimized.
In order to achieve a complete blocking of all phenolic/acidic OH groups of HA type M42
and AHA the whole modification procedure (step 1: methylation with diazomethane, step 2:
alkaline hydrolysis of the methylated HA) was repeated three times. That means, the methy-
lated HA with blocked phenolic/acidic OH groups that was obtained within the first modifica-
tion cycle was subjected to a second and third methylation cycle.

Table 3.2 shows the functional group contents of modified HA type M42 (M42-PB) and AHA
(AHA-PB) that were obtained with the optimized methylation procedure in comparison to
those of the unmodified HA. After three methylation cycles 75 % and 84 % of the initially
occurring phenolic/acidic OH groups of HA type M42 and AHA, respectively, were modified.
These results show that even after a threefold replication of the methylation procedure a com-

plete blocking of all phenolic/acidic OH groups is not possible.



Tab. 3.2: Functional group contents of modified and unmodified HA type M42 and AHA.

HA COOH* PEC® Phenolic/acidic OH €| Phenolic/acidic
(meq/g) (meq/g) (meq/g) OH : COOH
g‘:ﬁﬁﬁi 45| 3764009 | 351+007 2.0+02 0.53
l(\l/::tzc-l}: ]134171) 3.12+£0.07 | 3.23+0.15 0.5 0.16
agt’:h Azog)| 4A9%014 | 4.60+008 3.140.1 0.69
3)%?53173) 2.67+0.01 3.13+0.15 0.5 0.19

? Determined by calcium acetate exchange [21]. > PEC: Proton Exchange Capacity. Determined by
potentiometric titration. ° Radiometrically determined [10,22].

Up to now, it could not be confirmed whether those functional groups that are determined
after the modification are unmodified original phenolic/acidic OH groups of the HA or acidic
OH groups that were released during the derivatization process by uncovering formerly steri-
cally hindered functional groups. Comparing the carboxyl group content and the PEC of the
corresponding unmodified and modified HA it becomes obvious that the modified HA, espe-
cially HA AHA, have less carboxyl groups and lower PEC than the original unmodified HA.
An incomplete hydrolysis of methyl ester groups that were formed during the methylation
could be one possible reason for that observation. *C-CP/MAS-NMR spectroscopic results
support this conclusion [16]. Nevertheless, for both HA the molar ratio of phenolic/acidic OH
to carboxyl groups becomes smaller due to the modification. This enables us to use these
chemically modified HA to study the impact of phenolic/acidic OH groups on the interaction

between HA and metal ions.

3.3 Humic acids with distinct redox functionalities

The migration behavior of toxic and radiotoxic metal ions, e.g., actinides, strongly depends on
their oxidation state that can be influenced by HA [1]. Therefore, the detailed description of
the influence of HA on the mobility of actinides in the environment requires the understand-
ing of the effects of HA on the oxidation states of actinides besides the knowledge on the ac-
tinide ion complexation by HA. In order to study the redox properties of HA and the redox
stability of actinide humate complexes in more detail, we developed synthetic HA model sub-

stances with pronounced redox functionalities.



3.3.1 Synthesis of humic acid-like oxidation products from phenolic compounds

The redox activity of humic substances can be ascribed to the redox system hydroquinone-
quinone and the oxidation of phenolic OH groups to phenoxy radicals [24] with their typical
subsequent reactions, such as coupling reactions and tautomerizations. Both systems are
schematically shown in Fig. 3.3 [25]. Based on this knowledge, we decided to synthesize HA

with high amounts of phenolic OH groups in order to obtain HA with distinct redox function-

alities.
OH (o}
(1) —_— ¢ +2H* +2¢
OH O
H . 0 (o}
- H+, -e" .
(2) e P S < >

Fig. 3.3: Scheme for the redox system hydroquinone-quinone (1) and
the oxidation of phenols to phenoxy radicals (2).

The performed syntheses are based on the oxidation of different phenolic compounds in alka-
line solution in the absence or presence of amino acids. Potassium peroxodisulfate was used
as oxidizing agent [26,27]. Within the project different types of HA-like oxidation products of
phenolic compounds were synthesized starting from hydroquinone, catechol or vanillic acid in
the absence or presence of glycine or glutamic acid. Table 3.3 summarizes the starting materi-

als for the synthesized HA model substances.

Tab. 3.3: Starting materials for the synthesis of HA based on the oxidation of phenolic com-
pounds (basic batch sizes).

HA Phenolic compound Amino acid

Type Hyd 11.35 mmol Hydroquinone - -

Type Hyd-Gly | 11.35 mmol Hydroquinone 11.35 mmol Glycine
Type Hyd-Glu | 11.35 mmol Hydroquinone 5.69 mmol Glutamic acid
Type Cat-Gly | 11.35 mmol Catechol 11.35 mmol Glycine
Type Van-Gly | 11.30 mmol Vanillic acid 11.35 mmol Glycine

10



For syntheses, the starting materials were dissolved in 0.1 M NaOH (425 mL for HA type
Hyd and 450 mL for the other HA per basic batch size) at room temperature. Within one hour
potassium peroxodisulfate (6.25 g per basic batch size) was charged to the reaction mixture at
room temperature (HA type Hyd) or at 60 °C (HA type Hyd-Gly, Hyd-Glu, Cat-Gly, Van-
Gly). After that, the reaction mixtures were cooled down and the HA-like fractions of the oxi-
dation products were precipitated by addition of HCL. The HA precipitates were separated by
centrifugation, purified by dialysis against purified water (MWCO <1000), and lyophilized.

3.3.2 Characterization of humic acid-like oxidation products from hydroquinone, cate-

chol and vanillic acid

The HA-like oxidation products from phenolic compounds were characterized in terms of
their elemental composition, functional group content and structure. In order to characterize
the redox properties of these synthetic products we determined their Fe(III) redox capacities
in comparison to HA type M42 and AHA. The Fe(IIl) redox capacity represents the charge

equivalents per mass unit HA that can be transferred to Fe(III).

Elemental composition

The elemental compositions of the different oxidation products from phenolic compounds are
summarized in Tab. 3.4 in comparison to those of HA type M42, AHA and natural HA from
literature [19].

All synthetic products exhibit elemental compositions that are close to those of natural HA.
Those oxidation products that were synthesized in the presence of glycine or glutamic acid are
characterized by higher nitrogen contents compared to that of AHA due to the use of the ni-
trogen-containing starting materials. In comparison to synthetic HA type M42 (synthesis
product of xylose and glutamic acid, cf. 3.1), the oxidation products from hydroquinone and
catechol show lower hydrogen contents. This result points to a higher aromaticity of these

substances due to their aromatic precursor substances.
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Tab. 3.4: Elemental composition of HA-like oxidation products of phenolic compounds in
comparsion to HA type M42 and natural HA.

HA C H* N S o’ Ash | Moisture
%) | R | ) | %) | W W] (%

Type Hyd . .

(batch R9/01) 59.8+04 132+0.1"{0.3£0.1{0.3+£0.1{364+04|nm. n.m.

Type Hyd-Gly

(batch R12/02) 542+02 | 23+02 |53+£0.1{04+0.1{26.7+02]| 1.3 9.9

Type Hyd-Glu

(batch R13/02) 53.7£0.1 | 23+£0.1 {20+£0.1{02+£0.1{282+0.1} 1.6 11.9

Type Cat-Gly

(batch R18/02) 488+0.1 | 2.8+0.2 |51+0.1]09+0.1|{31.1£0.2] 1.7 9.5

Type Van-Gly .

(batch R5/02) 525+05 [40+£0.1"|45+0.1|1.0+£0.3{38.0+£0.2| nm. n.m.

Type M42 ]

(batch M145) 56.1+03 | 41+0.1 |44+0.1 26.8+0.3| 0.1 8.4

AHA 58.6+0.1 | 3.0+0.1 |{0.8+0.1{3.8+0.1{23.5+0.1| 2.4 7.9

(batch A2/98) ) ) ’ : : il e . . . . .

Natural [19] 50— 60 4-6 2-6 0-2 30 —35

* Corrected for the water content of the HA. ® The oxygen content was calculated from the difference
to 100 % in consideration of the ash and moisture content of the HA. © Not corrected for the water
content of the HA.. ® n.m.: not measured.

Functional groups

Table 3.5 summarizes the functional group contents of the oxidation products from hydro-
quinone, catechol and vanillic acid in comparison to those of HA type M42 and natural HA.
From this table it can be concluded that all HA-like oxidation products from diphenolic com-
pounds (hydroquinone and catechol) show significantly higher phenolic/acidic OH group con-
tents than HA type M42 and AHA. As expected, HA type Hyd shows the lowest carboxyl
group content, but the highest amount on phenolic/acidic OH groups. In contrast to that, HA
type Hyd-Gly, Hyd-Glu, Cat-Gly and Van-Gly, that were synthesized in the presence of
amino acids show higher carboxyl group contents and PEC values. These are similar to those
of HA type M42, AHA and other natural HA. Comparing the functional group contents of the
oxidation products that were synthesized from different phenolic precursor substances (Hyd-
Gly, Cat-Gly, Van-Gly) in the presence of glycine it becomes obvious that the synthetic prod-
uct of vanillic acid and glycine (Van-Gly) shows the highest carboxyl group content but the
lowest phenolic/acidic OH group as expected. Its amount on phenolic/acidic OH groups is

comparable to that of AHA.
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Tab. 3.5: Functional group contents of the HA-like oxidation products of phenolic com-
pounds in comparison to HA type M42 and natural HA.

HA , COOH* PEC " Phenolic/acidic OH €
(meq/g) (megq/g) (meq/g)
gﬁ‘t‘ch RO/O1) 1.92  0.05 2,68+ 0,01 72+0.1
g}:tl;hGglz o) 430 +0.14 429+0.13 53207
gﬁ;?f{n o) 384+ 027 3,65+ 0.14 58402
g;tt‘gl‘{m ) 416+ 0.04 3,594 0,01 6.6+07
(‘;*;'t‘cﬁll{s o) 574+ 0.08 5.17+0.33 33413
x:tzch M145) 3.76 + 0.09 3.51£0.07 2.0+02
af;zh A298) 449+ 0.14 4.60 % 0.08 3.10.1
Natural [20] 1.5-5.7 21-57

® Determined by calcium acetate exchange [21]. ° PEC: Proton Exchange Capacity. Determined by
potentiometric titration. © Radiometrically determined [10,22].

From these results it can be concluded that it is possible to vary the functionality of HA-like
oxidation products from phenolic compounds by varying their precursor substances. A com-
parable conclusion was already drawn for the synthesis of HA model substances based on the

melanoidin concept by condensation of reducing sugars and o-amino acids [14].

Structure

All synthetic HA were characterized by FTIR spectroscopy. By these measurements it was
found that the oxidation products of phenolic compounds show FTIR absorption bands that
are also characteristic for natural HA [10,19]. As expected, the synthetic products show varia-
tions in their structural elements due to the use of different precursor substances.

As example, Fig. 3.4 shows the FTIR spectra of the oxidation products from hydroquinone
that were synthesized in the absence or presence of glycine and glutamic acid, respectively.

The spectra are compared to that of HA AHA.
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Fig. 3.4: FTIR spectra of HA-like oxidation products from hydroquinone in comparison to
natural HA AHA.

In comparison to AHA all hydroquinone-based synthetic products show an intense absorption
signal between 805 and 825 cm™. These bands are characteristic for para—substituted aromatic
structural elements due to the use of hydroquinone as starting material. In addition to that,
there are no significant FTIR bands indicating high amounts on aliphatic structural elements,
as found for AHA at 2850 and 2920 cm™. From that it can be concluded that these synthetic
products show a higher aromaticity than AHA. In all spectra FTIR absorption bands are found

that confirm the occurrence of carboxyl groups in the HA structure (<1720 cm™).

Determination of Fe(Ill) redox capacities

According to Mack et al. [28,29] we determined for the synthetic HA the Fe(IIl) redox capaci-
ties in comparison to HA type M42 and AHA at pH 3. For that, suspensions of FeCl; and HA
were shaken under nitrogen atmosphere and exclusion of light ([FeCls): 8.2-8.5 mmol/L,
[HA]: 0.12 g/L, pH 3, I: 0.1 M KCI). The Fe(ll) ions formed by the reduction process depend-
ing on time were quantified in aliquots of the suspensions. Fe(Il) was measured in form of the
1,10-phenanthroline complex by UV-vis spectroscopy (mod. 8452, Hewlett Packard) [30].
Prior to the quantification of Fe(Il), the HA were separated by precipitation with H,SO4 and
Fe(IlI) was masked by NH4F. Besides the separation of HA from the sample aliquots, the ad-
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dition of H,SO, causes also the release of Fe(Il) ions complexed with and/or sorbed onto HA
molecules.

Furthermore, we determined for selected HA the Fe(IIl) redox capacities at pH 9.2 as de-
scribed by Matthiessen [31]. For this we investigated solutions of K3[Fe(CN)s] and HA under
nitrogen atmosphere and exclusion of light ([K3[Fe(CN)s]]: 0.5 mmol/L, [HA]: 5 mg/L, I: 0.1
M KCI, borate buffer: pH 9.2). The time-dependent consumption of K3;[Fe(CN)g] due to the
reduction of Fe(IIl) was followed by UV-vis spectroscopy.

The Fe(III) redox capacities of the HA depending on time were calculated from the measured
Fe(Il) concentrations in the HA suspensions with FeCl; and from the decrease of the

K;[Fe(CN)g] concentration in the solutions with HA.

Fe(Ill) redox capacities at pH 3

In Fig. 3.5 the Fe(IIl) redox capacities of the hydroquinone-based oxidation products are dis-
played in dependence on the reaction time. They are compared to those of HA type M42 and
AHA.

In the initial phase of the reaction between HA and FeCl; the redox capacities increase fast
with increasing reaction time. Then, a slower increase of the redox capacities was observed.
This pH- and time-dependent Fe(III) reduction by HA was kinetically studied by Mack [29].

