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Foreword 

The present report describes progress within the third year of the EC-project "Effects of 
Humic Substances on the Migration of Radionuclides: Complexation and Transport of 
Actinides". The project is conducted within the EC-Cluster "Radionuclide Transport/ 
Retardation Processes". Without being a formal requiremerit of the Commission or co-funding 
bodies, this report documents results of the project in great technical detail and makes the 
results available to a broad scientific community. Results of the frrst and second years of the 
project are published in an equivalent form [1,2]. 

The report contains an executive summary written by the coordinator. More detailed results 
are given by individual contributions of the project partners in 20 annexes. Not all results are 
discussed or referred to in the executive summary report and thus readers with a deeper 
interest also need to consult the annexes. 

[1] Buckau G. (editor) (1998) "Effects of Humic Substances on the Migration of Radio­
nuclides: Complexation and Transport of Actinides, First Technical Progress Report", 
Report FZKA 6124, August 1998, Research Center Karlsruhe. 

[2] Buckau G. (editor) (1999) "Effects of Humic Substances on the Migration of Radio­
nuclides: Complexation and Transport of Actinides, Second Technical Progress 
Report", Report FZKA 6324, June 1999, Research Center Karlsruhe. 
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INTRODUCTION 

The project started 01.97 and had a duration of three years. This report covers the third year, 
i.e. the period 01.99- 12.99. Work has been conducted on all Tasks of the project. (Task 1 
("Sampling and Characterization"); Task 2 ("Complexation"); Task 3 ("Actinide Transport"), 
Task 4 ("Migration Model Development and Testing") and Task 5 ("Assessment of Impact on 
Long-Term Safety"). 

The "First Technical Progress Report" [1] and "Second Technical Progress Report" [2] have 
been published, covering the achievements of the first and second years, respectively. The 
present third technical progress report covers the third and final year of the project. Through 
these technical progress reports, individual contributions of different project partners and 
results in great technical detail are accessible to the scientific community. The final report [3] 
gives a summary of results and achievements from the whole project, however, in less detail. 
For demonstration of the impact of burnie colloid mediated actinide transport in the far-field 
of radioactive waste disposals, three migration case studies have been formulated. The 
outcome of these migration case studies is given in aseparate report [4]. 

The project encompasses development of the necessary input to judge upon the influence of 
burnie substances on the long-term safety of radioactive waste disposal. The project focuses 
on long-lived radionocHdes with high radiotoxicity, i.e. actinides and technetium, and their 
behavior in the far-field. To assess the impact of burnie substances on the radionuclide migra­
tion in the far-field, relevant processes need to be introduced into models. These models rest 
on a step-wise approach where data of individual processes from relatively weil defined 
systems are tested for their applicability on more complex laboratory systems on natural 
material (especially batch and column experiments under near-natural conditions). The 
processes described by models developed from laboratory experiments are limited by the size 
and time constraints of such studies. Furthermore, large-scale inhomogeneities and deviation 
from equilibrium in the real, more or less open, system cannot be easily developed through 
investigations on the laboratory scale. In order to achieve adequate confidence that relevant 
processes have been regarded in models developed, the real system is also investigated with 
respect to for example, chemical behavior of actinide analogue trace elements in natural 
burnie colloids and the migration behavior of burnie colloids present at a real site. A 
schematic description of the overall approach of the project is shown in Fig. 1. 

Contrary to original intentions and for reasons beyond the reach of the project partners, an 
encompassed research site in France did not materialize and the Sellafield is not anymore a 
candidate site for disposal. Sellafield, however, is used as a reference site for such geochemi­
cal conditions. Material relevant for the German "Königstein" and "Johanngeorgenstadt" 
uranium mining and milling sites is also used within the project. Some aspects are investi­
gated on Boom Clay material. The German Gorleben site presently is questioned as a candi-
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date site. Fortbis site, bowever, a tremendous amount of data on geology, bydrology and geo­
cbemistry, are available. Furtbermore, material for laboratory investigations still is available. 
For these reasons, site-specific work focuses on tbis site. 

The project bas been tremendously successful. (1) Material, methods and experimental results 
bave been well documented. (2) Tbe data-base on actinide bumate interaction bas been 
extended considerably. (3) For tbe first time, results from designed laboratory systems and 
near-natural systems (batcb and column experiments) bave been brougbt to a consistent 
description by introduction of tbe kinetic concept. ( 4) Analysis of real aquifer systems bas 
resulted in validated answers to tbe fate of burnie colloids in tbe far-field. (5) Fundamental 
process understanding of metal ion bumate interaction under laboratory conditions bas been 
improved. (6) Codes bave been developed for immediate application to real site predictions. 

Humic colloid rnediated actinide transport relies on two issues, namely (i) tbe origin, stability 
and mobility of burnie colloids, and (ii) tbe interaction between actinide ions and burnie 
colloids. Witb respect to tbe first issue, one great acbievement bas been demonstration tbat 
burnie colloids in natural groundwater sbow no significant decomposition or retention, but 
migrate like ideal tracers until discbarged [3]. In one case tbis was sbown tobe the case for 
burnie substance introduced 15.000 years ago tbat until present bas migrated as an ideal tracer 
over a distance of approximately 25 km. In tbe Gorleben aquifer system, also no indication 
for decomposition or retention of burnie colloids was found. With respect to tbe second issue, 
a major acbievernent bas been introduction of a kinetic approacb. Tbe outcome is consistency 
and predictability, including upscaling, of near-natural systems in the laboratory. Tbe question 
of actinide burnate interaction, nevertbeless remains an unresolved problern. Tbe reason is 
tbat tbe cbernical bebavior of actinide ions added under Iabaratory conditions and tbe 
bebavior of natural trace rnetal ions, including naturally occurring actinides, deviate strongly 
from eacb otber. A great portion of natural trace elernent constituents of natural burnie 
colloids is found to be practically irreversibly bound, including natural actinide ions. Tbis is 
of rnajor concem, because selection of input-data for application of the developed codes, 
tberefore rernains an unsolved problern. 

Application of kinetic data from Iabaratory investigations results in a considerably enbanced 
burnie colloid rnediated actinide rnigration velocity compared to application of an equilibrium 
concept (Kd concept) or even worse, ignoring burnie colloids. A rnucb greater enbancernent 
of predicted actinide transport, bowever, is tbe result of applying data obtained frorn analysis 
of natural cbernical analogues. In tbis case, one portion of burnate bound actinide ions is 
found to rnigrate like an inert tracer. Tbe consequence for safety assessrnent is tbat, until 
otberwise can be proven, burnie colloid mediated actinide transport will lead to unbindered 
transport for a portion of actinide ions. Tbis portion will govem tbe individual dose from acti­
nide ions in case of a release. 
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1. OBJECTIVES 

The rnain objeetive of the projeet is to determine the influenee of burnie substanees on the 
rnigration of radionuclides. For the long-term safety, long-lived bighly radiotoxie nuclides are 
the rnost relevant. Tbe projeet therefore foeuses on aetinide elernents and teebnetiurn. In order 
to aehieve tbe rnain objeetive a tborough understanding is needed for (i) tbe eornplexation of 
aetinides with burnie substanees, (ii) the influenee of burnie substanees on the sorption prop­
erties of sediments, and (iii) the rnobility of aetinide burnie substanee species in groundwater. 

2. PARTNERSAND PROJECT STRUCTURE 

The projeet bad 11 partners and one additional ternporary partner. Tbree partners are assoei­
ated to other eontractors. Tbe partners and their partnership is as follows: 

Partner No. 1 (Coordinator): FZKIINE, D 

Partner No. 2: BGS, UK 

Partner No. 3: CEA-SESD, F 

Partner No. 4: FZR-ItR, D 

Partner No. 5: KUL, B 

Partner No. 6: LBORO, UK 

Partner No. 7: CEA-LASO, F, (Associated to Partner No. 3) 

Partner No. 8: GERMETRAD, F, (Associated to Partner No. 3) 

Partner No. 9: RMC-E, UK 

Partner No. 10: NERI, Dk 

Partner No. 11: GSF-IfH, D, (Associated to Partner No. 1) 

Ternporary Contributor: Uni-Mainz (EC-TMR grant FI4W-CT97-5005) 

Tbe projeet is divided into five tasks with a project structure as sbown in Fig. 2. 

3. SUMMARY OF RESULTS 

A brief summary of major aebievernents during tbe third (and last) year of tbe projeet is given 
below. Details ean be found in the annexes. 
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3.1 TASK 1 (Sampling and Characterization) 

The objeetives of this task are to ensure sampling and appropriate eharaeterization of relevant 
experimental material, ensure appropriate doeumentation of the sampling and eharaeterization 
and thus provide the basis for trustworthy interpretation of results and intereomparison sturlies 
between different laboratories. Natural experimental material from Gorleben (D), Sellafield 
and Derwent Reservoir (UK), Johanngeorgenstadt (D), Königstein (D) and referenee sites 
have been sampled and eharaeterized. 

Although this task was formally finalized already in the first year of the projeet, results have 
shown the benefit in developing new experimental systems. In this last year of the projeet, 
this includes generation and eharaeterization of 14C synthetic burnie acid ('4C-Ml) allowing 
for direet determination of burnie acid distribution and exehange velocity between different 
phases. A set of eolumns with different sediments eonditioned with one Gorleben ground­
water allows insight in the impaet of differenees in eharaeteristic properties of sediments. This 
work also reeonfirmed the importanee of extended (several months) eonditioning of near­
natural eolumn systems and thorough monitaring of hydraulie and ehemieal parameters. 

Charaeterization data for the large variety of experimental material ean be found in different 
individual eontributions in the foregoing and the present teehnieal progress reports as weil as 
different publieations. In addition to this, in Annex 20 some important eharaeteristie data are 
summarized. 

3.2 TASK 2 (Complexation) 

The objeetives of this task are to provide relevant basie data on aetinide/teehnetium humate 
eomplexation and the reduetion ctf the redoxsensitive elements. Considerable progress has 
been aehieved in a number of issues: (i) eritical assessment of experimental methods; (ii) 
humate and fulvate eomplexation of the trivalent europium ion, the tetravalent neptunium, 
thorium and teehnetium ions, and hexavalent uranyl ion; and (iii) aetinide desorption kineties. 

There has been a general eontinuation of the generation of aetinide humate eomplexation data. 
Most signifieant aehievements are initial data on the tetravalent aetinide and teehnetium 
humate interaetion and more insight in the formation of mixed eomplexes. The amount of 
data on the desorption kineties of aetinide ions has grown eonsiderably. Nevertheless, further 
sturlies on these issues are required in order to provide the required seientific basis. One 
example is the desorption kineties of burnie eolloid bound aetinide ions that is shown to 
depend on a variety of parameters, including pH, ionie strength and the burnie eolloid 
eoneentration. This experimental basis, however, has not yet allowed establishing adequate 
proeess understanding. 
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For this purpose, characterization of local binding environment by EXAFS and FfiR has been 
initiated. Further such studies will be required in order to provide the necessary experimental 
basis for firm and exhaustive conclusions. In addition, further development of possible 
collective polyelectrolyte properties or burnie-burnie association/agglomeration is required 
(cf. task 4 "model development and testing"). 

3.3 TASK 3 (Actinide Transport) 

The objectives of this task are to identify, describe and quantify relevant mechanisms influ­
encing the actinide and technetium transpoft by batch and column experiments on both 
defined/designed and natural material. This includes not only migration of actinide elements 
and technetium on natural material under near-natural conditions and covalently burnie acid 
coated silica beads, but also for example, the sorption of burnie acid on mineral surfaces and 
the influence of burnie acid and various minerals on the reduction of redoxsensitive elements. 

The transport behavior of uranium, europium and technetium has been investigated by 
column experiments on Gorleben groundwater and sediments from Gorleben and various sites 
in Bavaria. The importance of burnie colloid mediated transport, as already previously 
demonstrated for trivalent americium and europium, is verified. Results show that the scav­
enging function of sediments for actinide ions desorbed from aquatic burnie colloids appears 
largely independent of the type of groundwater equilibrated sediment. Possible impact of 
grain size and thus the total sediment surface still needs to be verified. 

Experiments with a variety of sediments (hematite, goethite, silica, muscovite, kaolinite and 
aluminum oxide) shows that aquatic burnie acid sorbs on fresh sediment surfaces and that 
specific sediment surface properties, and not only the surface area, are essential for the burnie 
acid sorption. One promising approach is inclusion of the protonation of functional groups of 
burnie acid and sediment surface functional groups. The actinide distribution in binary (no 
burnie acid) temary systems is investigated. Investigations on the kinetics of equilibration of 
temary systems show that irrespective the order of addition of the temary system components, 
within less than 24 hours the same species distribution is found. 

In addition, the key question conceming the origin, long-term stability and mobility of natural 
burnie colloids in real aquifer systems has been analyzed in real aquifer systems [3]. 
Geochemical and isotope-geochemical analysis show no indication for decomposition or 
sorption of burnie colloids. This is of great importance because indications of unhindered 
mobility of burnie colloids in column experiments cannot be up-scaled for distances, time­
scales and conditions relevant under real conditions. For the assessment of the impact of 
burnie substances this means that it needs tobe assumed that burnie colloids in the far-field 
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will remain stable until their discharge with surface water takes place. This also simplifies 
modeling, because retention of humic colloids can be omitted. 

3.4 T ASK 4 (Migration Model Development and Testing) 

The objectives of this task are to rationalize the state of understanding by establishing 
numerical models, test these models to ensure their applicability or identify processes still not 
adequately understood. Following conclusions already during the first project meeting, devel­
opment of new models for transport mödeling was necessary. The major achievement has 
been to develop and test models taking the above mentioned non-equilibrium in batch and 
column experiments into account. 

In the past, interpretation of actinide transport based on the thermodynamic equilibrium 
approach and filterlog of humic colloids has been subject to major difficulties. Application of 
such approaches does not allow for comparison of different systems, nor scaling within the 
same experimental system. The solution was development of a kinetic approach, successfully 
implemented in the open transport code KID allowing for incorporation of equilibrium and 
kinetics of different reactions, as required. 

A mechanistic model has been developed based on humic colloids as penetrable dispersed 
polyelectrolyte microgels where the metal ion complexation is govemed by the exchange of 
metal ions with polyelectrolyte counterions. An important question is the size or molecular 
weight necessary for reaction energy from the collective polyelectrolyte properties to domi­
nate over the local interaction with functional groups. Furthermore, association/agglomeration 
as a consequence of local charge neutralization by metal ion complexation may need to be 
considered. None of presently available metal ion humate complexation models provide 
process understanding with respect to the observed kinetic processes. Therefore, despite the 
great progress within the present project, continued efforts on the development of metal ion 
humate interaction process understanding is required. 

3.5 TASK 5 (Assessment of Impact on Long-Term Safety) 

Task 5 consists of (i) implementation of the developed migration models into actinide trans­
poft code; (ii) development of generic criteria for optimization of the transport code; and (iii) 
development of migration cases for application of the transport code to real site conditions. 
The latter is serves the visualization of the impact of humic substances on the predicted 
migration of actinide ions at different sites making use of different input-data. 
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Tbree different migration ease sturlies bave been formulated for tbe Gorleben and Dukovany 
sandy aquifer sites and for a uranium mining and milling roek pile [4]. Tbe Dukovany migra­
tion ease is a valley near tbe Dukovany power plant, 300 m soutb from a sballow low-level 
waste repository in tbe Czeeb Republie [5]. Exbaustive mineralogieal, petrologieal and 
geoebemieal data are available for this sballow site in a sand deposit witb some silt and clay. 
Tbe Dukovany site is very similar to tbe Britisb low-level disposal site at Drigg in Cumbria. 

Transport ealculations of Pu in Dukovany are sbown in Fig. 3. Tbis figure illustrates tbe 
dilemma of predietive aetinide transport ealeulations at real sites. Tbe tool for modeling has 
been developed and is ready for immediate applieation. Tbe proeess understanding, bowever, 
is insuffieient to deeide upon appropriate input data. Calculations on tbe Dukovany site 
demoostrate tbe grave underestimation of Pu migration if burnies are ignored. Furtbermore, 
applieation of equilibrium data (ef. Kd eoneept) also Ieads to drastie underestimation of tbe 
mobility of plutonium. Tbe same is true for applieation of tbe "eonservative roof" approaeb 
[6]. lt is tberefore clear tbat a kinetie approaeb needs tobe applied. However, tbe dilemma is 
tbat (a) Iabaratory investigations, wbere plutonium is eontaeted witb groundwater burnie 
eolloids under eonditions and time-frames tbat ean be applied in tbe Iabaratory and (b) disso­
eiation of tetravalent traee metal ions from natural burnie eolloids, Iead to very different 
results. Tbe overall outeome is tbat aetinide ions possibly irreversibly bound to burnie 
eolloids is tbe main eoneem, wbereas ionie non-burnie eolloid bound species will sbow exten­
sive retention. 
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Ejg. 3: Development of plutonium concentration in groundwater for a release according to 
the Dukovany migration case study and application of different approaches reflecting 
absence of humic substances, the "Conservative roof approach" [6] and differences in 
kinetics of relevant processes in the presence of humic substances. 
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Actinide transport in column experiments: Influence of burnie colloids 

lntroduction 

R. Artinger, T. Schäfer and J.I. Kim 

Forschungszentrum Karlsruhe, Institut für Nukleare Entsorgung 

Postfach 3640, 76021 Karlsruhe, Germany 

In natural aquifers, aquatic humic colloids are ubiquitous and take part in geochemical solid­

water-interface reactions. Due to their strong interaction with multivalent actinide ions, humic 

colloids exert a crucial influence on the mobility of actinides. 

The humic colloid-mediated actinide migration can be studied by column experiments, which 

enable the variation of different parameters like flow velocity and column length. Column 

experiments with natural sandy sediments and groundwaters rich in humic colloids 

demonstrate that a fraction of actinides, such as Am(III), U(VI), Np(IVN) migrates as humic 

colloid-bome species by the same velocity as a conservative tracer, e.g. tritiated water [1-3]. 

The fraction of humic colloid-bome actinides is generated by kinetically controlled processes 

goveming the actinide/humic colloid interaction [2, 4] and the redox behavior of actinide ions 

[5]. From inorganic colloids, such as iron oxides, a mobilization by humic substances is also 

reported [ 6]. Where actinide ions interact with inorganic colloids, by surface sorption or 

incorporation via alteration processes, this humic substances enhanced inorganic colloid 

transport is of special importance. 

The influence of aquatic humic colloids on the migration behavior of tetravalent Th is studied 

by column experiments with natural sandy sediment and groundwater rich in humic 

substances, both from the Gorleben aquifer (Lower Saxony, Germany). The influence of the 

groundwater residence time in the column and the equilibration time of Th with groundwater 

prior to the injection into a column are investigated. The results are compared with data from 

other column experiments studying different actinides. Furthermore, first results are presented 

on the humic stabilized transport of inorganic colloids on low cristalline colloidal Fe(III) 

phase 2-line ferrihydrite (HFO) in presence of Am(III). 
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Experimental 

Migration experiments were performed under inert gas conditions (Ar + 1 % C02) in a glove 

box using columns of 250 and 500 mm length and 50 mm in diameter, tightly packed with 

pleistocene aeolian quartz sand sampled from the near aquifer surface at the Gorleben site. 