It was described by a fast and a subsequent slow kinetically controlled process.
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Fig. 3.5: Fe(Ill) redox capacities of hydroquinone-based HA-like oxidation products in com-
parison to HA AHA and M42.
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From Fig. 3.5 it can be concluded that all synthetic HA based on hydroquinone show signifi-
cantly higher Fe(Ill) redox capacities than HA type M42 and AHA. These higher redox ca-
pacities can be ascribed to the higher phenolic/acidic OH group contents of the oxidation
products from hydroquinone. Similar results were found comparing the data of the oxidation

products from different phenolic compounds and glycine which are depicted in Fig. 3.6.
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Fig. 3.6: Fe(11I) redox capacities of synthetic HA based on the oxidation of different phenolic
compounds in the presence of glycine.
Although synthetic HA type Van-Gly has a phenolic/acidic OH group content that is compa-
rable to AHA (Tab. 3.5), all synthetic products exhibit higher redox capacities than AHA. The
differences in the redox capacities of HA AHA and type Van-Gly points to structural differ-
ences of both HA influencing their redox behavior. Compared to the synthetic products of
diphenols and glycine (Hyd-Gly, Cat-Gly), HA type Van-Gly has the lowest redox capacity
which can be attributed to its lower phenolic/acidic OH group content. Among these, HA type
Cat-Gly shows the highest Fe(IlI) redox capacity at pH 3 and also the highest phenolic/acidic
OH group content. These results point to a correlation between the phenolic/acidic OH group
content of the HA-like oxidation products from different phenolic precursor substances and

glycine and their Fe(I1l) redox capacities.

Table 3.6 summarizes the Fe(III) redox capacities at pH 3 after about 3 weeks for all HA un-
der investigation. From it it becomes obvious that synthetic HA type Cat-Gly shows the high-
est Fe(IlI) redox capacity under the considered experimental conditions. It is about twelve

times higher than that of AHA.
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Tab. 3.6: Fe(IlI) redox capacities for different synthetic HA in comparison to AHA at pH 3
after about 3 weeks reaction time.

HA Redox capacity *
(meq/g HA)

Hyd (batch R9/01) 9.6 +0.3
Hyd-Gly (batch R12/02) 8.8+02
Hyd-Glu (batch R13/02) 10.7+0.2
Cat-Gly (batch R18/02) 145+1.6
Van-Gly (batch R5/02) 55402
M42 (batch M145) 6.1 +0.1
AHA (batch A2/98) 1.2 +0.1

* Mean values of duplicate measurements.

Referring the redox capacities of the HA to their phenolic/acidic OH group content, it be-
comes possible to draw conclusions concerning the kind of the redox active, i.e. electron-
transferring, functional groups. In Fig. 3.7 the redox capacities of all studied HA after about 3
weeks are compared to their phenolic/acidic OH group contents. In contrast to HA AHA, all
synthetic HA show redox capacities at pH 3 that are higher than their phenolic/acidic OH
group contents. This result indicates that there are additional HA functional groups or other
redox processes than the single oxidation of phenolic OH groups contributing to the reduction
of Fe(III) within 3 weeks reaction time. For AHA the redox capacity is lower than its amount
on phenolic/acidic OH groups which points to the fact that not all of these functional groups

are contributing to the redox process.

16+ = Phenolic/acidic OH

B Fe(lll) Redox capacity

Hyd Hyd-Gly Hyd-Glu Cat-Gly Van-Gly M42 AHA

Fig. 3.7: Fe(IlI) redox capacities of the studied HA at pH 3 after 3 weeks reaction time in
comparison to their phenolic/acidic OH group contents.
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Based on the results of the Fe(IlI) redox capacity measurements at pH 3 HA type Hyd-Gly,
Hyd-Glu and Cat-Gly were chosen as reference materials for HA model substances with pro-
nounced redox functionalities. Therefore, they were additionally characterized with regard to

their redox properties in the alkaline pH range.

Fe(1ll) redox capacities at pH 9.2
Figure 3.8 shows the ferricyanide redox capacities of HA type Hyd-Gly, Hyd-Glu and Cat-
Gly as a function of time. They are compared to those of HA type M42 and AHA. The meas-

ured redox capacities at pH 9.2 after about 3 weeks are listed in Tab. 3.7.

50 |- —h— Cat-Gly j ! R T : T
. | —&— Hyd-Glu
—wv— Hyd-Gly
0 _e—maz
| —m— Aldrich
30

20

Redox capacity (meq/g HA)

40 F et

200 300 400 500
Reaction time (h)

Fig. 3.8: Fe(Ill) redox capacities of synthetic HA based on the oxidation of hydroquinone and

catechol at pH 9.2 in comparison to HA type M42 and AHA.

Tab. 3.7: Fe(I1I) redox capacities for different synthetic HA in comparison to AHA at pH 9.2
after about 3 weeks reaction time.

HA Redox capacity *
(meqg/g HA)
Hyd-Gly (batch R12/02) 275427
Hyd-Glu (batch R13/02) 33.6+4.0
Cat-Gly (batch R18/02) 36.9+0.2
M42 (batch M145) 18.1 £ 0.6
AHA (batch A2/98) 72+1.9

# Mean values of duplicate measurements.

From Fig. 3.8 and Tab. 3.7 it becomes obvious that all studied HA show higher Fe(IlI) redox
capacities at pH 9.2 than at pH 3. Even at pH 9.2, all HA-like oxidation products from hydro-
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quinone and catechol are characterized by higher redox capacities than AHA and M42 which
can be ascribed to their higher phenolic/acidic OH group contents. The highest redox capacity
at pH 9.2 exhibits HA type Cat-Gly. This result is comparable to that at pH 3. Figure 3.9 dis-
plays the Fe(IIl) redox capacities of the HA at pH 9.2 after about 3 weeks in comparison to

their phenolic/acidic OH group contents.
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Fig. 3.9: Fe(Ill) redox capacities of the studied HA at pH 9.2 after 3 weeks reaction time in
comparison to their phenolic/acidic OH group contents.

Also at pH 9.2, all HA show significantly higher redox capacities than those which would be
expected assuming that only phenolic OH groups contribute to the reduction of Fe(III). From
that it can be concluded again, that there are further processes than the single oxidation of
phenolic OH groups or further HA functional groups that are also contributing to the reduc-

tion of Fe(III).

From all characterization results the conclusion can be drawn that it is possible to synthesize
HA-like substances with pronounced redox functionalities by oxidation of phenolic com-
pounds in the presence or absence of amino acids. By variation of the starting materials syn-
thetic HA with varying elemental, functional and structural properties can be obtained.

Applying these HA model substances further studies on the redox properties of humic sub-
stances and on the redox stability of actinide humate complexes were performed. These are

described in chapter 4 and 5, respectively.
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4 Studies on the influence of phenolic OH groups on the redox behavior

of natural and synthetic humic acids

The redox behavior of HA is ascribed to the system hydroquinone-quinone and the oxidation
of phenolic OH groups (Fig. 3.3). However, the Fe(IIl) redox capacities at pH 3 and pH 9.2
that were measured for the HA-like oxidation products of phenolic compounds (see chapter
3.3.2) and also for HA type M42 and AHA (pH 9.2) are higher than those which would be
expected assuming that only phenolic OH groups contribute to the reduction of Fe(Ill). In
order to characterize the role of phenolic/acidic OH groups on the redox behavior of HA type
Hyd-Gly, Hyd-Glu, Cat-Gly, M42 and AHA, we synthesized the corresponding HA with
blocked phenolic/acidic OH groups by methylation with diazomethane (cf. 3.2). Applying
these modified HA we determined the Fe(Ill) redox capacities at pH 3 (comparable to [29])
and at pH 9.2. We compared the results with those of the corresponding unmodified, original
HA.

Tab. 4.1: Functional group contents of HA before and after modification with diazomethane.

HA Modifiation coont | FRENGR | Prenaticacidic
(neq/g)
Hyd-Gly glr;%;?;; p— 430+0.14 5.3+0.7 1.23
(batch R12/02) lic/acidic OLL 2.99+0.10 1.5+0.1 0.50
Hyd-Glu gf;%ﬁl:(i — 3.63 +0.20 5.8+0.2 1.60
(batch R13/02) lic/acidic OH 2.67£0.03 1.4+0.1 0.52
Cat-Gly glrcl)%rea(i — 4.16 + 0.04 6.6 £0.7 1.59
(batch R18/02) lic/acidic OH 2.88 1.3+0.1 0.45
M42 glr(i)%i(rf; — 3.76 £ 0.09 20+0.2 0.53
(batch M145) lic/acidichH 3.12+0.07 0.5 0.16
AHA gfcl)ii(nea; p— 449 +0.14 3.1+0.1 0.69
(batch A2/98) lic/acidic OH 2.67 +0.01 0.5 0.19

Table 4.1 summarizes the functional group contents of the studied unmodified and modified
HA with blocked phenolic OH groups (HA-PB). Due to the modification with diazomethane
all HA show significantly lower phenolic/acidic OH group contents. The amounts on these
functional groups were decreased by 72 to 84 %. For all HA a lowering of the carboxyl group

content due to the modification was observed. This could be due to an incomplete hydrolysis
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of the carbonic methyl esters as already discussed in chapter 3.2. However, the molar ratio of
phenolic/acidic OH to carboxyl groups is decreased for all HA. Therefore, we were able to
apply these modified HA for the study of the influence of phenolic OH groups on the redox
behavior of HA.

Figure 4.1 shows exemplary for the unmodified and modified HA type Hyd-Glu the Fe(III)

redox capacities at pH 3 and pH 9.2. In Tab. 4.2 the results for all studied HA are listed.
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Fig. 4.1: Redox capacities of the unmodified and modified HA type Hyd-Glu with blocked
phenolic/acidic OH groups.

Tab. 4.2: Redox capacities of the unmodified and modified HA after a reaction time of about

3 weeks.
Fe(III) redox capacity | Fe(III) redox capacity

HA Modification atpH3? atpH9.2?

_ (meq/g HA) (meq/g HA)
Hyd-Gly glr(l,ii?:g . 8.8+0.2 275+£2.7
(batch R12/02) lic/acidic OH 30£0.2 10.1+1.8
Hyd-Glu gf;iﬁa; — 10.7+0.2 33.6£4.0
(batch R13/02) lic/acidic OLL 2.610.1 12.0+£0.8
Cat-Gly glrcl)ii(r;a; — 14.5+1.6 36.9+£0.2
(batch R18/02) lic/acidic OH 2702 13.4£0.1
M42 glrcl)%;;a; p— 6.1 0.1 18.1 £ 0.6
(batch M145) lic/acidic OH 1.8£0.1 7.6+1.2
AHA glrcl)%i?ea; — 1.2+£0.1 72+£1.9
(batch A2/98) lic/acidic OL 0.5%0.1 34+14

* Mean values of duplicate measurements.
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From Fig. 4.1 and Tab. 4.2 it becomes obvious that all modified HA with blocked pheno-
lic/acidic OH groups show significant lower redox capacities at pH 3 and pH 9.2 than the cor-
responding unmodified, original HA. The observed decrease of the redox capacities at pH 3 is
in agreement with first data described by Mack [29].

Due to the modification, the phenolic/acidic OH group content decreases, for instance, for HA
type Hyd-Glu by 76 %. As a consequence of that the Fe(Ill) redox capacity at pH 3 and pH
9.2 is reduced by 76 % and 64 %, respectively. These results indicate that phenolic/acidic OH
groups play a major role in the redox behavior of the studied HA-like oxidation product from
hydroquinone. However, also for the modified HA Fe(IIl) redox capacities were determined
that are higher than their remaining phenolic/acidic OH group contents, which is depicted in

Fig. 4.2,
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Fig. 4.2: Redox capacities of the modified HA in comparison to their phenolic/acidic OH
group contents.

At pH 3, all modified synthetic HA show redox capacities that are slightly increased com-
pared to those which would be expected assuming that only phenolic OH groups contribute to
the redox process. In contrast to that, HA AHA-PB exhibits a redox capacity that is compara-
ble to its amount on phenolic/acidic OH groups. However, at pH 9.2 all studied modified HA
show significantly higher redox capacities than expected. These results support the assump-
tion that there are other processes than the single oxidation of phenolic OH groups and/or
other functional groups that are also contributing to the reduction of Fe(IIl), especially in the

alkaline pH range.
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The oxidation of phenols by [Fe(CN)s]> proceeds via intermediate phenoxy radicals that can
undergo coupling reactions to various, often complex products. Tautomerization of the cou-
pled products can result in a regeneration of phenolic hydroxyl groups, which may undergo
further oxidation reactions. The oxidation rate is higher in alkaline solution [e.g., 32-34]. In
addition to that, it is possible that aldehydes, ketones and nitroalkanes can be oxidized by
[Fe(CN)s]> in alkaline solution [32]. Due to the complicated nature of HA, such secondary
reactions could occur during the reduction of [Fe(CN)s]> by HA. Thus, this could result in the
observed redox capacities that are higher than the phenolic/acidic OH group content of the
investigated HA.

From these studies we conclude that phenolic/acidic OH groups play a significant role for the
redox behavior of the studied synthetic (HA-like oxidation products of diphenolic compounds
and a HA-like melanoidin) and natural HA. However, there exist other processes than the
single phenol oxidation or other HA functional groups that are also contributing to the redox

properties of the studied substances.

5 Studies on the redox stability of uranium(VI) complexes with syn-

thetic and natural humic acids

In order to further improve the knowledge on the redox stability of actinide humate com-
plexes as well in continuation of the characterization of the HA-like oxidation products from
phenolic compounds described in chapter 3.3.2, we performed studies on the redox stability of
U(VI]) humate complexes. For this investigation we applied synthetic HA type Hyd-Glu and
Cat-Gly (see chapter 3.3.2). Both model substances show significantly higher Fe(Ill) redox
capacities than natural HA AHA. The studies were performed according to that published by
Abraham [2], where the redox stability of U(VI) in the presence of lignin, wood degradation
products and natural HA (e.g., unpurified natural HA from Aldrich) was investigated. For the
first time, it was found in this investigation, that these organic materials are able to reduce
U(V]) starting at pH values higher than pH 4.5. The direct spectroscopic proof for the occur-
rence of U(IV) in uranium solutions with lignin and wood degradation products at pH 9 and

pH 8, respectively, was successful.
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5.1  Experimental

The redox stability of U(VI) humate complexes of HA type Hyd-Glu, Cat-Gly and AHA was
studied at pH 9 in 0.1 M NaClQ4 solutions. For that, U(VI) humate solutions with initial
U(VI) and HA concentrations of 1-10* M and 0.4 g/L, respectively, were prepared under ni-
trogen atmosphere applying CO,-free solutions. The pH value of the samples was set to pH
9.0 using NaOH and HCIO; solutions. In order to keep the pH value of the solutions constant
during the experiment it was periodically checked and readjusted. The samples were stored
under exclusion of light.