Tritiated water, HTO, was used as a conservative tracer to determine the hydraulic properties 

of the columns. The sand columns were equilibrated with a Gorleben groundwater, indicated 

as GoHy-532, for more than 1 year. Due to equiJibration under 1 % C02 partial pressure, the 

pH shifted to 7.6 compared to 8.9 of the original groundwater. Detailed characterization of the 

sediment and groundwater can be found elsewhere [7]. 

Th migration experiments were carried out with flow lenghts of 25 and 75 cm (connecting a 

25 and 50 cm column in series) and a Darcy velocity varying from 0.02 to 0.35 m/d. The 

corresponding migration time was between 6 hours and 17 days. For all experiments, 1 mL of 
23"Th spiked initial solution with a Th concentration of -5·10-12 mol/L was injected into the 

column. Th was allowed to react with the groundwater GoHy-532 for 0.5 hour to 18 days. 

Ultrafiltration experiments with a nominal molecular size cutoff from 103 to 106 Dalton 

(Filtron Co., Microsep™ Microconcentrators, USA) confirm the quantitative binding (>99 %) 

of Th onto the humic colloids. The elution of HTO and radionuclides investigated were 

measured by single fraction analysis by liquid scintillation counting (HTO, 23"Th) and by y 

spectrometry e9Fe, 241 Am, 243 Am). 

For preparation of radioactive 2-Iine-ferrihydrite (HFO}, the synthesis described by 

Schwertmann and Comell [8] was modified using an irradiated 99.99+ % pure iron foil 

(GoodFellow, Germany). The activated iron foil was dissolved in HN03, adding 2.5 g of 

inactive Fe(N03)3"9H20 salt. HFO was formed by adding 1 M KOH to adjust the pH to 7-8 

for 2 hours at room temperature. The purification of HFO was performed by washing up to 

five times with Milli-Q water (centrifugation, decantation and re-dispersion). By this 

procedure stabile HFO colloid suspensions were obtained. 

HFO colloid migration experiments were carried out using a column length of 25 cm and a 

Darcy velocity between 0.2 and 0.3 m/d. 241 Am was allowed to sorb onto HFO colloids for 1 

hour. Afterwards, the 241 Am spiked HFO colloids were added to the groundwater GoHy-532 

with a contact time between 1h and 18 hours prior to injection into the column. 243 Am had 

reacted previously also for 1 hour with GoHy-532. Fig.1 shows a simpJified diagram of this 

spike procedure prior to injection into the column. Total injected americium e41 Am and 243 
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Am) concentration was 7.7' 10-7 mol/L for all experiments. The HFO colloid concentration 

used for pulse injections was 2.95 mg/L for a molar mass of 89 g HFO/mol Fe and 6.72 mg/L 

for continuous injection. The total injection volumes were 1 ml for pulse injection and 168.2 

ml ( -1 pore volume) for continuous injection. In order to determine changes in the humic 

colloid concentration in eluted groundwater, UV/Vis spectroscopy was performed using a 

CARY-5E spectrometer (Varian Co., USA). For analysis of the relative humic colloid 

concentration the absorption signal at 300 nm was used. 

GoHy-532 
+ 243Am 

Contact: 1 h 

\ 

HFO 
+ 241Am 

Contact: 1 h 

I 
GoHy-532 f243Am 

+ 
HFO / 241 Am 

Contact: 1 h, 18 h 

1 
Column injection 

Fig. 1: Simplified diagram of the preparation of Am spiked groundwater GoHy-532 used for HFO 
colloid migration experiments. 

Results and discussion 

Th migration experiments 

Humic colloid-mediated Th migrationwas studied varying the groundwater residence time in 

the column and the equilibration time of Th with groundwater prior to the injection into the 

column. In Fig. 2, the Th breakthrough curves are shown. In all experiments humic colloid­

bome Th migration is about 5 % faster than the groundwater flow velocity. This is attributed 
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to a pore size exclusion process of humic colloid-bound Th. The fraction of humic colloid­

bome Th is increased with increasing equilibration time and decreasing migration time. This 

is attributed to a kinetically controlled association/dissociation of Th with humic substances 

and a subsequent sorption onto the sediment surface. This kinetically influenced migration 

behavior is also observed for Am(III) and U(VI) [9] and discussed in more detail in [10]. 

0.015 • Equilibration 0.006 Migration time 

R=~%}\ time 
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Fig. 2: Th breakthrough curves as a function of the equilibration time of Th with groundwater prior to 
the injection into the column (Jett) and the migration time in the column (right). R is the 
recovery of humic colloid-borne Th. 

Depending on the migration and equilibration time of the Th humic colloid complex, the 

fraction of unimpeded humic colloid-bome Th varies from 3 to 36 %. This Th fraction is 

comparable to that of Am(III), which was investigated under comparable conditions. Due to 

the long-term equilibration between groundwater and sediment as weil as an almost 

quantitative recovery of Np(IV) humate colloids [7], retention of humic colloid-bome Th is 

unlikely. Therefore, one may conclude that Th(IV) is retained by the dissociation from the 

humic colloid and a subsequent sorption onto the sediment. Accordingly, the dissociation 

kinetics of Th(IV) from humic colloids seems to be comparable to that of Am(III) under the 

given groundwater conditions. 
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Overview of column experiments studying humic colloid-borne actinide migration 

Results from column experiments perfonned at different laboratories studying the humic 

colloid-borne migration of different actinide ions are shown in Fig. 3. Here, results from the 

Research Center Karlsruhe (FZK) (partly obtained in cooperation with Research Center 

Rossendorf and University of Mainz) [2, 7, 9], the Technical University of Munich (TUM) [1, 

11, 12] and the National Research Center for Environment and Health (GSF) [1, 13] are 

shown. The recovery of unimpeded humic colloid-bome actinides (including the lanthanide 

Eu) in these different column experiments shows a clear dependency with the concentration 

of actinides bound to humic colloids. All these experiments were perfonned with 

groundwaters rich in humic ·colloids (GoHy-532 and -2227) and a Pleistocene aeolian quartz 

sand from the Gorleben site. Common features of the experiments are: i) a humic colloid 

concentration of 60 to 160 mg/L, ii) pH of about 7.5, iii) an equilibration time >2 days 

between actinide ions and humic colloids and iv) a migration time of 5 to 20 hours. Within 

this bounds a variation of the recovery of humic colloid-bome actinides is expected. 

However, the variations shown in Fig. 3 are much larger than expected. As seen in Fig. 3, in 

general, the recovery of humic colloid-bome actinides increases with increasing 

concentrations of actinide ions bound to humic colloids. To get a stoichometric relation 

between the humic colloids and the actinides an average molecule weight of 1000 glmol is 

assumed [14]. From this number equimolar conditions may derived at an actinide 

concentration of about 104 mol/L. This region of an estimated equivalent stoichiometry of 

actinides and humic colloids calculated for the different groundwaters is shown in Fig. 3 by 

the shaded vertical line. At lower actinide concentrations, one humic colloid should be loaded 

with only one (or none) single actinide ion (single actinide complexation), whereas at higher 

actinide concentrations one humic colloid should be loaded with more than one actinide ions 

(multiple actinide complexation). Thereby, the loading is still low enough to maintain stable 

humic colloids under given groundwater conditions. In case of migration experiments with 
233Pa concentrations of about 10-11 to 10-12 mol/L, the concentration of the simultaneously 

present mother nuclide 237Np is used. The following can be concluded from Fig. 3: 
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Fig. 3: Recovery of unimpeded humic colloid-borne actinides in column experiments as a function of 
the actinide concentration bound to humic colloids. The shaded area represents an estimated 
equivalent stoichiometry of actinides and humic colloids (see text). Migration experiments from 
the Research Center Karlsruhe (FZK), the Technical University of Munich (TUM) and the 
National Research Center for Environment and Health (GSF) are shown. Common features of 
the experiments are: i) a humic colloid concentration of 60 to 160 mg/L, ii) -pH 7.5, iii) an 
equilibration time >2 days between actinides and humic colloids and iv) a migration time of 5 
to 20 hours. 

i) The fraction of humic colloid-bome actinides is comparable for Th(IV), Pa(V) and U(VI) 

between FZK and TUM. For Np(IV) concentrations > w-s mol!L the fraction of humic 

colloid-bome Np is also similiar. This agreement between both laboratories emphasizes 

the capability and reproducibility of column experiments to investigate the humic colloid­

bome actinide transport. However, a discrepancy is found for Np(IV), Am(ill) and 

Eu(III), respectively, for the transition from single actinide loading onto the humic 

colloids to equivalent concentrations with a possible multiple actinide complexation. 
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ii) A high mobilization of humic colloid-bome actinides (recovery >75 %) is observed for 

Am(III), Np(IV) and Pa(V) only at actinide concentrations close to an equivalent humic 

colloid concentration. Contrary to this, the recovery of Am(III) and the tetravalent 

actinides Th(IV), Np(IV) and Pu(IV) is much lower for low actinide concentrations. Even 

in the case of a long-term equilibration period of Pu(IV) with humic colloids up to four 

years, the fraction of colloid-bome Pu is lower than 75 % [12]. 

iii) The humic colloid-facilitated mobilization of trace amounts of tri- and tetravalent 

actinides is much higher than that of U(VI). 

In summary, the comparison of numerous column experiments reflects the influence of the 

chemical behavior of the actinide on its humic colloid-bome mobilization. Furthermore, the 

experiments performed at different laboratories indicate an influence of the concentration of 

actinide ions bound to humic colloids. lt is obvious that a higher actinide concentration may 

change the nature the humic colloid, e.g. due to charge neutralization effects. Therefore, 

beside the humic colloid concentration in groundwater and the kinetically controlled 

association/dissociation of actinides with humic substances, it may also be necessary to take 

into account the stoichiometric ratio of actinides and humic colloids. Additional experiments 

are indispensable to study this concentration dependency under well defined conditions and 

its effect on the humic colloid-bome mobilization of actinides. 

Migration of humic stabilized HFO in Gorleben groundwater 

The recovery for pulse injections of americium (241 Am, 243 Am) and HFO CS9Fe) are listed in 

Tab. 1. 59Fe as an indicator for HFO colloids could not be used for pulse injection 

experiments, due to the effects of dispersion. The migration velocity for Am in the 

HFO/humic colloid system is up to 6% higher than for HTO as it is typical for humic colloid 

bome actinide migration (see above ). Higher migration velocities due to the I arger colloid size 

of HFO and a more pronounced effect of pore size exclusion could not be observed. An 

increase of the equilibrium time of 241 Am spiked HFO with 243 Am spiked GoHy-532 from 1 

hour to 18 hours enhanced the mobility of both americium isotopes. This effect of higher Am 

recoveries with increasing contact time is comparable with that from previously performed 

migration experiments without addition of inorganic colloids demonstrating a similar 

associationldissociation kinetics [2]. 
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Table 1: Resultsfrom HFO/Americium column experiments in GoHy-532 groundwater 

Equilibrium lnjection Total Retardation Total Retardation Total 
time (h): type: Recovery R 24t Recovery R 243 Recovery 

24tAm: 
I( Am) 

243Am: 
I( Am) 

S9Fe: 

lh Pulse 0.5% 0.97 0.9% 0.97 n. d.* 

18h Pulse 4.6% 0.95 7.2% 0.94 n. d.* 

18h Continuous 4.6% 9.3% 14.6% 

* : not detected 

In the continuous injection experiment the sorption and remobilization behavior of HFO and 

humic colloids was monitared (Fig. 4). Due to insufficient purification of the HFO colloid 

suspension (KN03 residues), the electrical conductivity was increased from -1 mS/cm in 

GoHy-532 to 2 mS/cm (Fig. 4b). The increase in ionic strength results in a significant 

immobilization of HFO and humic substances in the column. For the HFO e9Fe signature) 

and 2411243 Am breakthrough e41 Am, 243 Am) no plateau value was reached as it is expected and 

visible in the conductivity measurements (Fig. 4b). After reaching a first breakthrough 

maximum a steep decline can be observed in Fig. 4a. Parallel to this, the UV/Vis absorbance 

at 300 nm changed from 0.4 to 0.1 relative units indicating an immobilization of humic 

substances in the column. Analysis of this first breakthrough Ieads to a recovery of 9.1 % 59Fe 

spiked HFO, 2.5 % 241 Am and 5.4% 243 Am. At the early beginning of this first breakthrough a 

single peak with significantly higher 241 Am/243 Am and 241 Am/59Fe ratios is detected (Fig. 4d). 

This signal indicate an unretarded HFO colloid transport even faster than the mean travel time 

of humic colloids due to size exclusion from smaller pores. 

Changing the permeating fluid to the non-spiked groundwater a decline in ionic strength and a 

mobilization of HFO and organic colloids are observed. This second breakthrough results in 

recoveries of 5.5 % HFO, 1.5 % 241 Am and 1.9 % 243 Am. After three pore volumes, 

remobilization of humic substances is found as indicated by an increase of the absorbance 

signal at 300 nm. Parallel to this, for 243 Am a third broad breakthrough with a recovery of 

additional 2.0% is found. A colloid size of approximately 10 nm (corresponds to a nominal 

filter pore size of 100 kD) is found tobe suitable to discriminate between humic (<10 nm) and 

HFO colloids. HFO showed a maximum in colloid number in the range of 60-70 nm as 

determined by Photon Correlation Spectroscopy (PCS). Ultrafiltration of the effluent 

measured in all three breakthrough sections revealed that the fraction of 241 Am bound to 
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colloids > 10 nm is significantly higher than that of 243 Am (Fig. 4c). These Ultrafiltration 

results indicate, that a fraction of 241 Am remains on HFO colloids throughout the retention 

period in the column (about 20 h for three pore volumes), which doesn't achieve equilibrium 

with 243 Am initially bound onto humic colloids. This observation is confirmed by the constant 
241 Am/59Fe isotope ratio. 

The lower recovery of 241 Am compared to 243 Am is attributed to the HFO retention in the 

column as shown by the total HFO recovery of 14.6 %. Contrary to this, for humic substances 

no significant interaction with the sediment is expected due to the long-term equilibration 

procedure. The 241 Am/243 Am isotope ratio reflects the different breakthrough behavior of the 

americium isotopes. Accordingly, changes in the 241 Am/243 Am isotope ratio could be related 

to the different immobilization and mobilization behavior of the HFO and humic colloids. 

From the column migration experiments the following results can by summarized: 

i) Initially positively charged HFO colloids are partly mobile in pH neutral Gorleben 

groundwater GoHy-532 rich in humic substances. 

ii) Humic stabilized HFO colloids facilitate the Am migration. A fraction of Am is bound 

onto HFO colloids, which doesn't achieve equilibrium with the solution within the 

retention period in the column. The fraction of HFO colloid-bome Am is relatively low 

compared to the humic colloid-bome Am migration due to the high retention of 85 % of 

the HFO colloids onto the sediment. 

iii) Humic stabilized HFO colloids immobilized in the sandy aquifer can be mobilized by 

changes in the groundwater conditions. 

Conclusion 

Column experiments studying the influence of humic colloids on the Th(IV) migration 

confirm the kinetics of the meta! humic colloid association/dissociation as a key issue for the 

actinide migration behavior. Comparison of numerous actinide migration experiments 

performed in different laboratories indicates an additional influence, namely the actinide 

loading onto the humic colloids. Therefore, beside the actinide speciation in groundwater and 
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the kinetics of the actinide humic colloid interaction, it may also be necessary to take into 

account the stoichiometric ratio of actinides and humic colloids. 

First migration experiments demonstrate the mobility of humic stabilized colloidal 2-line­

ferrihydrite (HFO) under near natural conditions. Otherwise, positively charged HFO colloids 

should not migrate. Am(III) was found tobe partly mobilized as HFO colloid-bome species. 

Therefore, humic substances may intervene in the aquatic subsurface actinide migration not 

only as immediate actinide carrier but also as stabilizing agent for an inorganic colloid 

mediated mobilization. Further experiments are in progress to study this influence of humic 

stabilized inorganic colloids on the actinide migration. The results obtained from actinide 

migration experiments with groundwaters rich in humic colloids emphasize the complexity of 

the humic colloid facilitated actinide transport. 
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Abstract 

Photochemical reactions in the Eu(III)-humic acid system are investigated by fluorescence 
spectroscopy. For comparison, burnie acid without europium is also studied. Irradiation is 
performed by high energy Iaser beam. The impact of photodegradation of burnie acid is 
monitored by different indicators showing strong variations in response. The decrease in DOC 
content with increasing irradiation dose is lower than the decrease in UV Nis absorption. The 
highest impact is found for the fluorescence intensity. At 3 kJ/mg burnie acid absorbed energy 
and in absence of europium, fluorescence diminishes by more than 90 %. In the presence of 
Eu(III), however, fluorescent groups are partly stabilized in this range of absorbed energy. 
With the photodegradation, smaller entities are observed. The photodegradation ofthe burnie 
acid leads to a decrease of the europium-humate complexation constant. Furthermore, 
europium is reduced to the divalent state. The present study shows that for metal ion burnie 
acid complexation studies by laser-fluorescence spectroscopy, great care is needed to avoid 
significant experimental artifacts, such as photodegradation and metal ion redox reactions. 

Introduction 

Numerous investigations have been performed on the complexation behavior of burnie acid 
with actinide ions applying a large variety of experimental methods. Depending on the 
method, the results vary considerably. Time resolved Iaser fluorescence spectroscopy 
(TRLFS) has the advantage of direct speciation and allows measurements at the very low 
metal ion concentrations required for the low solubility ofmultivalent metal cations. Thereby, 
spectral information is obtained from excitation, emission and the lifetime of emission. When 
TRLFS is used to evaluate the metal ion complexation, it is generally assumed that no 
photodegradation accompanies the excitation ofthese multi-functional macromolecules. Such 
photodegradation, however, has been reported for excitation ofthe Eu- and Tb-humate at 308 
and 394 nm using an excimer Iaser [1]. The objective ofthe present work is to evaluate photo­
chemical reactions induced by Iaser irradiation and the influence on complexation studies of 
the Eu(III)-humic acid system by time-resolved laser-induced fluorescence spectroscopy. 
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In the wavelengtb range where irradiation is done, burnie acid is the dominant light absorber 

and absorption by otber components can be omitted. The dose imposed by the irradiation is 
expressed in energy absorbed per unit weight burnie acid (kJ/mgHA). The resulting photo­

degradation is measured by different methods. Tbe cornplexation constant of Eu(III) with 

non-pbotodegraded and photodegraded burnie acid is determined by rneans of ultrafiltration. 

Experimental 

Reagents 

Tbe burnie acid investigated is Goby-573(HA), wbicb originates frorn a groundwater at 139 rn 
depth of tbe Gorleben aquifer system located in Nortbem Germany. The purification and 

characterization of Goby-573(HA) can be found elsewhere [2]. lts proton excbange capacity 

(PEC) determined by pH titration under Ar atrnosphere is 5.38±0.20 meq/g [2]. Stock solu­
tions are prepared by dissolving a known arnount of burnie acid in 0.1 M NaOH rapidly 

followed by dilution witb 0.1 NaC104. The pH is adjusted to 6.0 by addition of HCI04. With 

few exceptions, 1 o-3 M MES buffer (2-rnospholine-ethane sulfonic acid) is used for stabili­
zation of pH. Tbe molar burnie acid concentration is obtained by multiplying a given weight 
concentration (g/L) by the PEC (meq/L) divided by the charge ofthe rnetal ion under investi­

gation (z). Thus, for europium(III), the burnie acid concentration is expressedas [HA(III)] [3]. 