Laser-induced photoacoustic spectroscopy (LIPAS) was applied for the direct spectroscopic
detection of U(IV) in the sample solutions. A tunable laser system was used. It is described in
detail in [35]. The wavelength range between 600 and 675 nm was studied. For sample prepa-
ration 1 mL 6 M H,SO4 was added to 5 mL of the sample solutions. The addition of H,SO4
effects the precipitation of HA, the decomposition of possibly formed U(IV) humate com-
plexes as well as the stabilization of U(IV) in the solutions in form of the U(IV) sulfate com-
plex. After acidification, the HA precipitates were separated by centrifugation and the super-

natants were studied by LIPAS.

5.2 Results and discussion

In Fig. 5.1 the photoacoustic spectra of the studied solutions after different reaction times are
shown together with the peak deconvolution of the spectra. Comparing the spectra it becomes
obvious that the spectra of the synthetic products are characterized by a high background ab-
sorption. This is due to an incomplete HA exclusion from the solutions which results in a HA
contribution to the obtained absorption signal. However, from these spectra it becomes clear
that HA AHA exhibits no absorption signals in the studied wavelength range, whereas for
both synthetic products two absorption bands were detected. Thus, we conclude that after 92
days reaction time no detectable U(IV) concentration (detection limit: 10°-10° mol/L [2])
was formed by the possibly occurring U(VI) reduction by HA AHA. In absence of HA, the
solvated U*" ion shows characteristic absorption maxima at 629.5 nm, 649.1 nm and 671.7
nm [36]. These absorption wavelengths are close to that detected in the solutions with syn-
thetic HA type Hyd-Glu and Cat-Gly after different reaction times. This result points to the

occurrence of detectable quantities of U(I'V) in the solutions with the HA-like oxidation prod-
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ucts from hydroquinone and catechol. Therefore, it can be concluded that U(VI) was reduced
by both HA model substances. The shift of the absorption bands could be due to the formation
of U(IV) sulfate complexes in the studied solutions. Similar peak shifts were observed by
Geipel et al. [36] for U(IV) complexes with arsenate. The spectra which were obtained for the
synthetic products are similar to that of an uranium solution with wood degradation products

published in [2], where the reduction of U(VI) by these substances was found.
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Fig. 5.1: Photoacoustic spectra of the studied HA solutions (starting conditions: [UO.*]:

1-10* mol/L, [HA]: 0.4 g/L, 0.1 M NaClOy, pH 9.0). The numbers in brackets indicate the
equilibration time of the samples.

From our spectroscopic results we conclude that the synthetic HA with pronounced redox
functionalities show both higher Fe(IlI) and U(VI) redox capacities than HA AHA. The ob-
tained results represent a first qualitative and direct spectroscopic proof for the reduction of
uranium(VI) by HA. Further studies are performed in order to quantify the U(VI) redox ca-

- pacities of the HA alike oxidation products from hydroquinone (Hyd-Glu) and catechol (Cat-
Gly).
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6 Investigations on the actinide complexation by humic substances
6.1  Structural studies on plutonium(lll), thorium(IV), neptunium(IV) and

neptunium(V) humate complexes by means of XAFS spectroscopy

Humic substances (humic acids and fulvic acids) are known for their strong complexing abil-
ity towards radionuclides thereby influencing their migration behavior. Therefore, to under-
stand and predict the mobility of actinides in natural aquifer systems, amongst others, infor-
mation on the coordination chemistry of the actinides in humate and fulvate complexes is ne-
cessary. We studied the coordination environment of Pu(Ill), Th(IV), Np(IV) and Np(V) in
complexes with HA and fulvic acid (FA) by means of X-ray absorption fine structure (XAFS)
spectroscopy. This includes the X-ray absorption near-edge structure (XANES) spectroscopy
and the extended X-ray absorption fine structure (EXAFS) spectroscopy. The XANES spec-
troscopy provides information on the electronic structure and the molecular symmetry of the
absorbing atom and the EXAFS spectroscopy contains information on coordination numbers
and bond lengths to neighbor atoms [37].

Bio-Rex70 was used as reference substance to study the nature of metal complexation sites in
humic substances further. Bio-Rex70 is a cation exchange resin that, in contrast to humic sub-
stances, has no phenolic OH groups but exclusively carboxyl groups as functional groups ca-
pable of binding metal ions. Thus, Th(IV), Np(IV) and Np(V) sorbates onto Bio-Rex70 were
studied to determine structural parameters for the interaction of the respective actinide ion
with carboxyl groups.

In case of Np(V), the influence of HA phenolic/acidic OH groups on the interaction between
Np(V) and HA was studied at pH 7 applying modified HA with blocked phenolic/acidic OH
groups in addition to the respective unmodified HA.

The structural parameters determined for the actinide humate complexes are further compared
with structural parameters of the respective aqueous actinide ions and of solid actinide car-

boxylate complexes given in the literature.

6.1.1 Experimental

Sorbents
Both natural and synthetic humic substances were applied for the study. The natural humic

substances were Kranichsee FA (KFA) that was isolated from surface water of the mountain
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bog ‘Kleiner Kranichsee’ (Johanngeorgenstadt, Saxony, Germany) [38] as well as the com-
mercially available, purified Aldrich HA (AHA). The synthetic HA model substances were
the HA type M1 [10,39] and type M42 (see chapter 3.1). Furthermore, from AHA, MI and
M42 also modified HA with blocked phenolic/acidic OH groups (AHA-PB, M1-PB, M42-
PB) (see chapter 3.2 and [15]) were applied. Bio-Rex70 (Bio-Rad, Miinchen, Germany) was

used as reference substance.

Th(IV) samples

BITR(IV) samples were prepared from AHA and from Bio-Rex70 at pH 1 (0.1 M HCIOy).
The Th loading of the resulting wet pastes was 40.8 mg Th/g AHA and 1.9 mg Th/g Bio-
Rex70 which corresponds to a Th loading of 14.7 % and 0.3 % of the proton exchange capac-

ity (PEC) of the sorbents.

Np(1IV) samples

A P"Np(IV) stock solution was prepared by electrochemical reduction of a Np(V) solution to
Np(III) followed by air oxidation to Np(IV). The tetravalent oxidation state of Np was veri-
fied by near infrared (NIR) absorption spectroscopy. Np(IV) samples were prepared from
AHA, KFA, M42 and from Bio-Rex70 at pH 1 (0.1 M HCIOj4) under inert gas conditions. The
Np loading of the resulting wet pastes was between 4 and 41 mg Np/g sorbent (0.7 % to 15 %
of the PEC of the sorbents).

Np(V) samples

Z"Np(V) complexes were prepared from the unmodified HA AHA, M1 and M42 and from
modified HA AHA-PB, M1-PB and M42-PB with blocked phenolic/acidic OH groups as well
as from Bio-Rex70. The Np(V) humate solutions were prepared at pH 7 under inert gas condi-
tions with Np and HA concentrations of 0.88-1.04 mmol/L and of 8.1-27.5 g/L, respectively
(ionic strength: 0.1 M NaClOj). The Np loading was between 2.3 and 2.8 % of the PEC of the
sorbents. The Np(V)-Bio-Rex70 sorbate was prepared at pH 7 in 0.1 M NaClO4. The Np load-
ing of the resulting wet paste was 121.3 mg Np/g Bio-Rex70 (5.1 % PEC).
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Pu(Ill) samples

242py was purified in the tetravalent oxidation state by anion exchange chromatography using
TEVA resin™. Purified Pu(IV) was electrochemically reduced to Pu(I1). The trivalent oxida-
tion state of Pu was verified by NIR absorption spectroscopy. Pu(IIl) samples were prepared
from KFA and from M42 at pH 1 (0.1 M HCIOy) under inert gas conditions. The Pu loading
of the resulting wet pastes of KFA and M42 was 11.6 and 3.9 mg Pu per g sorbent, respec-
tively.

The experimental conditions are described in more detail in Schmeide et al. [40,41] and Sachs

et al. [42].

XAFS measurements and data analysis

The XAFS measurements were carried out at the Rossendorf Beamline (ROBL) [43] at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The actinide Ly-edge
X-ray absorption spectra were collected in fluorescence mode (Th(IV) samples, Pu(Ill) sam-
ples, Np(V) humates) and transmission mode (Np(IV) samples, Np(V)-Bio-Rex70), respec-
tively, at room temperature. A Si(111) double-crystal monochromator was used in fixed-exit
mode. Several EXAFS scans were collected from each sample and averaged.

Data analysis was performed according to standard procedures [37] using the EXAFSPAK
software [44]. The program FEFF6 [45] was used to calculate theoretical scattering ampli-
tudes and phase-shift functions.

The EXAFS oscillations were fitted to the EXAFS equation using one coordination shell with
oxygen as backscatterer in case of Th(IV), Np(IV) and Pu(lIl). In case of Np(V), a two-shell
fit with axial and equatorial oxygen atoms (Oax, Ocq) as backscatterers was used. The multiple

scattering along the neptunyl unit (Oa-Np-O,x) was also included in the fit.

6.1.2 Results and discussion

Th(IV) humate and Bio-Rex70 complexes
The raw Th Ly-edge k*-weighted EXAFS spectra and the corresponding Fourier transforms
(FT) of the Th(IV) complexes with AHA and Bio-Rex70 are shown in Fig. 6.1. Both the
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EXAFS spectra and the FT of the samples are comparable. The FT are dominated by a peak at
about 1.8 A representing oxygen atoms coordinated to Th(IV).
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Fig. 6.1: Th Lip-edge k*>-weighted EXAFS spectra and corresponding FT of Th(IV) samples.
Solid lines: experiment, dashed lines: fit.

In Tab. 6.1 the structural parameters determined for the Th(IV) complexes are summarized
such as coordination number (N), bond length (R) and Debye-Waller factor (c?) obtained
from fits to the EXAFS equation. The coordination numbers and Th-O bond lengths of
Th(IV)-AHA and Th(IV)-Bio-Rex70 are comparable. In both samples, Th(IV) is surrounded
by 11 oxygen atoms at a distance of 2.44 A. Since Bio-Rex70 has no phenolic OH groups but
exclusively carboxyl groups as functional groups capable of binding metal ions, it can be con-
cluded that the interaction between AHA and Th(IV) is dominated by HA carboxyl groups
under the experimental conditions applied. This result was expected since at pH 1 the pheno-
lic OH groups of the humic substances are fully protonated. The larger EXAFS Debye-Waller
factor determined for the oxygen coordination shell of Th(IV)-AHA in comparison to those of
Th(IV)-Bio-Rex70 and the aqueous Th(IV) ion points to a broader distribution of Th-O bond
lengths in the Th(IV) humate complex.
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Tab. 6.1: EXAFS structural parameters of Th(IV) complexes in comparison to literature data
of Th(I'V) samples.

Th-O
Sample N RA) o (A) AE (eV) Ref.
Th(IV)-AHA 10.6 + 1.5 2.44 £ 0.01 0.013 -17.3
Th(IV)-Bio-Rex70 | 11.0£2.1 2.45 £ 0.02 0.009 -17.3
Th(IV)-AHA 10.1 243 0.013 1.0 [46]
Th(IV)-Bio-Rex70 94 244 0.012 1.0 [46]
Th(H,0),* 10.8 £ 0.5 2.45 +0.01 0.007 4.0 [47]

The 95 % confidence limits are given for N and R as estimated by EXAFSPAK.

Within the experimental error, the structural parameters determined for the Th(IV) humate
and Bio-Rex70 complexes agree with those determined by Denecke et al. [46]. Furthermore,
the data of Th(IV)-AHA are comparable to those of the aqueous Th(IV) ion [47]. This shows
that the interaction between Th(IV) and HA carboxyl groups induces no shortening of the Th-
O bond length. Furthermore, since no carbon atoms of the binding HA carboxylate groups can
be detected, it is not possible to determine separate coordination numbers for carboxylate
groups and water molecules coordinated to Th(IV) by EXAFS analysis.

To identify the binding mode (monodentate, bidentate or bridging) of HA carboxylate groups
to Th(IV), the Th-O bond length of Th(IV) humate is compared with those of Th(IV) model
compounds which contain carboxyl groups. The average Th-O bond length observed for
monodentate coordinated carboxylate groups in various Th(IV) malonates [48] as well as in
Th(IV) oxalate [49] is 2.42 £ 0.04 A. This bond length is comparable to the bond length ob-
tained for Th(IV)-AHA (2.44 £ 0.01 A). This points to a predominant monodentate coordina-
tion of HA carboxylate groups to Th(IV).

Np(IV) humate and Bio-Rex70 complexes

The tetravalent oxidation state of Np and its stability in the humate and Bio-Rex70 complexes
within the time of our experiment was verified by means of NIR absorption spectroscopy [40]
and XANES spectroscopy. In Fig. 6.2, the XANES spectrum of Np(IV)-AHA is shown in
comparison to that of the corresponding Np(V) sample. The spectrum of Np(IV) humate
shows the characteristic near-edge features of Np(IV) compounds: A more intense ‘white
line’ peak, but no additional shoulder on the high energy side of the ‘white line’ as generally
observed for Np(V) samples. Identical spectral features were obtained for the Np(IV) com-
plexes of KFA, M42 and Bio-Rex70.
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Fig. 6.2: Normalized Np Ly-edge XANES spectra.

The raw Np Lj-edge k3-weighted EXAFS spectra and the corresponding FT of the Np(IV)
samples are shown in Fig. 6.3. Both the EXAFS oscillations and the FT of all Np(IV) com-
plexes are similar. The FT are dominated by one peak at about 1.7 A representing one coordi-
nation shell with oxygen as backscatterer. No Np-Np contributions were observed in the spec-

tra, i.e., polynuclear Np species did not form.
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Fig. 6.3: Np Ly-edge k*>-weighted EXAFS spectra and corresponding FT of Np(IV) samples.
p g p
Solid lines: experiment, dashed lines: fit.