Laser Induced Fluorescence Spectroscopy 

The Iaser system used for irradiation of burnie acid solution and for Iaser fluorescence spec­

troscopy of complexed and non-complexed europium is an excimer pumped dye Iaser system 
(Lambda Physics, Compex 205 and Scanmate II). Dye-laser pulse at 394 nm (dye: Qui), lmJ 

pulse energy and a pulse duration of 25 ns at FWHM is used for irradiation of tbe sample 
solution. The sample cell is a reetangular silica cell (HELLMA). Tbe fluorescence emission 

light is monitored perpendicular to the Iaser pulse, spectrally resolved by a polychromator 

(Acton Research, Spectra Pro 275; entrance slit widtb: 0.5 mm; grating: 300 lines /mm) and 
detected by an intensified time gated diode array detector (Princeton Instruments, OSMA IR Y 

700 GR, 1024 linear arranged Si photo diodes). The experimental equipment operates in a 

spectral window of 210 nm width with a wavelengtb resolution of about 1.1 nm. U sing a 
beam splitter, a small fraction of the Iaser pulse is reflected onto a pyroelectric detector con­

nected to a powermeter (Newport 1835C) to monitor the pulse energy. Reading out and digit­

izing the data from the diode array detector is controlled by an SI180 camera controller 
(Spectroscopy Instrument). Tbe system components are synchronized by a digital delay/pulse 

generator (Stanford Research Systems: DG535) as a master trigger unit. With the software 

POSMA (Spectroscopy Instruments), a PC is used to control tbe system and analyze tbe data. 

Final emission spectra obtained are the results of 10 to 25 averaged single spectra. The 

resulting emission spectra are normalized to the averagepulse energy. 
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Ultrafiltration 

Ultrafiltration is used to investigate the Eu complexation with photodegraded and non­
photodegraded humic acid. This method allows the separation of the non-complexed Eu ion 

from its humate complex by size fractionation [4]. The filtration system uses a membrane of 

nominal cut-off I 000 Daltons (Filtron Co., Microsep™ Microconcentrators). Europium 
concentrations in filtrates are quantified by ICP-MS. A correction is used for the partial reten­

tion of the non-complexed Eu ion, and possibly sorption on the membrane (at pH 6.0, 0.1 M 

NaCl04, 75% of the non-complexed Eu3
+ ion is found in the filtrate). The Eu species distri­

bution is calculated by the total Eu concentration and the concentration in filtrate, applying 

the correction factor. Published results [4] show the validity of the method for non-photode­

graded humic acid. Alteration of humic acid by photodegradation, including changes in size 
distribution, could introduce experimental artifacts. As shown in this work, however, this 

method can be applied also for photodegraded humic acid. 

Results and discussion 

Humic acid has a broad UV Nis absorption, increasing strongly towards shorter wavelength 

without distinct features. It has broad excitation and emission bands and a complex fluores­

cence decay time dependency. Part of the complexity in fluorescence properties has been 
attributed to excited state processes (e.g., intramolecular energy transfer) [4,7]. Due to irra­

diation, a number of different photochemical processes can be induced, including breaking of 

bonds, change in functional groups and structures that may also change intramolecular inter­
actions. Through examination ofUVNis absorption and fluorescence, including comparison 
of fluorescence decay between irradiated and non-irradiated humic acid, information is 

obtained on structural changes induced by photodegradation. 

A) Humic acid solution without europium 

Humic acid solution is irradiated at wavelengths of 308 and 394 nm by the pulsed Iaser 
system. 308 nm is chosen because at this wavelength the highest dose rate is achieved. 394 
nm is chosen because of its relevance for Eu-humate interaction studies. For comparison, an 

absorbed energy of 3.0 kJ/mg HA reflects the typical situation for measurement of the Eu 

fluorescence lifetime for speciation purposes under these conditions. 

Influence on UV/Vis absorption 

In Fig. 1, UVNis absorption spectra are shown for humic acid after irradiation at 308 nm with 

absorbed energy up to 418 kJ/mg humic acid. The UV Nis absorption decreases over the 

entire wavelength range and for the highest dose the absorption decreases with almost 80 %. 
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In Fig. 2 the absorption relative to non-irradiated samples is shown for different irradiation 
doses, with and without presence of MES buffer. The decrease in absorption is higher around 
the irradiation wavelength than at shorter and Ionger wavelengths. Nevertheless the decrease 
in absorption is relatively uniform and also takes place at shorter wavelengths than that of 
irradiation. In the presence of MES buffer, the decrease in UVNis absorption is lowered 
compared to samples without the buffer. This indicates that the organic buffer acts as a 
scavenger for photochemically generated reactive species. 
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Ejg. 1: UVNis absorption spectra of humic acid for different absorbed energy from pulsed 
Iaser irradiation at 308 nm. 

A key question is to which extent UV Nis absorption can be used as an indicator for decom­
position of burnie substances. As seen in Fig. 2, the decrease in DOC concentration with 
increased absorbed irradiation dose is lower than the decrease in UV Nis absorption. This 
shows that the decrease in UV Nis absorption is the result of a variety of photochemical reac­
tions including modification of the electronic structure and bond-breakage. Separate investi­
gations by gel permeation chromatography show the generation of smaller entities. 
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.Ei.g.._2_;_ UVNis absorption and DOC concentration relative to non-irradiated samples of humic 
acid for different absorbed energy from pulsed Iaser irradiation at 3 08 nm. Sampies a and b 
are without MES buffer and 28.1 and 66.8 kJ/mg humic acid absorbed irradiation energy, 
respectively. Sampie c is with 1 0·3 moi/L MES buffer and 64.0 kJ/mg humic acid absorbed 
irradiation energy. 

Injluence on fluorescence spectrum 

The decrease in fluorescence intensity with irradiation is much stronger than the decrease in 

UVNis absorption. In Fig. 3, the fluorescence spectra ofhumic acid are shown for irradiation 

at 394 nm. In Fig. 4, the fluorescence emission intensity at 500 nm is shown as a function of 

the absorbed energy. The fluorescence intensity decreases with increasing absorbed energy. 

At an absorbed energy of approximately 3.0 kJ/mg HA, the fluorescence intensity is 

decreased by approximately 95 %, compared to an only marginal decrease in the UVNis 

absorption at 250 nm for the same irradiation dose ( cf. Fig. 1 ). 

B) Irradiation of a humic acid solution containing Eu 

Influence on the emission spectrum of Eu and humic acid 

When exciting a non-complexed Eu3
+ ion solution at 394 nm, two main bands CDo - 7F 1 and 

5D0 -
7F2, at 592 and 617 nm, respectively) are observed. Another weak band can also be seen 

CSDo- 7F4 at 697 nm), whereas the other transitions CSDo- 7F3, 5Do- 7Fs and 5Do- 7F6) are 

very weak. For the non-complexed Eu3
+ ion, the band at 592 nm is the most intense. Upon 

complexation, the peak positions do not change, but the relative intensity of the different 

bands change and for Eu(III)-humate, the 5D0 -
7F2 (617 nm) band becomes the most intense. 
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Humic acid is complexed with europium at pH 6.0 (buffered with 10"3 mol/L MES) in 0.1 
mol/L NaC104. Europium concentrations are equivalent to 20, 40 and 65 % of the fraction of 
humic acid functional groups that can be complexed under these conditions (the loading 
capacity) [3]. This ensures that the concentrations ofnon-complexed europium are negligible 
in the starting solutions. The solutions are equilibrated for 48 hours prior to irradiation 
experiments. 
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Ejg. 5: Fluorescence of europium complexed with humic acid and that of humic acid (500 nm) 
as a function of absorbed irradiation energy by Iaser at 394 nm. The europium concentration 
is equivalent to occupation of 40 % of the fraction of humate sites that can be complexed 
(loading capacity) under these conditions (pH 6.0, 1=0.1 (NaCI04)). 

Figure 5 shows the europium and humic acid fluorescence as a function of the absorbed 
energy at 40 % europium loading. The irradiation energy is delivered by the Iaser source used 
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for the fluoreseenee rneasurernents (394 nrn). The fluoreseenee intensities of both europiurn 
bands and that of burnie aeid deerease with inereasing irradiation dose. Irrespeetive of the 
absorbed energy, the ratio between the two bands at 592 and 617 nrn rernains basieally 
eonstant (2.36±0.17). This observation suggests that during photodegradation, the ratio of free 
Euleornplexed Eu is not affeeted. However, the fluoreseenee intensity of free Eu being rnueh 
srnaller than that of Eu burnie aeid eornplex, a srnall ehange in the free Eu eoneentration is 
diffieult to observe by the Eu ernission speetrurn. Furthermore, to whieh extent the rnode of 
eornplexation between burnie aeid and Eu (III) is affeeted by degradation of burnie aeid 
eannot be determined. 

In Fig. 4, the relative fluoreseenee intensities of burnie aeid with and without europiurn as 
weil as the two europiurn ernission bands are shown. The relative fluoreseenee intensity ratio 
of the two europiurn ernission bands rernains virtually eonstant with inereasing irradiation 
dose. In absenee of europiurn, the burnie aeid fluoreseenee dirninishes rapidly and, as 
diseussed above, deereases by approxirnately 95 % at an absorbed irradiation dose of 3 kJ/rng 
burnie aeid. In the presenee of europiurn, the burnie aeid fluoreseenee beeornes stabilized for 
absorbed doses above approxirnately 1 kJ/rng burnie aeid. The reason for the stabilization of 
burnie acid fluoreseenee by europiurn in this range of absorbed energy is not yet clear. 