The EXAFS structural parameters determined for the Np(IV) complexes are compiled in Tab.
6.2 and compared to literature data of Np(IV) samples.
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In the Np(IV) humate complexes, the Np(IV) ion is surrounded by about 11 oxygen atoms at
a distance of 2.36 A. Comparable parameters are determined for the Np(IV) complex with
Bio-Rex70. This again verifies the dominance of carboxyl groups for the complexation of

actinide ions by humic substances at pH 1 (cf. Th(IV) humates).

Tab. 6.2: EXAFS structural parameters of Np(IV) complexes in comparison to literature data
of Np(I'V) samples.

Sample Shell N R (A) o® (AY |AE, (eV)| Ref.
Np(IV)-KFA Np-O | 11.3+1.7] 236+0.01 | 0.0162 | -11.1
Np(IV)-AHA Np-O | 10.1+1.7 ] 2.36+0.01 | 0.0159 | -11.1
Np(IV)-M42 Np-O | 11.0+1.7 | 2.36+0.01 | 0.0166 | -11.1
Np(IV)-Bio-Rex70 Np-O | 102+1.3 | 2.37+0.01 | 00127 | -11.1
Np(H»0),*" in 1 MHCIO, | Np-O 9+ 1 2.37£0.02 | 0.007 [50]
Np(H,0),* in 1IMHCI | Np-O | 11.2+1.1 | 2.40+0.012 | 0.0075 [51]
.. Np-O | 111 | 239+0.01 | 0.0118
Np(H;0)," in 2 M H;50, NI}))-S 2209 | 3.07+0.02 | 0.0070 [43]

The 95 % confidence limits are given for N and R as estimated by EXAFSPAK.

Compared to the aqueous Np(IV) ion in hydrochloric or sulfuric medium [43,51], the coordi-
nation number of the humates is similar, only the Np-O bond length is shortened by about
0.04 A due to humate complexation. A similar shortening of the bond length has been previ-
ously observed for U(VI) humate complexes (Ry.oeq = 2.37-2.39 A) [23,52,53] compared to
UO,(H,0)5”" (Ry.0eq = 2-41 A) [51] and can be interpreted as further evidence of actinide hu-
mate complex formation. However, as found for Th(IV), a differentiation between HA car-
boxylate groups and water molecules coordinated to the Np(IV) ion is not possible by means
of EXAFS spectroscopy.

The comparison of the bond length determined for the Np(IV) humates with those of Np(IV)
model compounds containing carboxyl groups shows that the bond length of the Np(IV) hu-
mates is smaller than found for bridging and chelate forming carboxylate groups in Np(IV)
oxalate (R =2.39 A and 2.51 A with an average of 2.45 A) [54] or for bidentate binding car-
boxylate groups in Np(IV) formate (R = 2.50 A) [55]. From this we conclude that the HA
carboxylate groups are predominantly monodentate bound to Np(IV) ions.

The comparison of the structural parameters of Np(IV) humate and Bio-Rex70 complexes
with those of the corresponding Th(IV) complexes shows that both tetravalent actinides are
surrounded by 11 oxygen atoms. However, the Np-O bond length (2.36 + 0.02 A) is about
0.08 A shorter than the Th-O bond length (2.44 + 0.02 A). This difference approximates the
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difference of the effective ionic radii of Np** (1.02 £ 0.02 A [56]) and Th** (1.08 + 0.02 A,
[56]) in aqueous solution which is 0.06 £ 0.02 A.

Np(V) humate and Bio-Rex70 complexes

For all Np(V) humates the complexation of NpO," by HA was verified by means of NIR ab-
sorption spectroscopy [42].

The raw Np Ly-edge k*-weighted EXAFS spectra and the corresponding FT of the Np(V)
complexes are shown in Fig. 6.4. The FT show two Np-O coordination shells (Np-Oa, Np-
Ocq). No Np-Np interactions are indicated in the FT. The structural parameters determined for
the Np(V) complexes are summarized in Tab. 6.3 and compared to literature data of the aque-

ous Np(V) ion.
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Fig. 6.4: Np Ly-edge k*-weighted EXAFS spectra and corresponding FT of Np(V) samples.
Solid lines: experiment, dashed lines: fit, MS: multiple scattering along the neptunyl unit.

Within the experimental error, identical structural parameters were determined for Np(V) hu-
mates prepared from original HA and from modified HA with blocked phenolic/acidic OH
groups. From this it can be concluded that the blocking of the phenolic/acidic OH groups of
the HA has no influence on the local structure around the Np(V) ion in the Np(V) humates.
Furthermore, the structural data of the Np(V) humates are also comparable to those of Np(V)-

Bio-Rex70. This indicates that carboxylate groups dominate the interaction between Np(V)
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and HA at pH 7. However, a contribution of HA phenolic/acidic OH groups to the complexa-
tion of Np(V) ions cannot completely be excluded by EXAFS analysis, since the EXAFS re-
sults represent average values over all interactions between Np(V) and HA functional groups.
There is the possibility that phenolic OH groups interacting with Np(V) show equatorial bond

lengths that are similar to those of carboxylate groups.

Tab. 6.3: EXAFS structural parameters of Np(V) complexes in comparison to literature data
of the aqueous Np(V) ion.

Np'oax Np'Oeq AEO
N R@A) | @AY N RA) | 6’(AY | (eV)
Np(V)-AHA 2.0+0.3]1.85+0.01 | 0.0017 | 2.8 +0.7 |2.49+0.02| 0.0050 | -8.1
Np(V)-AHA-PB |2.0+0.3] 1.85+0.01 | 0.0021 | 2.3+0.6 |2.49+0.01| 0.0028 | -7.7

Sample

Np(V)-M1 1.8+ 03| 1.86+0.01 | 0.0026 | 2.6 +0.6 |2.49 £ 0.02] 0.0053 | 6.4

Np(V)-MI-PB |20+ 02| 1.85%0.01 | 0.0026 | 2.5 0.6 |249=0.02] 0.0043 | -84

Np(V)-M42 19+02] 1.84+0.01 | 0.0014 | 2.84 0.6 |2.48<0.01] 0.0041 | -93

Np(V)-Md2-PB_|2.0= 02| 1.84% 0.01 | 0.0020 | 2.8=0.5 |2.49£0.01] 0.0037 | -10.0

1;22'3'3‘0’ 20+02]1.85+ 001 | 0.0017 | 2.7+05 |2.50+0.01| 0.0043 | -8.8
+

Eg?Z(Hzo)" 20+02|1.824+0.01 [ 0.0026 | 2.9+ 04 |2.49=0.01| 0.0038 | -9.2
+

E‘;?Z(Hzo)" 2 185 |o0018| 5.0 250 | 0.007

The 95 % confidence limits are given for N and R as estimated by EXAFSPAK.

The coordination number determined for the equatorial shell of Np(V) humate and Np(V)-
Bio-Rex70 complexes as well as for the equatorial shell of the aqueous ion of Np(V) [43] is
smaller than the theoretically expected value of 5. Up to now, this cannot be explained.

The equatorial Np-O bond lengths of the humates are comparable to the mean equatorial Np-
O bond lengths of monodentate and/or bridging coordinated carboxylate groups in crystalline
Np(V) carboxylate complexes reported in the literature (2.46 + 0.04 A) that are summarized
in [42]. Moreover, the equatorial Np-O bond lengths of the humates are also comparable to
the equatorial Np-O bond length of the aqueous Np(V) ion. Thus, a differentiation between
monodentate/bridging carboxylate groups and water molecules is not possible. However, a
predominant bidentate coordination of HA carboxylate groups to Np(V) can be excluded,
since bidentate coordinated carboxylate groups in different crystalline Np(V) carboxylates
show a mean equatorial Np-O bond length of 2.59 + 0.08 A (summarized in [42]) which is

significantly longer.
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Pu(Ill) humate complexes

The trivalent oxidation state of Pu and its stability in the complexes with humic substances
within the time of the experiment was verified by means of XANES spectroscopy. In Fig. 6.5,
the XANES spectra of Pu(II[)-KFA and Pu(III)-M42 are shown in comparison to that of the
aqueous ion of Pu(IIl) [59]. The energy scale of the spectra was calibrated with a Zr metal foil
(Zr K edge at 17998 eV). The edge energy, determined as the inflection point of the edge, of
the three spectra is identical (aqueous Pu(IIl) ion: 18059.0 eV, Pu(Ill) humates: 18059.2 eV).

This confirms that the humate complexes contain exclusively Pu(III).
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Fig. 6.5: Normalized Pu Ly;-edge XANES spectra.

The raw Pu Lyj-edge k*-weighted EXAFS spectra and the corresponding FT of the Pu(III)
humates are shown in Fig. 6.6. The FT indicate a single coordination shell (Pu-O) arising
from the ligands.

The structural parameters determined for the Pu(Ill) complexes are summarized in Tab. 6.4
and compared to literature data of aqueous ions of Pu(IIl) and Pu(IV). In the Pu(IIl) humate
complexes the Pu(III) ion is surrounded by about 7 oxygen atoms at a distance of 2.45 A. The
Pu-O bond length in the Pu(Ill) humate complexes is significantly longer than that of the
aqueous Pu(IV) ion. Furthermore, no evidence for the formation of polynuclear Pu(IV) spe-
cies was found in the EXAFS spectra. That means, the EXAFS structural parameters confirm
the conclusion drawn from the XANES spectra namely that the humate complexes contain

exclusively Pu(III).
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Fig. 6.6: Pu Lj-edge k*>-weighted EXAFS spectra and corresponding FT of Pu(III) samples.
Solid lines: experiment, dashed lines: fit.

Tab. 6.4: EXAFS structural parameters of Pu(Ill) complexes in comparison to literature data
of aqueous ions of Pu(IlI) and Pu(IV).

Sample Shell N R (A) o’ (A% AE, (eV) Ref.
Pu(II)-KFA Pu-O 73+12 |245+0.02 0.0150 -17.3
Pu(II1)-M42 Pu-O 6.1+14 | 2.45+0.02 0.0137 -17.0
Pu(H,0),>" Pu-O 76+0.6 | 2.48+0.01 0.0102 -16.8 [59]
Pu(H,0),*" Pu-O 8 2.39 0.0118 [60]

The 95 % confidence limits are given for N and R as estimated by EXAFSPAK.

Within the experimental error, the coordination numbers determined for the Pu-O shell of the
humate complexes agree well with the value reported for the aqueous Pu(Ill) ion in 1 M
HCIO, [59]. The bond length determined for the Pu(IlI) humate complexes is 0.03 A shorter
than that determined for the aqueous Pu(IIl) ion. This shortening of the bond length is similar
to that observed for U(VI) and Np(IV) humates upon complexation of these actinides with the

functional groups of the humic substances.
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6.2  Studies on the influence of phenolic OH groups on the neptunium(V)

complexation by humic acids

In order to further improve the knowledge on the influence of phenolic OH groups on the
metal ion complexation by HA in neutral and alkaline solutions we continued our studies on
the Np(V)-HA-complexation using modified HA with blocked phenolic OH groups. In con-
tinuation of our EXAFS investigations (chapter 6.1), which resulted in structural information
on the near-neighbor surrounding of Np(V) in humate complexes, we determined and com-
pared loading capacities and complexation constants of Np(V) complexes with unmodified
and chemically modified (phenolic OH groups blocked) HA type M42 and Aldrich. These

studies were performed by near-infrared (NIR) spectroscopy.

6.2.1 Experimental

Np(V) humate solutions were prepared under nitrogen atmosphere from natural HA Aldrich
(AHA, batch A2/98), synthetic HA type M42 (batch M145), as well as modified HA AHA
and M42 with blocked phenolic OH groups (AHA-PB, M42-PB). For synthesis and charac-
terization of these HA see chapter 3.2.

In our experiments the HA concentration ((HA(I)] [11]) was held constant at 1-10” mol/L and
the Np(V) concentration was varied between 5.3-10° and 1.3-10” mol/L. The studies were
performed at room temperature in 0.1 M NaClO; solutions at pH 7 for all HA and at pH 8 for
AHA and AHA-PB. The samples were prepared from stock solutions of HA and NpO,"
(**"Np, 4.6.10° M, 0.01 M HNO3). The ionic strength was adjusted applying 1 M NaClOy
solution. The total neptunium concentration in solution was determined by liquid scintillation
counting (LSC, Beckman Instruments). NIR absorption spectra of all Np(V) humate solutions
were recorded in the wavelength range between 950 and 1010 nm with the UV-Vis-NIR spec-
trophotometer CARY-5G (Varian).

The Np(V) species distribution in the absence of HA at pH 7 and pH 8 ([NpO5']: 1:10° M and
1-10° M, 0.1 M NaClOy, 0 % CO,) was calculated with the program EQ3/6 [12] based on
complex formation constants compiled in [61]. Under the considered conditions the NpO,"
ion dominates the Np(V) speciation. It occurs with a relative concentration of 100.00 % and
99.96 % at pH 7 and pH 8, respectively. Therefore, it can be concluded that NpO," is the

Np(V) species which reacts with HA under the studied experimental conditions.
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6.2.2 Results and discussion

The measured NIR absorption spectra represent the sum of the absorption signals of the un-
complexed NpO," ion (980 nm) and the Np(V) humate complex (NpO,HA(I), 985-989 nm
depending on HA). The spectra were deconvoluted into single peaks for both species in order
to determine their concentration in solution. Figure 6.7 shows a measured NIR absorption

spectrum of a Np(V) solution with HA AHA and its deconvolution.
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Fig. 6.7: NIR absorption spectrum of Np(V) in HA solution and its deconvoluted absorption
bands (AHA, [HA(D)]: 1-10° mol/L, [NpO,']: 1.7-10™* mol/L, pH 7, 0.1 M NaClOy).
The experimental data were evaluated with the metal ion charge neutralization model [11].
According to this model, NpO," occupies one proton exchanging site of the HA molecule [Eq.
(6.1)]:
NpO;" + HA(I) = NpO.HA(I) (6.1)

where HA(I) represents the HA ligand and NpO,HA(I) stands for the neptunyl humate com-
plex. The stability constant fis given by

5 INDOHA()]

= : (6.2)
[Npoz ]free : [HA(I)]ffee

where [NpO,HA(I)] is the neptunyl humate complex concentration, [NpO, s the free
NpO," concentration and [HA(I)]sree the free HA ligand concentration [11]. This model intro-
duces the loading capacity (LC, [Eq. (6.3)]) which represents the mole fraction of maximal

available complexing sites of HA under the applied experimental conditions.
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_ [NPO,FHAN max (6.3)
[HA(D]or

[NpO;HA(I) | max is the maximum concentration of NpO," that can be complexed by functional
sites of HA and [HA(I)]it stands for the total molar HA concentration [11]. Taking the LC
into account the free HA concentration in solution can be determined according to [11] and

the stability constant (B) can be described by Eq. (6.4).

B= i [NpO,HA()] (6.4)
[NPO,; N - (IHA(D] ot - LC ~[NPO,HANY)

The LC is graphically determined by linear regression after rearranging Eq. (6.4) for the free
NpO," ion concentration [11]. Considering the graphically determined LC, we computed a

complexation constant for each experimental point.

Applying this model, the complexation behavior of HA can be described independently of the
experimental conditions and the HA origin. From this it follows, that comparable complexa-
tion constants are determined for the complexation of a metal ion, e.g., Np(V), with different
HA. Differences in the complexation behavior of various HA under the same experimental
conditions are reflected in different LC values. A significant lower LC for HA with blocked
phenolic/acidic OH groups should result, if the blocking of these HA functional groups has an
influence on the complexation behavior of HA with Np(V) in the neutral and alkaline pH

range.

Table 6.5 summarizes the spectroscopically determined complexation data (LC, log ) for the
investigated HA at pH 7 and pH 8. Figure 6.8 shows, exemplary for modified and unmodified
HA type M42, the mole ratios [NpO,HA(I))/[HA(D)]:or versus [NpO; ' Jwo/[HA(I)]:or Which il-

lustrate the L.C values.
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Tab. 6.5: Complexation data for the complexation of Np(V) with unmodified and modified
HA type M42 and AHA in comparison to literature data.

HA pH LC (%) " log B *®
AHA 7.0 100£15 T 38740.19
(batch A2/98) 8.0 353237 3595017
AHA-PB 7.0 65204 3.3920.15
(batch M173) 8.0 123226 3.46 £ 0.22
M42
(bateh M145) 7.0 11.241.1 3.50+0.15
M42-PB
(baten W17 7.0 53+ 1.0 348+ 0.11
7 99202 3.6520.03
GoHy-573 [62] g 149203 3.68 £ 0.08
7 13.0% 1.0 3.53 2 0.05
GoHy-573 [63] g 22015 3.61£0.07
Aldrich [64] 3 324 3.7

‘130,

Within the experimental errors, the studied HA show similar Np(V) complexation constants
that are close to literature data for HA GoHy-573 [62,63] and Aldrich [64]. However, there
are differences in the LC of HA AHA, M42 and GoHy-573 especially at pH 8. These could be
explained by the different origin of the HA resulting in various complexation properties. The

obtained LC for AHA at pH 8 agrees with that data reported by Seibert et al. [64].
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Fig. 6.8: lllustration of the Np(V) loading capacity (LC) of modified (M42-PB) and unmodi-
fied (M42) synthetic HA type M42 at pH 7.
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Comparing the LC values of the corresponding modified and unmodified HA at pH 7 and pH
8 it becomes obvious that modified HA AHA-PB and M42-PB have significantly lower LC
than the original, unmodified HA AHA and M42, respectively. Due to the modification of
phenolic/acidic OH groups (75 % M42 and 84 % AHA, see Tab. 3.2) the LC of HA M42 and
AHA at pH 7 decreases for 53 % and 35 %, respectively. The LC of AHA at pH 8 is reduced
for 65 %. These results point to a decrease of the mole fraction of HA binding sites for the
Np(V) complexation due to the blocking of phenolic/acidic OH groups. Thus, it can be con-
cluded that phenolic/acidic OH groups are involved into the interaction between HA and
Np(V) in the neutral and alkaline pH range. Comparable results were already found for the
uranium(VI) complexation at pH 4 with various HA at pH 4 [15]. Although the blocking of
phenolic/acidic OH groups decreases the number of HA complexing sites, the structural pa-
rameters of Np(V) humates are not changed due to the HA modification, which was found by
the EXAFS measurements described in chapter 6.1.

Varying the pH of the studied system from pH 7 to pH 8, the LC of HA AHA as well as of
AHA-PB increases as expected. However, the reduction of the LC due to the HA modification
(LCana — LCana-pg) is higher at pH 8 (65 %) than at pH 7 (35 %). That points to the fact that
the influence of phenolic OH and other acidic OH groups on the Np(V) complexation by HA
increases with increasing pH. This result can be attributed to a higher degree of deprotonated

phenolic/acidic OH groups at pH 8 than at pH 7.

7 Studies on the influence of humic acids on the migration behavior of

actinides

7.1 Effect of humic acid on the Th(IV) sorption onto quartz and quartz sand

The migration of tetravalent actinides in natural environments is influenced by several ob-
servable factors. Among these the sorption is one of the most important, which can be
strongly affected by HA. The influence of HA on the sorption behavior of tetravalent actindes
was exemplary studied for the Th(IV) sorption onto quartz and quartz sand.

The complexation of Th(IV) with humic substances [4,46,65-67] and the influence of humic
or fulvic acids on Th(IV) sorption onto various minerals (especially amorphous silica or he-
matite) [68-72] has been described in the literature. In the present work the influence of HA
on the Th(IV) sorption onto quartz and quartz sand was investigated by batch experiments in

the pH range between pH 3 and pH 7.5.
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7.1.1 Experimental

Materials

For the sorption experiments commercially available fine-grained quartz (100 % SiO,,
63-200 um) was applied (Merck). It was used without any pre-treatment. In addition to that
we studied the Th(IV) sorption onto quartz sand (100-300 pum) of marine origin (Heerlen,
Netherlands). Prior to its use the sand was washed with Milli-Q-water to remove soluble ca-
tions such as Na and K. Then it was annealed by 700 °C for 4 hours. After purification, the
chemical composition of the sand was 0.3 % of Al, 0.02 % Ti, 0.02 % Fe, possibly illite,
TiO,, iron oxides, respectively, and 99.66 % SiO,. In order to determine the fate of HA, He-
labeled synthetic HA type M42, charge M170 (cf. chapter 3.1) was used. For the preparation
of the stock solutions (40 and 120 mg/L) HA was weighed, diluted with 0.1 M NaOH and
filled to the required volume with 0.1 M NaClO4 (pH 7). A Th(IV) stock solution of 5-10°M
22Th in 0.1M HCIO, was prepared.

Sorption experiments

The sorption experiments were performed under inert gas conditions (N;). 50 mg of mineral
were weighed into 15 mL polypropylene (PP) centrifuge tubes (Nalgene). Then, SmL 0.1 M
NaClO4 (pH 2.8) were added to the Merck-quartz. The samples were stirred for 30 minutes to
remove adsorbed CO, from the mineral surface. Then, the pH values of the samples were ad-
justed between pH 3 and pH 7 by addition of HClIO4 or NaOH. For pre-equilibration the sam-
ples were continuously shaken and the pH values were controlled and readjusted over a period
of 4 weeks. After pre-equilibration 5 mL 0.1 M NaClO4 solution (pH 7) and 20 pL Th(IV)
stock solution were added to the quartz suspension for the investigation of Th(IV) sorption
onto Merck-quartz. The final concentration of Th(IV) in the solution was 1.2.10® M. To de-
termine the HA sorption onto quartz, 5 mL HA stock solution and 20 pL 0.1 M NaClO4 solu-
tion (pH 7) were added to the quartz suspension. The final concentration of HA in the solution
was 20 or 60 mg/L. For the investigation of the Th(IV) sorption onto Merck-quartz in the
presence of HA, 5.02 mL pre-equilibrated Th(IV)-HA solution (equilibration time: 24 hours)
of three different pH values (3.5, 5.0, 6.5) were added. The final concentrations of Th(IV) and
HA in the solution were 1.2:10"® M and 20 mg/L, respectively. After addition of Th(IV), HA
or Th(IV)/HA solutions, the pH values were readjusted immediately and after 1 day of contact

time, if necessary. The samples were shaken for 4 days to reach the equilibration. After shak-
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ing and short sedimentation of mineral particles, the supernatants of single samples were fil-
tered using Minisart N membranes (Sartorius) with a pore size of 450 nm. Prior to filtering,
the filters were rinsed with 1 mL of sample solution. The filtrates were analyzed for the final
Th(IV) and HA concentration. The Th(IV) concentration in solution was determined by ICP-
MS (Inductive Coupled Plasma-Mass Spectrometry, Mod. ELAN 500, Perkin Elmer) and the
HA concentration in solution was measured by liquid scintillation counting (LSC, Beckman
Instruments). Prior to the determination of the Th(IV) concentrations in the samples contain-
ing HA, HA was removed by digestion in a microwave in order to avoid any disturbing ef-
fects during ICP-MS measurements. The end pH values of the samples were determined in
the remaining unfiltered solutions. Finally, the Th(IV) sorption onto vial walls was investi-
gated. The vials were washed with water and dried. Then, 7 mL 1 M HNO; were added and
the vials were shaken for 2 days. The Th(IV) concentration in the solutions was determined
by ICP-MS. The amount of Th adsorbed on the mineral surface was calculated as the differ-
ence between the initial Th(IV) concentration (1.2:10® M) and the sum of the amounts of
Th(IV) remaining in solution and Th adsorbed onto the vial walls. The same experiments
were performed applying quartz sand as mineral phase.

In the experiments studying the Th(IV) sorption in the presence of HA, the solution of Th(IV)
and HA was pre-equilibrated. After adding Th(IV) to HA solution, the pH was adjusted to
3.5, 5.0, and 6.5, respectively, and the solutions were equilibrated for 24 hours. To be sure,
that there is no loss of Th(IV) due to colloid formation, the Th(IV) concentration in the solu-
tion of Th(IV) and HA was followed during the reaction time. It was found that the Th(IV)
concentration in the solutions did not change.

In order to estimate the degree of Th(IV) sorption on filter materials, one series of direct
measurements of Th(IV) in non-filtered supernatants was performed The results were com-
pared with those from experiments with filtration. It could be shown that there was no signifi-
cant difference between the concentration determined from the supernatant and the 450 nm

filtrate in the pH range between pH 4.5 and pH 7.5.
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7.1.2 Results and discussion

Th(IV) Sorption onto vial walls

Figure 7.1 shows the sorption of Th(IV) onto the walls of the PP vials in the absence and
presence of HA. Depending on the pH, significant sorption of Th(IV) on PP tubes was ob-
served for all experiments, The amount of Th(IV) sorbed onto the vial walls in the absence of
HA increases with increasing pH to a maximum of 75 % at pH 7. From that it can be con-
cluded that the Th(IV) sorption on the PP tubes competes with sorption on Merck-quartz. The
presence of HA influences Th(IV) sorption on the walls. In comparison to the experiments
without HA the percentage of Th(IV) sorbed onto the vial walls decreases to 15 %. The sorp-
tion of Th(IV) onto the walls is also influenced by the solid/solution ratio. An increase of the
amount of Merck-quartz to 500 mg causes a decrease of the Th(IV) vial wall sorption of about
20 % in the acidic and about 10 % in the alkaline pH range, respectively. In the case of quartz

sand comparable results were observed.
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Fig. 7.1: Th(IV) sorption onto vial walls in the absence and presence of 20 mg/L HA.

HA sorption on Merck-quartz and quartz sand

Quartz sand has similar sorption properties as Merck-quartz. The observed sorption behavior
of HA was almost the same for both of these materials (Fig.7.2). The sorption of HA on these
minerals depends on pH. The HA sorption decreases with increasing pH value. The results

show that about 80 % of HA are sorbed onto quartz at pH 3. However, there is a possibility
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that a part of HA is precipitated at pH 3. There could be an overlapping of both processes, HA
sorption and precipitation. At pH values > pH 6 no HA adsorption was detected. These results
correspond to the properties of quartz and HA in solution. Quartz has a low point of zero
charge (PZC: 2.0 [73]), which results in predominantly negatively charged surface species
(>Si0) in the pH range studied. At pH values > pH 6 carboxyl groups of HA are deproto-
nated, resulting in a negative charge of the HA. Due to electrostatic repulsion no HA is sorbed
onto the negatively charged surface of quartz, which explains the observed sorption behavior.
These results were confirmed in the experiments with higher concentration of HA (60 mg/L).
The course of the sorption curve is identical. The sorption of HA decreases faster because of

its higher concentration.
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Fig. 7.2: HA uptake by Merck-quartz and quartz sand ((HA]} = 20 mg/L).

Th sorption on Merck-quartz and quartz sand

The Th(IV) sorption onto Merck-quartz and natural quartz sand in the presence of HA was
compared with the experiments performed under identical conditions, but in the absence of
HA. In Fig. 7.3 the observed pH dependent Th(IV) uptake onto Merck-quartz in the absence
and presence of synthetic HA HA type ['*C]M42 is shown. Figure 7.4 shows the sorption of
Th(IV) onto quartz sand. The Th(IV) sorption onto Merck-quartz and also onto quartz sand is
affected by the presence of HA. In the case of Merck-quartz the sorption curve can be divided
into two parts. Between pH 4 and pH 4.5 the Th(IV) sorption in the presence of HA is slightly

higher than in the HA free system. This small enhancement could be a result of the overcom-
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pensation of the number of mineral binding sites blocked by sorbed HA. Additional binding
sites for Th(IV) ions thus stem from HA itself. The Th(IV) uptake onto quartz in the presence
of HA decreases with increasing pH value. This could be caused by the progressive desorp-
tion of HA from the quartz surface, leading to the complexation of Th(IV) in solution. Be-
tween pH 4.5 and pH 7.5 the Th(IV) sorption in the system without HA is low due to the high
Th(IV) sorption onto the vial walls mentioned above which competes with the Th(IV) sorp-
tion on the quartz surface. Contrary to expectations, the Th(IV) sorption in the binary system
is lower than in the system with HA. This can also be explained by the high wall sorption of
Th(IV) in the absence of HA. Therefore, conclusions concerning the influence of HA on the

Th(IV) sorption onto quartz at pH values > pH 4.5 are not possible.
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Fig. 7.3: Th(IV) uptake by Merck-quartz in the absence and presence of HA
([Th*1=1.2-10°M, [HA] =20 mg/L).