Photo/ytic generation of Eu(Il) 

Irradiation with Iaser light at 394 nm not only Ieads to ehanges in the absorption, fluores­

eenee, size distribution and funetional group eontent of burnie aeid but also Ieads to the 
generation of divalent europiurn. In Fig. 6, the 5D0-

7F 1 transition (592 nm) of Eu(III) is shown 
for photodegraded burnie aeid in the presenee of europiurn. This speetrum is reeorded for the 
highest europiurn eoneentration, i.e. 65 % of the burnie aeid europiurn loading eapaeity and 
photodegradation by an absorbed energy of 4 kJ/rng burnie aeid. Around 460 nrn a band 
eorresponding to Eu(II) is observed. 

lnfluence on the Eu-humate complexation 

Stability eonstants of europiurn with non-photodegraded and photodegraded burnie acid are 
determined by the Ultrafiltration rnethod at pH 6.0 and I=0.1 M (NaCI04). Separate investi­
gations showed that less than 8 % of europiurn in the filtrate was eornplexed, and thus the 
ultrafiltration rnethod ean be applied also to photodegraded burnie aeid. Degradation of burnie 
aeid is done by Iaser irradiation at 308 nm with an absorbed energy of 80 kJ/rng HA. After 

Iaser irradiation, europiurn is added in eoneentrations equivalent to 20 and 65 % of the burnie 
acid europiurn(III) loading eapaeity. The stability eonstants are evaluated by the eharge 
neutralization rnodel [3]. The results are summarized in Table 1. For the investigation on the 
non-photodegraded burnie aeid, as expeeted, no influenee of the loading is found. The overall 

average ofthe europium-hurnate stability eonstant is found tobe 6.37±0.10, whieh is in good 
agreernent with values determined for different trivalent f-elernents by Ultrafiltration and 
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spectroscopic methods (logß=6.24±0.28 [3]). For the photodegraded humic acid results are 
different. Again, no significant influence of the loading of humic with europium is found, 
however, the overall average ofthe stability constant is much lower, namely 5.19±0.12. 
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Ejg. 6: Photolytic generation of B.J2+ in humic acid solution irradiated by Iaser at 394 nm (4 
kJ/mg HA). The europium concentration is equivalent to 65 % of the loading capacity of the 
humic acid. 

Table 1: Europium-humate complexation constants at pH 6.0 (1=0.1 M (NaCI04 ). Non­
photodegraded and photodegraded humic acid is investigated for europium concentrations 
equivalent to 20 and 65 % of the effective humic acid concentration. No correction is made 
for the impact of photodegradation on the functional group content•. 

Humic Acid log ß (Limol) 

Non-photodegraded 

Photodegraded• 

20 % Loadjng 

6.31 ± 0.06 

5.13 ± 0.11 

65% Loadjng 

6.40 ± 0.10 

5.26 ± 0.08 

Photodegradation leads to changes both in the functional group content of humic acid and 
decrease in molecular size. Investigations on different size fractions of humic acid show that 
with decreasing size the complexation strength decreases [5]. Comparison of the metal ion 
complexation with humic and with fulvic acid also shows lower complexation strength for the 
smaller fulvic acid [6]. Simultaneously, photodegradation results in modification ofthe func­
tional group content. Delineation of the impacts from decrease in the molecular size and 
change in the functional group content, cannot be performed by the present data. 
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Summary and Conclusions 

The sensitivity of different properties of burnie acid towards photodegradation varies strongly. 
Photodegradation Ieads to generation of smaller entities. The decrease in dissolved organic 
carbon is lower that the decrease in UV Nis absorption. The decrease in fluorescence inten­
sity, however, is much more pronounced that the former two decomposition indicators. Addi­
tion of europium Ieads to stabilization of burnie acid towards photodegradation. 

Application of laser-induced fluorescence spectroscopy for studying the europium-humate 
interaction may be subject to considerable experimental artifacts through photochemically 
induced reactions. These artifacts are due to changes in functional group content and lowering 
in molecular size of humic acid. Simultaneously, photolytic reduction of europium from the 
trivalent to the divalent state takes place. Due to the relatively low fluorescence efficiency of 
europiurn, significant photolytic impact can occur. This is especially true for high absorbed 
irradiation doses, for example where europium lifetime measurements are conducted. There­
fore, great care is needed to ensure that significant experimental artifacts are avoided where 
the europium burnie acid system is studied. 
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Initial studies on the Complexation of tetravalent Neptunium with 

Fulvic Acid 

Abstract 

C.M. Marquardt1
, V. Pirlee, J.l. Kim 1 

1Forschungszentrum Karlsruhe, Institut für Nukleare Entsorgungstechnik, 
2SCK-CEN, Mol, Belgium 

For the appraisal of humic colloid facilitated migration of a given tetravalent actinide ion 

under reducing conditions of aquifer systems, in this work, the tetravalent neptunium ion 

Np(IV) was chosen for the spectroscopic study of its fulvate complexation behaviour. Fulvic 

acid was taken because of its solubility at low pH (< 2), at which the Np(IV) undergoes 

minimal hydrolysis and no carbonate complexation. Two main kind of experiments were 

carried out by spectroscopic speciation at pH 1 and 1.5, a batch and a titration experiment. 

The studies were performed in Np(IV) concentration range from 2.5xl0-6 to 9.7xl0-5 Mandat 

fulvic acid concentration in the range from 6.5xl0-4 to 8.5xl0-3 eqß. The concentrations of 

total Np(IV) and Np(IV) in solution were measured by liquid scintillation counting. All other 

species were estimated by absorption spectroscopy, the uncomplexed Np(IV) at 960 nm and 

the Np(IV)-fulvate at 967.5 nm with molar absorption coefficients of 162 and 63 L mor1 cm-1
, 

respectively. Additionally, a absorption maximum of complexed Np(IV) is found at 974.5 nm, 

but nature of this species is unknown up to now. By mixing Np(IV) and FA(IV) a neptunium 

fulvate aggregate is formed, which alters with time. The reaction between aggregate and 

species in solution reaches equilibrium after 3 days. The amount of NpFA(IV)-aggregate 

varies not only with time but also depends on the method (batch or titration) the studies were 

made. The complexation constant is evaluated by the metal ion charge neutralisation model 

by taking into account the loading capacity (LC) and the hydrolysis given by the 

corresponding hydrolysis constants for NpOH3
+ and Np(OH)z2

+ from literature. For pH 1 and 

1.5 15 % and 75 % LC were evaluated yielding in log ß's of 7.86 ± 0.09 and 9.18 ± 0.17, 

respectively. The values both LC and log ß show a discrepancy, that cannot explained without 

further investigations on the Np(IV)-fulvate complexation. 
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1. lntroduction 

Neptunium can exist simultaneously in different oxidation states in aqueous solutions. In 

solutions without reducing components (aerobic), pentavalent neptunium is stable as neptunyl 

ion (Np02+). But under reducing conditions, as expected in groundwaters of deep geological 

formations, the NpOt can be reduced to tetravalent neptunium (Np(IV)). Especia11y, in humic 

co11oid containing ground waters (Boom Clay, Belgium and Gorleben, Germany), Np02 + is 

reduced into tetravalent oxidation state [1]. Column experiments with these groundwa~ers 

showed that tetravalent Np wil1 be bound onto humic co11oids under pH neutral conditions [2]. 

Consequently, the neptunium migration is facilitated in the tetravalent oxidation state. 

Hitherto, it is · unknown in detail in which form and to which strength the tetravalent 

neptunium is bound to the humic co11oids. But for safety assessment the knowledge of 

binding mechanisms with all related thermodynamic and kinetic parameters is necessary. 

The goal of the present work is to elucidate the complexation (mechanism and strength) of 

tetravalent neptunium by humic colloids. 

One of the biggest problern investigating tetravalent actinide ions is the high tendency for 

hydrolysis, the reaction with water molecules resulting in monomeric, polymeric and solid 

species An(OH)x4-x. Due to that, data conceming the complexation of tetravalent actinides 

with humic substances under environmental conditions are missing in the literature. The 

hydrolysed species undergoes polymerisation at higher ion concentration resulting in co1loid 

and partic1e formation. In order to impede such reactions and to facilitate calculations and 

interpretations, we have started the experiments at low pH in the slight hydrolysed range 

pH < 1.5). In this acidic pH range the fulvic acid fraction (FA) of the humic col1oids can be 

used as soluble fraction in contrast to non-soluble humic acid fraction. Many earlier studies 

showed that both humic coUoid fractions (humic and fulvic acids) have very similar 

complexation behaviour [3,4] and studies of one can be compared with each other. 

In the present work we have examined the reaction between Np(IV) and fulvic acid at pH 1 

and 1.5. For the work purpose, UV-VIS spectroscopy was chosen, as it provides a direct 

quantification of the species involved in the reaction and the accessibility to the ratio of the 

free Np(IV) on the complexed Np(IV). 
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2. Experimental details 

All experiments were perfonned under argon atmosphere to avoid oxidation of Np(IV), at pH 

1 and 1.5 in hydrochloric acid solutions at room temperature. The fulvic acid (FA) is initially 

originated from the Boom Clay interstitial water, sampled in the underground research facility 

in Mol (Belgium) but was provided in a freeze-dried form by the Institute für Nukleare 

Entsorgungstechnik (INE, Forschungszentrum-Karlsruhe). The fulvic acid was extracted, 

isolated, and purified in the frame of the laboratory intercomparison exercise in the MIRAGE 

project of the CEC [5]. The proton exchange capacity is detennined tobe 3 meq/g from the 

first derivative of the titration curve obtained by potentiometric titration. Stocks solutions of 

FA of different concentrations are prepared by dissolving appropriate amounts of freeze-dried 

FA in a small volume of 0.1 M NaOH and fixing the appropriate pH with HCl. The FA 

concentration in the UV-VIS cuvette is detennined by Total Organic Carbon (TOC) 

measurement. The tetravalent Np stock solution is obtained by electrochemical reduction of 

pentavalent Np solution in 1M HCl. The purity of tetravalent Np stock solution was 

confinned by spectroscopy by means of the Np(IV) absorption band at 960 nm and Np(V) 

absorption band at 980.4 nm. The molar absorption coefficients of 162 [6] and 395 L mor 1 

cm- 1 .[7] were used to calculate concentrations of Np(IV) and NpOt, respectively. For all 

solutions UV-VIS spectroscopy was used to study the complexation reactions at the 

wavelength interval between 920 and 1040 nm (Varian, Cary 5 spectrophotometer). The total 

Np concentration and the Np concentration in solution were detennined by LSC (Liquid 

scintillation counting, Beckman) with discriminating the ß-decay of its daughter Pa-233. 