The sorption behavior of Th(IV) onto quartz sand in the presence of HA is comparable to that
on Merck-quartz. However, in absence of HA, between pH 4 and 5.5, the sorption of Th(IV)
onto quartz sand is significantly different compared to that on Merck-quartz in the same pH
range (cf. Fig. 7.3). In this range a higher Th(IV) sorption onto quartz sand in the absence of
HA was observed. There is one difference between these two investigated solids. Both mate-
rials differ in trace amounts of Fe, Al, Ti in form of oxides. So it seems probable, that these
minor components occurring in quartz sand contribute to an enhanced Th(IV) uptake by form-
ing additional binding sites. In contrast to that, the presence of HA slightly reduces the Th(IV)

sorption onto quartz sand. The amount of Th(IV) sorbed onto quartz sand in the presence of
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HA decreases with increasing pH value (pH 4 — pH 5). These observations can be due to the
higher amount of dissolved HA in solution and the formation of Th(IV)-humate complexes. In
the alkaline pH range the sorption of Th(IV) in the absence of HA is weak due to the high
wall adsorption of Th(IV). Thus, it is not comparable with the sorption in the presence of HA.
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Fig. 7.4: Th(IV) uptake by quartz sand in the absence and presence of HA
([Th(IV)] = 1.2:10"* M, [HA] = 20 mg/L).

Th(IV) and HA type [*C]M42 show a pH-dependent sorption behavior onto Merck-quartz
and natural quartz sand. The sorption of Th(IV) is slightly affected by HA. The influence of
HA on the Th(IV) sorption depends on the pH and the mineral phase.

7.2  Neptunium(V) sorption onto granite in the absence and presence of humic acid

In Germany, besides salt formations also granitic subsurface environments are taken into ac-
count as potential host formations for the geological disposal of radioactive waste [74]. For
this study, granite from Eibenstock was chosen which determines as geologic formation a
large area of the former uranium mining areas in the Western Erzgebirge in Saxony, Ger-
many. It was already applied for uranium(VI) sorption studies [75]. Granite is mainly com-
posed of the minerals quartz, orthoclase, biotite, albite, and muscovite.

In this work, the sorption of Np(V) onto granite and its main mineral constituents is studied

under anaerobic conditions at an ionic strength of 0.1 M as a function of pH in a series of
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batch equilibrium experiments. Furthermore, the effect of HA on the Np sorption is studied in
order to determine whether humic material is likely to significantly influence Np sorption on

granite.

7.2.1 Experimental

Materials

The rock material granite, collected in the region Eibenstock (Germany), is composed of 45
vol.% quartz (SiOz), 35 vol.% orthoclase (KAISi;Og), 7.5 vol.% biotite
(K(Mg,Fe2+,Mn)3[(OH,F)z/(Al,Fe3+)S13010]), 7.5 vol.% albite (NaAlSi;Os), 4 vol.% musco-
vite (KAL[(OH,F),/AlSiz0;0), and 1 vol.% opaque minerals. The 63 to 200 pm grain size
fractions of the solids were applied for sorption experiments. The Np(V) stock solutions were
obtained by dissolving solid 2’NpO,NOj; in 0.1 M HNOs. As HA the '“C-labeled synthetic
HA type M42 (batch M170, chapter 3.1) was used for the experiments.

Sorption experiments

For sample preparation, all solutions were prepared with CO,-free water in a nitrogen atmos-
phere glovebox. 5 mL of a 0.1 M NaClO, solution (pH 2.8) were added to 50 mg of the geo-
material in 15 mL vials (PP, Nalgene). The samples were stirred for 30 min to remove ad-
sorbed CO; from the mineral surface. After that, the desired pH value (pH 4 to pH 11) was
adjusted by addition of diluted HCIO4 or carbonate-free NaOH. During pre-equilibration of
the samples (about 4 weeks), the samples were shaken continuously and the pH values were
readjusted until they were stable. The sorption experiments in the absence and presence of
HA were started by adding 5 mL 0.1 M NaClO4 solution (pH about 7) and 5 mL HA stock
solution ("*C-M42, 0.1 M NaClOy), respectively, and about 80 L of the Np(V) stock solution
simultaneously to the preconditioned minerals. The Np(V) stock solutions were prepared prior
to each sorption step by separating **Pa from **’Np using Dowex-50. The oxidation state of
the Np in the stock solutions was spectroscopically confirmed to be pentavalent. The final Np
and HA concentration in the sample solutions was 1.3x10°° M and 27 mg/L, respectively. The
solid solution ratio was 50 mg/10 mL. The pH was readjusted immediately after addition of
the stock solutions. Then, the samples were shaken at room temperature for about 160 hours

during which the Np and HA sorption onto the solids reached equilibrium. After centrifuga-
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tion of the samples (3500 rpm, 15 min), the equilibrium pH values were recorded. Subse-
quently, the supernatant was filtered (450 nm, Minisart RC 15, Sartorius). Prior to filtering,
the filters were rinsed with 1 mL of the sample solutions.

In the filtrates the final Np and HA concentration was determined by liquid scintillation
counting (Beckman Instruments) using o/B-discrimination. For this, 1 mL of the filtrate was
mixed with 5 mL of a Ultima Gold scintillation cocktail. The amount of Np and HA adsorbed
to the mineral surface was calculated as the difference between the initial Np and HA concen-

trations and the final Np and HA concentrations in the 450 nm filtrates.

7.2.2 Results and discussion

The Np sorption in the absence of HA and the Np and HA sorption in experiments performed
in the presence of HA is shown for granite and its mineral constituents muscovite, orthoclase,
albite, quartz, and biotite in Fig. 7.5.

The sorption experiments, carried out in the absence of HA, show that the Np sorption starts
between pH 7 and pH 8 and increases with increasing pH value.

For the sorption experiments performed in the presence of HA the following results were ob-
tained. As expected, the HA sorption decreases with increasing pH value. The reason for the
sudden increase of the HA sorption onto biotite between pH 9.2 and pH 11 is not known.
Compared to the Np sorption in the absence of HA, the Np sorption onto granite is decreased
by HA between pH 7 and pH 11. The Np sorption onto muscovite and orthoclase is somewhat
increased by HA between pH 6 and pH 9 and at higher pH values relatively strongly de-
creased. The Np sorption onto albite and quartz is not changed by HA up to pH 10 and pH 9,
respectively. At higher pH values it is again relatively strongly decreased. In case of biotite,

the Np sorption is decreased by HA between pH 7 and pH 11, as was found also for granite.
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Fig. 7.5: Np and HA uptake by (a) granite, (b) muscovite, (c) orthoclase, (d) albite, (¢) quartz,
and (f) biotite ((NpO,'] = 1.3x10° M; [HA] =27 mg/L; 1 =0.1 M NaClOg4; CO,-free).

The Np speciation for the experimental conditions applied in this study is shown in Fig. 7.6. It
was calculated with the geochemical computer code EQ3/6 [12] applying the Np(V) hydroly-

sis constants compiled in the NEA data base [61], the neptunyl humate complexation constant
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log B = 3.6 and the pH function of the loading capacity (LC) with LC = -0.589 + 0.101 - pH
(cf. Fig. 8.1 in chapter 8). The results show that the free neptunyl ion predominates the Np
speciation in aqueous solution. The Np(V) hydrolysis species in solution (NpO2OH,g) is in-
creasingly formed between pH 9.5 and pH 11. In the presence of HA, NpO,HA(]) is formed
between pH 6 and pH 11 with a maximum of 13.6 % at about pH 10.5. For the pH region
higher than 9, the formation of the mixed complex [NpO (OH)HA]con is suggested by
Marquardt et al. [63]. Presently, this complex cannot be quantified thermodynamically, how-
ever, this complex would explain the strong reduction of the Np sorption by HA at pH values

higher than 9 and 10, respectively.
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Fig. 7.6: Np speciation in solution
([NpO,'] = 1.3x10° M; [HA] =27 mg/L; I = 0.1 M NaClOg4; CO,-free).

The results in Fig. 7.5 have shown, that both granite and biotite show a strong Np sorption in
the alkaline pH region. Furthermore, compared to the Np sorption experiments in the absence
of HA, the reduction of the Np sorption by HA between pH 7 and pH 11 is similar for both
materials. From this, it is concluded that biotite is the dominating mineral phase in the rock
material granite for the Np sorption.

Mdssbauer spectroscopic measurements have shown that in un-weathered biotite 84.5 % of
Ferotal occur as Fe(Il) [76]. This Fe(II) occurring in biotite and thus, also in granite could pos-
sibly lead to a reduction of Np(V) to Np(IV). For magnetite it was found by Nakata et al. [77]
that Np(V) is reduced to Np(IV) by Fe(Il) on the surface of magnetite but not by Fe(Il) ions
released from magnetite into solution. Such a reduction of Np(V) to Np(IV) on the mineral
surface would lead to an increase of the Np sorption. However, for Np sorption experiments

in the presence of HA it was found by Zeh et al. [78] that especially the combination of Fe(Il)
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and HA could lead to a reduction of Np(V) to Np(IV). Compared to Np(V), Np(IV) is gener-
ally stronger complexed by HA due to its higher charge [79]. Thus, the Np sorption onto gran-
ite and biotite would be reduced compared to experiments without HA. The oxidation state of
Np in the supernatant solutions of the sorption samples without and with HA was checked by

liquid-liquid extraction using TTA. So far, no Np(IV) could be detected in solution.

7.3  Study of the influence of humic acids on the migration of uranium(IV)/(VI) in

quartz sand

The influence of HA on the migration of actinides in the environment can be studied in labo-
ratory column experiments. Column experiments with natural sand and groundwater systems
rich in humic substances demonstrated that a certain fraction of the load actinides (e.g., U(VI)
[80], Am(III) [81] and Np(IV)/(V) [82]) migrate humic colloid-borne as fast as the groundwa-
ter flow. This colloid-borne migration is controlled by kinetic processes.

The present study focuses on the influence of HA on the migration of U(VI) and U(IV) in a
quartz sand system at a laboratory scale. The migration of U(VI) was studied in the presence
and absence of HA. In addition to that, the HA migration under the applied experimental con-
ditions was described. In order to characterize the migration behavior of U under reducing

conditions we studied the migration of the redox couple UIV)/(VI) in the presence of HA.

7.3.1 Experimental

Experimental set-up

Migration experiments were performed in a glove box under nitrogen atmosphere. The ex-
perimental set-up is shown in Fig. 7.7.

Columns 250 mm in length and 50 mm in diameter, tightly packed with quartz sand were
used. A marine fine sand, Gaussian distributed in particle size, with a mean grain diameter of
153 pm from Heerlen, Netherlands, was chosen for its chemical purity (see chapter 7.1.1).
Prior to use the quartz sand was washed with Milli-Q water and annealed for 6 hours at 700
°C. After packing, the sand columns were equilibrated with degassed NaClOj4 solution (0.1 M,
pH 7.5) over a period of 3 weeks.
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Fig. 7.7: Set-up of the column experiments.

All experiments were carried out at room temperature under absence of light, applying de-
gassed solutions. Continuous pulse injection was applied. The tracer impulse was followed by
a multiple elution of the column with 0.1 M NaClO4 (pH 7.5). For the determination of the
hydraulic and transport parameters of the columns, tritiated water (HTO) was used as conser-
vative tracer. Each experimental problem was studied in a separate column in order to avoid
mutual interferences. The transport parameters and the experimental conditions for all ex-

periments are listed in Tab. 7.1. It shows a good reproducibility of the column packing.

Tab. 7.1: Experimental conditions and transport parameters of the column experiments.

Exp. | Impulse HA U Darcy velocity p(ﬁ'te.:ficotll:;e ?;Z?EZ?:::
(mL) (mg/L) (mol/L) (m/s) (mL) (m%/s)
1 660 49.9 - 3.3:10° 181 5.5:107
2 716 50.3 - 4.4-10° 181 5.5-10°
3 690 - 1.1-107 3.4:10° 181 6.0-10°
4 457 49.9 1.0-107 3.3-10° 178 6.1:10°
5 462 50.0 1.0-10° 3.6:10° 173 5.0-10”

Humic acid migration

The HA migration in the quartz sand system in the presence and absence of U was studied
applying synthetic HA type M42 (cf. chapter 3.1). It shows functional and structural proper-
ties that are comparable to natural HA. In addition to that, synthetic HA type M42 exhibits a
U(VI) complexation behavior that is comparable to natural HA [83]. In order to perform a
very precise HA detection in environmentally relevant concentrations we spiked the HA solu-

tions with '*C-labeled synthetic HA type M42 (batch M170, 2.38 MBq/g, cf. chapter 3.1).
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For the study of the HA migration in the absence of U (experiments 1 and 2), HA solutions
with a concentration of 50 mg/L (specific activity: 70 kBq/L) were prepared by dissolving
unlabeled and "“C-labeled synthetic HA type M42 in 0.1 M NaClOy solution. The pH values
of these solution were adjusted to pH 7.5 using dilute HC1O4 and NaOH solution.

Uranium(V1) migration in absence and presence of humic acid

The U(VI) migration in the absence of HA (experiment 3) was studied applying a 1.1:10° M
UO,(Cl104); (0.1 M NaClOy, pH 7.5) solution.

An acidic UO5(ClO4), solution was added to a '*C-labeled HA solution in order to determine
the U(VI) migration in the presence of HA (experiment 4). The final uranyl humate solution
with a HA concentration of 50 mg/L (1*C: 70 kBg/L) and an U concentration of 1.0-10° M
(0.1 M NaClOQ,) was spiked with 40 kBg/L 2**U containing traces of >**U. Before the injection

into the column this solution was equilibrated for 98 hours.