Two main kinds of experimental approaches are carried out at pH 1. First, samples were 

prepared in a batch method by adding certain volumes of fulvic acid solution to a Np(IV) 

solution. Foreach Np/FA ratio one separated cuvette was used. Within this study the Np(IV) 

ion concentration was maintained constant at about l.lxl04 M while varying the FA 

concentration from 6.47xl04 to 8.47xl0-3 eq/1. Second, complexation was examined by 

adding Np gradually to a FA solution with a certain concentration in one cuvette (titration 

method). The Np(IV) ion concentration is varied from 2.5x10-6 to 9.73xl0-s M and from 

3.48xl0-6 to 6.87x10-s M while maintaining the fulvic acid concentration constant at 2.86x10-3 

eq/1. At pH 1.5, two experiments were carried out by varying the FA concentration from 

1.52xl0-4 to 5xl0-3 eq/1 while the Np is maintained constant at two different concentrations, 

3.5xlo-s and Sxlo-s M. 
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When Np was added, an instantaneous aggregation being observed for most of the samples to 

the fulvic acid solutions. The total and soluble Np and FA concentrations were measured at 

the end of the experiments by LSC and TOC methods, respectively, which allow to obtain the 

amount of Np and FA involved in the brownish aggregate by substraction. The aggregation 

was not observed for very low ratios of [Np(IV)lt/[FA(IVn. Afteraddition of Np(IV) in the 

different cuvettes and equilibration, the solution was analysed by spectroscopy with a Cary 5 

spectrophotometer (V ARIAN). 
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Fig.1: Absorption spectra for the complexation of Np(IV) with fulvic acid at pH 1 (The 
concentration of Np is kept constant to 1.1x104 M, while varying the FA concentration from 
6.47x1 04 to 8.47x1 0"3 eq/1. 

3. Results and discussion 

3. 1 Absorption spectroscopy of Np(IV) in FA(IV) solutions 

The spectroscopic speciation was started with samples of different FA concentrations 

(6.47xl04 to 8.47xl0·3 eq/1) at constant Np concentration of l.lxl0·4 M (batch method, see 

appendix: Table 1). The obtained spectra are shown in Figure 1. In each spectrum two 

absorption bands can be recognized. The Np(IV) ion absorption band is characterized by a 

well-known maximum at 960 nm and a FWHM of 6 nm and the absorption of the Np(IV)­

fulvate complex appears with a maximum at 967.5 nm and a FWHM of 10.3 nm. By 

increasing the total FA concentration the Np(IV) ion peak becomes smaller whereas the 

absorption band of Np(IV) fulvate complex grows due to rising complexation. 
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Fig.2: Absorption spectra for the complexation of Np(IV) with fulvic acid at pH 1 (The 
concentration of fulvic acid is kept constant to 2.8x1 o-3 eq/1 , while varying the Np 
concentration from 2.53x1 0-6 to 9.73x1 o-s M by a titration method. 

In a second experiment the titration as weil as the batch method was used for lower ratios of 

Np(IV)1 to FA(IV)1• By increasing the Np concentration from 2.5xl0-6 to 9.73x10"5 M in a 

solution with a constant FA concentration of 2.8x10-3 eq/1 (see appendix: Table II), we 

observed a new absorption band in addition to the peak characteristic of the Np(IV)-fulvate 

complex at 967.5 nm (designated as NpFA(IV)968). This is illustrated in Figure 2 and 3. It is 

assumed that this absorptionband with a maximum at 974.5 nm and a FWHM of 14.5 nm is 

related to another Np(IV) fulvate species and is called Np(IV)FA97s. Increasing the ratio 
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Fig. 3: Absorption spectra for the complexation of Np(IV) with fulvic acid at pH 1 (The 
concentration of fulvic acid is kept constant to 2.85x1 o·3eq/1 , while varying the Np 
concentration from 3.48x10-6 to 6.87x10"5 M by a batch experiment (different cuvettes). 
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[Np(IV)]ti[FA]t. the absorption band of NpFA(IV)968 appears as weil. 

In order to Iook at the pH dependency of the fulvate complexation experiments were done at 

pH 1.5. The spectra (see Figure 4) of the solutions at pH 1.5 show the same characteristics 

with the sameband maxima at 960 nm, 967.5 and 974.5 nm for the Np(IV) ion and the two 

Np(IV)-fulvate complexes, respectively. At pH 1.5, we can expect a higher deprotonation of 

the fulvic acids and hence, a higher complexation strength of the fulvic acids towards the 

Np(IV). 

3.2 Complexation behaviour and kinetic aspects 

After adding Np(IV) to different concentrated FA solutions, parts of the FA aggregates for all 

the ratios of [Np(IV)]1/[FA(IV)lt except at large excess of fulvic acid compared to the Np 

(about 1000-fold). After the brownish aggregate has deposited on the bottom, UV-VIS 

spectra of the solution have been recorded regularly with time. As shown in Figure 5, a 

change in the spectrum can be followed with time and an increasing amount of Np(IV) in 

solution has been measured simultaneously by radiochemical analysis. These observations 

indicate that obviously most of Np(IV) is bound onto the aggregates and subsequently, free 
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Fig.4: Absorption spectra for the complexation of Np(IV) with fulvic acid at pH 1.5 (The 
concentration of Np is kept constant at 8x1 0"5M for the left graph and 3.3x1 o·5M for the 
right one , while varying the fulvic acid concentration from 1.5x1 04 to 4.94x1 o·3 eq/1. 
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Np(IV) and Np(IV) fulvate are released into the solution with time. The presence of Np in the 

aggregated fulvate is confirmed by radiochemical analyses of it. This Ieads to the conclusion 

that the aggregated fulvate on one hand is re-dissolved by forming smaller Np(IV) fulvate 

particles and on the other hand that parts of the Np(IV) ions are able to leave the fulvic 

molecule. An equilibrium among Np(IV), Np(IV) fulvate in solution and aggregated Np(IV) 

fulvate is obviously reached after about three days. 
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Fig.S: Kinetic evolution of the UV absorption spectrum representing the complexation of 
Np( IV) with fulvic acid at pH 1 as a function of the time. 

Aggregation of the FA implies the saturation of some fulvic acid sites by Np(IV) ions and the 

formation of less hydrophylic structures by molecular aggregation. The kinetic was different 

for the experiments of Figure 1 and 2 and depends obviously on the different ratios of 

[Np(IV)]ti[FA]t. Adding a small volume of concentrated neptunium solution to a large volume 

of fulvic acid solution might form a local oversaturation of fulvic acid and hence a fast 

aggregation takes place. All of the free neptunium, which is not bound to the fulvic can be co­

extracted inside the aggregates and only a small absorption of all neptunium species is 

observed in the spectrum (Fig. 5). With time, the fulvic acid can be rearranged and neptunium 

is released due to diffusion into the bulk solution. Contrary to this, adding small volumes of 

concentrated fulvic acid solution to a large volume of neptunium solution seems to prevent 

local saturation of the fulvic acid and is the better choice for the experiment. 

These kinetic aspects seem tobe important in the system involving different ratios of Np(IV) 

ions and fulvic acid and, the way the complexes are prepared. Consequently, the kinetic 

effects have been taken into account for recording the spectra. 

55 



Evaluation of the comp/exation reactions at pH 1 

The total neptunium concentration [Np]1 is known from LSC and a.-spectroscopy. Impurities 

of oxygen can oxidize Np(IV) to Np02 + with time. The amount of Np02 + ([NpOz +]) is 

estimated spectroscopically by the absorption band at 980.4 nm and hence, the difference 

[Nplt- [Np02+] corresponds to the total Np(IV) concentration ([Np(IV)]1). The NpOt ion 

shows no significant interaction with the fulvic acid at such low pH values. In order to 

facilitate interpretations of the spectra the absorption band of the NpO/ was mathematically 

substracted from the total spectrum and can not be recognized in the presented figures. As 

mentioned before, after mixing Np(IV) and FA sometimes the fulvate aggregates as Np(IV)­

fulvate. The amount of aggregated neptunium fulvate ([NpFA(IV)]agg) was calculated by the 

difference of [Np(IV)]1 and Np(IV) measured radiometrically in solution ([Np(IV)]aq) after 

aggregation. Parallel to that, the FA concentrations in solution and in the aggregates are 

obtained by TOC measurements. The concentrations of free Np(IV) and of the Np-species in 

solution are deduced from the absorption spectra. However, the peak and the corresponding 

absorbance coefficient of the free Np(IV) ion is weil known and give reliable values, whereas 

the characteristics of the fulvate species had to be find. Bach spectrum has been numerical 

deconvoluted with Gaussian-Lorentzian functions by the GRAMS program (Galactic) 

resulting in pure spectra of each neptunium species. From the pure species spectrum the molar 

absorption coefficients are evaluated by the Lambert-Beer-Law Ei = Eorcm·d at each 

wavelength i for each species m and with concentration of the species Cm, which was known 

from radiometric measurements. The concentration of neptunium fulvate in solution 

[NpFA(IV)]aq is calculated by substracting the spectroscopically determined Np(IV) 

concentration [Np(IV)] from [Np(IV)]aq . The absorption coefficient for the NpFA(IV) at 

967.5 nm, was calculated to 63 ± 8 L mor1 cm-1
• In TableI (appendix) the concentrations of 

the species are Iisted. 