Uranium(1V) migration in presence of HA
For the study of the U(IV) migration in the presence of HA (experiment 5), the U(IV) was

234U) nitrate solution. The absence

prepared by electrochemical reduction of an acidic uranyl (
of U(V]) in the U(IV) stock solution was confirmed by time-resolved laser-induced fluores-
cence spectroscopy. For experiment 5, the acidic 2**U(IV) solution was added to a “C-labeled
HA solution. The final concentrations of the uranium humate solution (0.1 M NaClO,, pH
7.5) amounted to 50 mg/L HA (**C: 70 kBg/L) and 1.0-10° M #**U (60 kBg/L). This solution
was equilibrated for 2 hours prior to start of the experiment.

In order to differentiate between U(IV) and U(VI) redox speciation was determined by liquid-
liquid extraction using TTA (thenoyltrifluoracetone; Fluka, ) [84]. The extraction yield was

found to be 90 %. The standard deviation amounts to 5 %.

Measurement of breakthrough curves

Breakthrough curves of HTO, HA and U were measured by fraction analysis using liquid
scintillation counting (LSC, Beckman Instruments) for HTO, 14C and 2*U, and ICP-MS for
28J. The LSC spectra were deconvoluted to determine the activity contribution of **U

daughter nuclides.
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Analysis of the solids

After the end of column experiments 4 and 5 samples of the filling materials were taken at
distances of about 10 mm, 125 mm, and 240 mm from the inlet. 3 g of the sample material
were shaken with 1 M NaOH and 1 HNOs, respectively, for three days in order to elute the
adsorbed amount of *C and ***U. The supernatant solutions were analyzed using LSC as de-

scribed above.

Data processing and evaluation

For depicting the breakthrough curves all effluent concentrations were normalized to the input
concentration ¢g of the tracer solution. The time axis (abscissa) is represented as the ratio of
effluent pore volume and effective pore volume, determined from HTO breakthrough. The
measured breakthrough curves were evaluated by means of the one-dimensional transport
equation [85]. Assuming steady-state flow in a homogeneous matrix, linear sorption, and a
first-order decay it may be written as

oc d%c éc
R—=D—-v——uc 7.1
ot "o ox " 7.1

where ¢ is the concentration, v is the average pore-water velocity, D is the hydrodynamic dis-
persion coefficient, p is a first order decay coefficient, Ry is the retardation factor, x is dis-
tance, and t is time. The retardation factor may be determined from the ratio of effluent pore

volume at tracer breakthrough (V) and the effective pore volume (Vp)

v
R, =— 7.2
N (72)
and is related to the empirical distribution coefficient Kp by
R, =1+ o (7.3)
£

where p is the bulk density of the porous medium and ¢ is the effective porosity. Retardation
factors exceeding unity indicate a retarded transport compared to a conservative tracer,
whereas values less than unity refer to an accelerated transport. The last term of the right hand
side of Eq. (7.1) is a sink term that describes the deposition flux of colloidal particles, also
referred to as filtration [86]. The parameter p may be interpreted as deposition rate coeffi-
cient.

The CXTFIT code [85] was utilized to estimate the parameters v, D, and p from the break

through curves using a nonlinear least-square optimization. The standard errors of the simul-
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taneously fitted parameters were derived from the sum of squared residuals between the ob-
served and the fitted concentrations.
The tracer recovery in the eluate Reae Was approximated by numerical integration of the

breakthrough curve applying the trapezoidal rule and normalization to the input quantity.

7.3.2 Results and discussion

Speciation of uranium

The interpretation of the experimental data requires detailed knowledge on the species distri-
bution. In a 10 M carbonate free U(VI) solution at pH 7.5 the dominating U(VI) species is
UO»(OH),(aq). In presence of HA about 90 % of U(VI) are complexed in form of a ternary
U(VI) humate complex (UO,(OH)HA(I)). At a redox potential of 50 mV the U speciation in
carbonate free 10 M U solution is dominated by 84 % of UO,(OH),(aq) as shown in Fig. 7.8.
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g —== UO,(OH),
= e T UO;
3 60 —Uuo/”
= |\ i ih UO,0H"
- 2
2
QO 40
£
=
c 204 ; T
E T N A S \\ .................
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Fig. 7.8: Speciation of uranium at a redox potential of 50 mV (Thermodynamic data taken
from [87]).

In addition, amounts of 11 % U(OH)4(aq) and 4 % UO,(OH);™ occur. No species calculations
in presence of HA are possible due to the lack of thermodynamic data for the UIV) HA com-
plexation.

In the studied system HA type M42 controls the redox potential. A redox potential of about
50 mV can be derived for the studied system.
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Humic acid migration in absence of uranium (Experiments 1 and 2)

Evaluating the HA breakthrough curves as shown in Fig. 7.9, the retardation factor Ry as well
as the eluate recovery on HA were determined (Tab. 7.2). The Ry values indicate an only
slightly retarded transport of the HA compared to HTO (R¢: 1). Thus, there are no significant
interactions between HA and the quartz sand surface, due to the negative charge of both spe-
cies at pH 7.5. Batch experiments confirm this result. The detected R¢ implies that there are no
grain size exclusion effects which would be reflected in R¢ values smaller than 1. The HA

recovery of about 0.9 points to irreversible immobilization processes, €.g., filtration effects.

The according filtration coefficient p in Eq. (7.1) amounts to (4.0 £ 0.2) - 1065

Fig. 7.9: Breakthrough curve of HA M42 in experiment 2. C: measured and Cy: initial con-

HA M42

pH7.5
0.1 M NaCIO,

8 10

centration; V: effluent volume; Vp: effective pore volume.

Tab. 7.2: Retardation factors, Rg, and eluate recoveries, Repate, Of the injected species.

Exp. Species R¢ Reluate
1 HA 1.02 £0.02 0.91 £0.01
2 HA 1.02+0.02 0.92+0.01
3 UvD) 2.09+0.10 0.43 + 0.02
4 HA 1.05 +0.02 0.85+£0.01
4 U(VD+HA 1.1910.02 0.80 £ 0.01
5 HA 1.04 £0.02 0.90+ 0.01
5 U(VI)+HA 1.11£0.02 0.90 + 0.06
5 U(IV)+HA 1.07 £0.02 0.66 £0.05
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Uranium(V1) migration in absence of HA (Experiment 3)

The U(VI) migration in absence of HA is characterized by a strong retardation which is re-
flected in the Ry value greater than | (cf. Tab. 7.2 and Fig. 7.10). The shape of the break-
through curve indicates kinetically controlled processes [85]. Especially the observed tailing
directs to a slow release of U(VI) from the quartz surface even after five eluted pore volumes.
The low U(VI) recovery can be caused by precipitation or sorption processes. At a 10° M
U(VI) concentration the solid phase schoepite (UO3 - 2H,0) is saturated. However, it is not

expected that this solid is formed during the residence time of U in the system.
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Fig. 7.10: Breakthrough curves of HA and U(VI) in experiments 3 and 4. C: measured and
Co: initial concentration; V: effluent volume; Vp: effective pore volume.

U(VI) migration in presence of HA (Experiment 4)

HA bound U(VI) exhibits a completely different breakthrough behavior which is depicted in
Figure 7.10. In presence of HA the U(VI) transport is accelerated and the U(VI) recovery is
increased. This behavior is attributed to the formation of soluble U(VI) humate complexes.
However, for both components, HA and U(VI), slightly different Ry values and recoveries
were detected (cf. Tab. 7.2). These effects are caused by association/dissociation processes in
the system HA-U(VI)-quartz. A certain part of U(VI) dissociates from the soluble humate
complex and adsorbs onto the quartz surface. Comparing differences in the recoveries of

U(VI) and HA one can conclude that about 5 % of U(VI) is irreversibly bound on the quartz
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surface. Considering the results reported by Artinger et al. [80], it can be assumed that these

processes are kinetically controlled.

Migration of the U(IV)/U(VI) couple in presence of HA (Experiment 5)

The distribution of U(IV) and U(V]) in the starting solution amounts to 8 % and 92 %, respec-
tively. This is comparable to the calculated redox species distribution at 50 mV mentioned
above. This redox speciation was stable over the duration of the experiment. Moreover, this

initial ratio of U(IV) and U(VI) was also found in the effluent solutions. This indicates that no

oxidation processes occur in the column.
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Fig. 7.11: Breakthrough curves of HA, U(IV), and U(VI) in experiment 5. C: measured and
Co: initial concentration; V: effluent volume; Vp: effective pore volume.

Figure 7.11 shows the breakthrough curves for HA, U(IV) and U(VI). Based on them R¢ val-
ues and eluate recoveries listed in Tab. 7.2 are derived. As with the case of U(IV), the associa-
tion/dissociation processes mentioned above control the transport behavior in presence of HA
(R¢> 1). Although U(IV) and U(VI) are characterized by different thermodynamic properties

[88] no significant differences in their R¢ values were observed under the applied experimen-

tal conditions.
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A comparison of the U balances in experiments 4 and 5 shows that a decreased total U con-
centration results in a slightly higher recovery. In experiment 5 the total recoveries of both,
U(VI) and HA, agree very well. This fact refers to a HA bound U(VI) transport.

In spite of the increased uncertainty of the extraction data, the U(IV) recovery is lower than
that of U(VI). This points to a stronger interaction of U(IV) with the quartz sand surface and
thus a more distinct immobilization. Nevertheless, there are strong indications that HA has a

mobilizing effect on the U(IV) transport in the investigated system due to its complexing abil-

ity.

Balances of the reactive tracers
In addition to the eluate recoveries the adsorbed amounts of the tracers are investigated. Fig-

ure 7.12 shows the spatial distribution of "C and **U within column 4 and 5.
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Fig. 7.12: Spatial distribution of '*C and ***U within column 4 and 5.

The amount of 2*U represents the total activity of U. U(IV) and U(VI) are not to be distin-
guished after contact with air and HNO; extraction. The curves suggest a close relation be-
tween both tracers with exception of the U concentration near the column inlet of experiment

4. Possibly this single measurement is not representative.
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Tab. 7.3: Balances of reactive tracers in experiment 4 and 5.

Recovery Experiment 4 Experiment 5

Humic acid (*C) | Uranium (**U) | Humic acid (*C) | Uranium (**U)
Reluate 0.85 % 0.01 0.80 £ 0.01 0.90 £ 0.01 0.82 £ 0.01
Rsolig 0.11 £ 0.003 0.06 £ 0.002 0.07 £ 0.002 0.15 £ 0.004
Riotal 0.96 + 0.01 0.86 £ 0.01 0.97 £ 0.01 0.97 £ 0.01

The total balance of the reactive tracers in experiment 4 and 5 are summarized in Tab. 7.3.
With exception of **U in experiment 4 the total recoveries are close to unity. Thus container
walls do not adsorb significant amounts of tracer. The balances support the conclusions drawn

from recoveries, in particular the close relation between the migration of HA and U.

From these experiments it can be concluded that HA affects the migration behavior of both
U(IV) and U(VI). In presence of HA U(VI) is significantly mobilized. A similar effect is sup-
posed for U(IV). Both U redox species exhibit a different migration behavior, in particular
reflected in their effluent balances.

The system under investigation represents a strong simplification of natural aquifers in view
of geology and solution composition. More complex compositions are typical in natural aqui-
fer systems. Strong reducing conditions can occur in deep groundwaters. There, the tetrava-
lent actinides become more important. However, the performed experiments are suitable in
order to identify sensitive relationships between actinides, HA and rock matrix and to estab-
lish more sophisticated concepts for understanding and modeling of complex migration proc-

€SSCs.

8 Integration of the Metal Ion Charge Neutralization Model into the

geochemical speciation code EQ3/6

There are many different models used to describe interactions between humics and actinides.
The most prominent ones can be categorized into two major groups. They differ in their ap-

proaches to describe the binding places at the humics molecule:

A) Discrete binding places
- Metal Ion Charge Neutralization [11]
- Model VI [89]
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- Polyelectrolyte Model [90]

B) Continuous distribution function(s)
- NICA-Donnan model [91]
- CONICA model [92]

During this project, the metal ion charge neutralization (MICN) model was favoured due to its
relative simplicity and the few parameters required. Moreover, there is ample experience and

experimental data records available for this model in the project team.

One essential parameters required by the model is the proton exchange capacity (PEC). A
normalization to multiple charged metal ions then gives a metal-specific total of the available
binding sites. The next parameter, the loading capacity (LC) describes that part of the binding
sites actually accessible for ligands (again normalized to the charge of the ligand). LC is a

phenomenological parameter and thus a function of pH, ionic strength, ligand and others.

One of the tasks of the project was the embedding of the MICN into an existing geochemical
speciation code. This should allow for a fast and easy computation of complex speciation pat-
terns in real systems. Relying on an already established software ensures that algorithms and
implementation is counter-checked, thus computations are reproducible and reliable. Fur-
thermore, such software can take advantage from comprehensive pre-compiled standard data-
bases. The software of choice was the EQ3/6 [12] geochemical speciation package well suited
for thermodynamic and kinetic modeling of complex and heterogeneous systems. It was de-
veloped by Thomas J. Wolery from the Lawrence Livermore National Laboratory. All follow-
ing work was based on the code version 7.2b of August 18, 1995. EQ3/6 is able to handle all
reactions in aqueous solution, including redox reactions, it considers precipitation and disso-
lution of pure mineral phases and solid solutions, and has also kinetic modules to compute
reaction paths. EQ3/6 is programmed in FORTRAN 77 (ANS]I), there are both UNIX and PC
versions, and an exhaustive manual is provided. Very important is the certification by the U.S.

DoE as part of the Yucca Mountain Project. Several databases are included in the package.

But so far the EQ3/6 software does not consider any humics-metal interactions, despite that
such interaction can not be neglected in many natural systems. Therefore, the MICN approach

has been integrated into EQ3/6. This required changes in Fortran code of the modules for the
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data input, the addition of the computation of LC as f(pH) and the determination of the metal
complex concentration. The program was compiled both as UNIX version (f77 compiler) and
MS Windows NT version (Lahey LF 90 compiler). A major goal of the development was to
reach a flexible solution with minimum impact on the existing input file and database struc-
ture. So unused options in the EQ3/6 input files now trigger functions such as the mode of the
humics hydrolysis (see below), or the type of the pH function of LC. The data input process-
ing is performed in a separate shell script module, allowing for the computation of LC as a
function of pH or ionic strength and of the metal-specific concentration of available binding
sites at the humic matter. These scripts enable semi-automatic parameter scans substantially

increasing computation speed.

Humics species were included into the EQ3/6 thermodynamic database by defining pseudo-
species based on fictitious elements because the very nature of humics prevents an exact stoi-
chiometry and formation reaction based on simpler organic molecules. The humics species set
exists twice: one version is based on a formally uncharged humics molecule Hx(aq), the other
one (HhH;) considers two deprotonation steps. An input option allows the switch between
these two alternative formulations. Examples for the two alternative (and mutually exclusive)
formulations are given below:

a) reactions for humic acids without protolysis (standard)

- Dbasis species Hx(aq) (formally uncharged)

- reactants UO2Hx++, UHx++++, UO2HXOH+, NpO2Hx+, ..

b) reactions for humic acids including protolysis
- basis species HhH2(aq) (formally uncharged)
- reactants Hh-, Hh--, UO2HH, ...

Using input option switches certain species can be blocked or the log B of their formation

reaction can be modified, independent form the standard database used.

A verification of the changed EQ3/6 version was done through speciation modeling of the
systems U(VI)-HA and Np(V)-HA. In a first step published LC values for the HA-actinide
system were fitted to a linear function as the simplest possible approach. Figure 8.1 shows the

results for Np(V).

63



® LC(NpO,")
0 50_‘ Lineare Regression von LC = f(pH) [T i ]
: LC =-0.589 + 0.101 * pH
0.45- (R=0.867) h
o0 7 95% Konfidenzbereich >
- 0.35 pH LC
o 6 0.068
o 03047 0.099
S o025 |8 0.149
< 9 0.305
O o020|7 0.13
8 0.15
0.15+ |5 0.22
0.10 4 9 0.43
0.05-
0.00 T
5

Fig. 8.1: Loading capacity LC(NpO,") as function of pH.

Then the obtained pH-LC relationship was used to compute the actinide speciation pattern as
given in Fig. 8.2, again for Np(V). The experimental conditions are as follows: 100 mg/L. HA,
2:10° M NpO,", 0.1 M NaClOy, in air, log B = 3.6 for the formation of the complex.
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Fig. 8.2: Speciation of NpO," with HA as function of pH with uncertain LC values.

Similar results for U(VI]) lead to the conclusions that a) the thermodynamic data sets for the
interactions between actinides and HA are sparse and scattered, and b) LC as function of pH

is not well defined, certainly caused by its very nature of being an empirical correction factor
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subsuming many different effects. To obtain a more comprehensive picture of the situation a

development of a respective database has been initiated.

There is no easy way to do speciation scans on varying pH like it can be done by members of
the PHREEQE or MINEQL code families, not to talk from scans over varying Eh or the con-
centration of some components. To overcome this limitation at least partially, some tools have
been written to allow such scans by automatically starting a sequence of EQ3NR runs with
appropriately updated input files, or by analyzing and drastically shortening of the huge out-

put from an EQ6 "titration" run. All these scripts can be found on the internet, the URL is:
http://www.fz_rossendorf.de/FWRNB/EQ36/eq36.shtml

There is also a collection of tips and remarks for using EQ3/6 made available at:
http://www.fz_rossendorf.de/FWR/VB/EQ36/eq36_notes.shtml

Future research will focus on the separation of effects determining the LC value (namely pro-
tolysis reactions and aqueous metal ion speciation). It is also worth to investigate how to nor-

malize properly the humic concentration with regard to the differently charged metal cations.

9 Development of a database for the application of the Metal Ion
Charge Neutralization Model

Analyzing the data situation with regard to the Metal lon Charge Neutralization Model
(MICN) [11] it became clear that the data quality is very heterogeneous, values from different
research groups are difficult to compare. For real complex natural systems a consistent data-
base can hardly be compiled. The best solution would be to re-assess all existing experimental
raw data for metal complexation with HA and process them consistently with respect to the
MICN approach. However, due to limited resources a more realistic first step was to set-up
(for the first time) a database covering all so far published reaction constants for the MICN
model including the reported experimental conditions and data processing details. Such a da-
tabase then provides an overview concerning investigated HA types, ligands, parameter

ranges (concentration of reaction partners, ionic strength, pH, Eh, ...). The most critical gaps
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can be identified and the data quality can be assessed more easily. At a later stage, also the

automatic supply of data for speciation and reactive transport codes is possible.

Fig. 9.1: Start menu of the humics complexation database DHC.

The “Database for Humics Complexation - DHC” is designed as a Relational Data Base Sys-
tem (RDBS), see Fig. 9.1 for the start menu. All information is structured into logical sub-
units, stored into separate tables which are logically connected by the RDBS. This ensures
that every piece of information is only stored once. Other benefits are high efficiency with
regard to storage capacity and access time, and internal consistency. In Fig. 9.2, a sketch of
the major tables, their data elements, and their mutual relationships is given. The modular

design also eases later extensions.
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Fig. 9.2: Tables and their internal relations for the DHC RDBS.

The database is implemented in Microsoft Access on PC, providing an integrated graphical
development system together with the RDBS. Data records can be displayed as tables, in
forms or reports. Possible data types are: numeric, logic, text, binary object. Queries to the
database can be performed with the standardized Structured Query Language (SQL), opening
the opportunity to access external, additional databases, e.g. about spectroscopic data. Via
SQL future versions of the DHC database can also be queried by web browsers. The pro-
gramming of the database functionality can be enhanced by means of the Visual Basic for

Application (VBA) programming language.

In general, all parameters recorded in the database are traced back to the original publication,
including as many experimental details as possible to permit an evaluation of the data items.
All internal relationships of complex data sets are stored, assuring a maximum of trans-
parency and enabling the selection of internally consistent parameter sets. As an example, the
input mask for the table containing complex formation constants is given in Fig. 9.3. Internal
consistency means, that a complete data set for a HA and several aqueous complexing ligands

(ions) is based upon the same values for the HA proton exchange capacity. In a strict sense,
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even the pertinent aqueous speciation pattern in equilibrium with the surface complexes at the
experimental conditions should be recorded, which is at the moment not implemented. For
any value the experimental method used to derive this value is stored, together with the re-
spective ionic strength and background media, as well as any other information necessary to
evaluate the data or to calculate other derivative values. If published, uncertainty limits for

numerical data are included. This is a prerequisite for sensitivity and uncertainty analysis.
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Fig. 9.3: Input mask in DHC for the loading capacity and complex formation data.

Instead of just being a (printed) collection of humics-meta complexation data, the approach
presented here with a computer-based relational database opens additional opportunities of

data processing by potential users via a graphical user interface.

In addition to such “hard” experimental results and parameters, an extensive bibliography is
provided too. Every stored data item is linked to both original citations and secondary litera-

ture references. The references can also comprise model evaluations with respect to theoreti-

68



cal limitations, thermodynamic consistency and parameter sensitivity. Moreover, they cover
questions of experimental design and interpretation of results from complexation experiments,
or experimental methods used for such investigations with their associated error ranges and

application areas.

The data records (each identified by a unique number) contain information about:

. Publication: abbreviation for citation, list of authors, year, title, pages, copy storage,
type of publication, name of journal or book, volume, ISBN Number (if relevant),
publisher, town, editor;

. Humic Acids: name, supplier (company or institute), properties, preparation;

. PEC: literature reference, citation, HA type, PEC value with associated error, experi-
mental method, experimental conditions;

. Ligands: constituting elements, stoichiometry, charge, radius, redox state, molar mass;

. Method: name, abbreviation, check boxes for whether it can be applied to obtain val-
ues of PEC , LC or log B or if it is used for species identification / spectroscopic evi-
dence;

. Reaction: literature reference, citation, HA type, ligand type, complex species, reac-
tion equation, reference to PEC, LC with associated error, log p with associated error,
pH, ionic strength, concentration of HA, background electrolyte type and concentra-

tion.

Besides, all major tables have a comment field, store the internal data record revision state,

and keep the date and user name of the last editing.

The user interface allows several types of queries in addition to a mere scanning of the data-
base content. Users can easily extract specific data sets, e.g. all records relevant for the com-
bination of a specific HA and a specific ligand. They can also search for publications. Once a
data set has been generated based on queries, it can be shown on the screen or printed out as a

nicely formatted report. The results can also be exported into MS Excel spreadsheets for fur-

ther processing.

As of November 2003, the DHC database covers 12 different types of HA, contains 20 data
records for PEC and 81 complex formation constants with LC values. The data originate both

from published papers and from research performed within the project.
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The next step in the development of DHC will be the integration of an online manual. Based
on a continuous extension and editing of the data content a systematic screening and data
mining will help to reveal correlations and empirical internal dependencies of data. Provided
enough resources can be allocated to the database, also the inclusion of the original experi-

mental raw data is anticipated.

10 Summary and conclusions

In order to improve the knowledge on the interaction behavior of HA with metal ions HA
model substances with specific functional properties were already developed at the Institute of
Radiochemistry of the Forschungszentrum Rossendorf. Within this project a new batch of
synthetic HA type M42 was synthesized and characterized. It was made available to all pro-
ject partners thus enabling comparative model investigations. In addition to that, "C-labeled
synthetic HA type M42 was synthesized. This radio-labeled HA model substance facilitates
the precise determination of the fate of HA in sorption and migration experiments under envi-
ronmentally relevant conditions.

From our former studies it is known that defined chemically modified HA are of great value
for the study of the influence of specific HA functionalities on the interaction behavior of HA.
In the present project a verified method for the synthesis of HA with blocked phenolic OH
groups was optimized.

Within this project new HA model substances that are characterized by significantly more
pronounced Fe(III) redox capacities than Aldrich HA were developed based on the oxidation
of phenolic compounds. This synthetic HA help to improve the understanding of the effects of
HA on the oxidation state of actinides.

Applying original and chemically modified synthetic HA with pronounced redox functional-
ities in comparison to natural HA from Aldrich and synthetic HA type M42 detailed studies
on the redox properties of HA were performed. It was confirmed that HA phenolic/acidic OH
groups play a significant role for the redox behavior of HA. However, the results show that
there exist other processes than the single oxidation of phenolic OH groups and/or other HA

functional groups that are also contributing to the redox properties of the studied substances.

The redox stability of U(VI) humate complexes of HA with distinct redox functionality was
studied in comparison to Aldrich HA. Within these investigations the first direct spectro-

scopic proof for the reduction of U(VI) to U(IV) by the applied synthetic HA was succeeded.
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The qualitative results indicate that the HA-like synthetic products show higher U(VI) redox
capacities than Aldrich HA.

Structural and thermodynamical studies on the actinide complexation by HA applying syn-
thetic HA model substances and natural HA were performed. It was focused on the determi-
nation of structural parameters for the interaction of HA with actinides in lower oxidation
states (Pu(1ll), Th(IV), Np(IV) and Np(V)). The results indicate that the interaction between
the actinide ions and HA is dominated by HA carboxylate groups. These carboxylate groups
act predominantly as monodentate ligands.

Furthermore, we studied the influence of HA on the Np(V) complexation by HA in the neutral
pH range in order to improve the understanding on functional groups contributing to the metal
ion complexation by HA. The results obtained for Np(V) complexes with unmodified and
chemically modified HA with blocked phenolic/acidic OH groups show that the complex
formation is not influenced by phenolic/acidic OH groups with respect to the near-neighbor
surrounding of Np(V) in its humate complexes (coordination numbers and bond lengths) and
stability constants. However, the maximal available number of HA complexing sites de-

creases for HA with blocked phenolic groups.

Batch experiments were performed in order to determine the influence of HA on the Th(IV)
sorption onto quartz and the Np(V) sorption onto granite and its mineral constituents. The
influence of HA on the migration of U(IV)/(VI) in quartz was studied by means of column
experiments. All sorption and migration experiments were performed applying '‘C-labeled
synthetic HA type M42. It was found that Th(IV) and Np(V) show a pH dependent sorption
behavior onto the studied materials which is affected by HA. In the case of the Np(V) sorp-
tion onto granite a slight decrease in the neptunium sorption is observed at pH values greater
than pH 7 with addition of HA. Sorption studies with individual mineral components of gran-
ite show that biotite seems to be the mineral phase dominating the sorption in the studied sys-
tem.

Humic acid M42 exhibits a significant influence on the transport of U(IV) and U(VI). In case
of U(VI]) a clear mobilizing effect was observed. There are strong indications for a similar
influence of HA on the U(IV) transport. Both redox species of uranium differ slightly in their
migration behavior in presence of HA. This is mainly reflected in a disagreement of their total

recoveries.
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The reliable geochemical modeling of the actinide transport requires the integration of the
metal ion complexation with HA into existing geochemical speciation codes. Within this pro-
ject the metal ion charge neutralization model was successfully embedded into the EQ3/6
geochemical speciation package. In addition to that, a verification of the changed EQ3/6 ver-

sion was performed.

Before the present project no consistent data base on the HA metal ion complexation was
available. Therefore, it was initiated to develop a respective data base. During the project a
digital database was developed covering so far published HA complexation data based on the

metal ion charge neutralization model.

The results of these studies improve the knowledge on the interaction of HA with actinides
under aerobic and anaerobic conditions. Important results were obtained on the synthesis of
specific HA model substances, the redox properties of HA, their complexation towards acti-
nides and the influence of HA on the sorption and migration of actinides in lower oxidation
states. A geochemical speciation code was enhanced and a new database developed. In their
combination all results contribute to a more realistic description of the migration behavior of
actinides in the environment and an improved risk assessment for instance for potential un-

derground nuclear-waste repositories and former facilities of the uranium mining and milling.

Further studies should focus on the migration of actinides in the presence of HA in clay sys-
tems under aerobic and anaerobic conditions. In a first step kaolinite as model system for a
clay environment should be investigated. In addition to that, further studies on the complexa-
tion of actinides, especially tetravalent, with HA have to be performed including kinetic proc-
esses and concurrent reactions with other metal ions. Further objectives are to continue the
database for the HA metal ion complexation and to improve the metal ion charge neutraliza-

tion model.
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