For better illustration of the data from table 1 and 2 (appendix, batch experiment, pH 1), the 

relative concentration of free Np(IV), Np(IV) fulvate and aggregated Np(IV) fulvate are 

plotted in Figure 6. lt is obvious, that at [Np(IV)lt/[FA(IV)]1 ratios below 0.10 the total 

Np(IV) is complexed and NpFA(IV)aggr and NpFA(IV)aq are present in similar concentrations. 

Above 0.1 the free Np(IV) concentration and NpFA(IV)aq increase, whereas the NpFA(IV)aggr 

remains roughly constant. 
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The interaction of Np(IV) with fulvic acid is expressed by this relation in a first approach: 

Np(IV) + FA(IV) ~ NpFA(IV) (eq.l) 

according to the charge neutralization model described in earlier publications [8], where 

Np(IV) represents the concentration of uncomplexed Np(IV) ion, Np(IV)FA(IV) the total 

concentration of the fulvate complex (Np(IV)FA(IV)aggr + Np(IV)FA(IV)aq). FA(IV) denotes 

free fulvic acid concentration, i.e. the uncomplexed functional groups of the fulvic acids given 

by the following substraction [FA] 101 - [NpFA(N)]1• The molar concentration of binding sites 
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Fig. 6: Relative concentrations of Np(IV) species in fulvic acid solution at pH 1.0. The line 
for NpFA(IV), is fitted according to [1 0]. 

([FA] 101) can be calculated by multiplying the proton exchange capacity (PEC, (eq/g)) with the 

weighted amount ofFA expressed in g/1. 

The tetravalent neptunium is readily hydrolysed, and it is not expected that only the Np4
+ ion 

exist in solution at pH 1 and 1.5. Calculations of the hydrolysis of Np(IV) with log ß,,, ß12. 
ß13 and ß14 of 14.5, 28.2, 39.2 and 47.2 gives a species distribution of the Np(IV) at given pH 

values, which is shown in the table: 
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pH Np4+ NpOH3+ Np(0Hh2+ Np(OH)3+ Np(OH)4 

mol/1 mol/1 mol/1 mol/1 mol/1 

1.0 5.19 x w-8 1.64 x w-6 8.22 xl0-6 8.22 xl0-8 2.6 x w-12 

0.5% 16.4% 82.2% 0.8% 

1.5 5.76 x w-9 5.76 x w-7 9.13 x w-6 2.89 x w-7 2.89 x w- 11 

0.06% 5.76% 91.3% 2.89% 

The values for the hydrolysis are critical selected from Iiterature for ß1 J. ß12 and calculated 

with correlation of the constants and the electrostatic interaction energy between the actinide 

and OH- ion [9]. The calculations were made by the MINEQL-program. From the data it is 

obvious, that Np(IV) can be present as hydrolysed species NpOH3+ (16.4 %) and 

Np(OH)/+(82.2 %) at pH l. The Np(OH)4 is undersaturated in solution and consequently 

forrns no precipitate, which was confirrned by the experiment. 

The absorptionband observed at 960 nm is caused by the absorption these hydrolysed species. 

Unfortunately, no change can be observed in the spectra varying the pH from 0 to 1.5 and 

consequently, the release of one or two protons from one or two water molecules in the 

hydrated shell does not change significantly the absorption peak of the Np(IV). But 

nevertheless, the hydrolysis has to be taken into consideration for calculations of 

complexation constants. In a first approach we assume that only Np4+ reacts with fulvate 

molecule. The following reactions with the corresponding reaction constants can be 

considered: 

Np4+ + H20 ~ Np(OH)3+ + W 

Np4+ + 2 H20 "'=? Np(OH)/+ + 2W 

Np4+ + FA(IV) ....." NpFA(IV) 

IogKh1 =0.5 

log ßh2 = 0.2 

log ß = to be found 

(2) 

(3) 

(4) 

For fulvate complexation reaction the complexation constant log ß is defined according to the 

law-of-mass-action and the charge neutralization model to: 

[NpFA(IV)] 
ß = [Np4+ ][FA(IV)] 

(5) 
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with 

[FA(IV)] = FA(IV)1 LC -[NpFA(IV)] (6) 

The free Np4+ concentration is detennined by the hydrolysis reactions and rearrangement of 

equation (1) and (2) gives 

[Np 4+] = [Np(OH);+][H+]
2 

ßh2 

[NpFA(IV)] 1 

ß= [Np(OH);+][H+] 2 [FA(IV)],LC-[NpFA(IV)] 

(7) 

(8) 

No we have to consider that, however, the measured Np absorbance band is the sum of 

Np(OH)3+ and Np(OH)l+. The ratio between both species should be constant and is fixed by 

the equilibria between the two hydrolysis reactions (Eq. 2 and 3). If we assume that the 

hydrolysed species is not involved in interactions with fulvic acid, the mol fraction can be 

picked directly from the above shown Table. From the measured absorbance the Np(OH)l+ is 

calculated by [Np(OH)l+]=E 0.822/Eo, with 0.822 as the mol fraction of the second hydrolysis 

species at pH 1.0. 

The evaluation of the fulvate complexation has been made only for the experimental results 

when free Np(IV) could be observed (Table I). The Np(IV)r ion concentration being not 

available from the other sets of data. In Figure 7 the data are plotted according to the 

neutralization model in a linear relationship with the slope LC. 

= [Np
4
+][FA(IV)], ·LC-.!_ = 

[Np(IV)FA] ß 
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Fig. 7: Evaluation of loading capacity (LC) for Np(IV) fulvate complexation at pH 1.0. 

The [Np4+] is calculated by Eq. (7) and for the loading capacity a slope of 0.145 by linear 

regression is obtained and this result coincides with the saturation curve 

([NpFA(IV)lt/[FA(IV)]1 versus [Np(IV)lt/[FA(IVn) in Figure 6. A numerical solution of this 

relations is given elsewhere [10]. 

The reaction stoichiometry can be obtained by rearranging equation (1) in the following way: 

log [NpFA(IV)]/[Np4+] =log ß + n log[FA]rree (10) 

When the ratio [NpFA(IV)]/[Np4+] is plotted versus [FA]rree on a log-log scale a linear 

relationship is obtained with a slope of n. This equation has been applied to our data for the 

total neptunium fulvate and for only the neptunium fulvate in solution (Figure 8). For both 

data sets a slope near unity (1.12 ± 0.2 and 1.01 ± 0.23) has been found at pH 1.0 for the 

Np(IV)-fulvate complex and only a insignificant difference between the aggregate and the 

solution species can be assumed. At higher ra:tios Np(IV)1/FA(IV)1 and hence, higher loading 

of the fulvate, the slope changes, maybe due to more a aggregation of FA molecules. These 

values were rejected and are not shown in the graph. 
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Fig. 8: Validation of the complextion of Np(IV) with fulvic acid at pH 1.0 postulated by Eq. 
(1). The free fulvate concentration is evaluated by Eq. (6). 

For the data a complexation constant log ß can now be calculated by equation (8) at pH 1. For 

the reaction 

Np4
+ + FA(IV) "'=? NpFA(IV) 

a complexing constant of 

log ß = 7.86 ± 0.09 

is yielded. 

Discussion of experiments at Np(IV),JFA(IV), ratios < 0. 1. 

(11) 

Two remarkable observations (see Fig. 2 and 3) are made at lower Np(IV)tiFA(IV)t ratios 

( <0.1 ). First, in the absorption spectra no absorbance of the free Np(IV) is observed, but it 

must be emphasized, that the detection limit of the Np(IV) by absorbance spectroscopy is of 

about 8 x 10-7 mol/L. For the experiment about 0.8-30 % of the applied total Np(IV) 

concentration are not detectable, and hence, the data cannot be used for calculations of the 

complexation constant. Second, at ratios lower than 0.01, only one absorbance peak at 974.5 

nm is observed and a maximum at 967.5 nm does not exist. But with increasing ratio, 

corresponding to increasing loading of the fulvate, the absorbance at 968 nm arises and 

overlays the absorbance at 974.5 nm. From this observation two Np-fulvate species can be 

assumed, which are denoted as NpFA(IV)968 and NpFA(IV)97s. The spectra were 

deconvoluted in both absorbance bands, and the yielded absorbances at given 

[Np(IV)]tf[FA(IV)]t ratios are illustrated in Figure 9. From this plot the absorbances of 

NpFA(IV)975 complex reach a saturation, whereas the NpFA(IV)96s-absorbances still increase. 

The two fulvate species are obviously not dependent of each other and are formed 
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Fig. 9: Absorbances of NpFA(IV)968 and NpFA(IV)915 depending on the loading of 
fulvate at pH 1. 

simultaneously. For the molar absorption coefficient for the NpFA(IV)975 complex, which was 

calculated from data where NpFA(IV)968 is zero, a first rough value of 51 L mor1 L-1 was 

obtained. What kind of species is formed at very low loading of the fulvate is unknown and 

speculative. On one hand, maybe a limited number of strong sites are responsible for a strong 

binding of Np(IV). Such sites might be carboxylic groups which are in near vicinity, Iike 

oxalic acid, and hence, have low pKs values. In this case the binding mechanism is govemed 

by a more chelating effect. The shift of the absorption band to Ionger wavelengths points to 

such a mechanism. On the other hand, we have seen a kinetic effect for the complexation 

according to Fig. 5. lt is conceivable that a more condensed species is formed due to local 

high concentrations of Np(IV) or fulvate by adding them to the solution. The re-organization 

of such a colloid than may be hindered kinetically. Unfortunately, a more detailed evaluation 

of the data is not possible, because the free Np(IV) species cannot be determined under the 

given experimental conditions. 

Another remarkable observation is made when batch experiments are compared with the 

titration method at almost same conditions. In Figure 10 the relative concentrations of total 

NpFA(N)aq. NpFA(IV)aggr and free Np(IV) for both methods are plotted against the ratios 

Np(IV)1/FA(IV)1• and the values are picked out from Table II (appendix).lt is cleared out, that 

the relative concentrations of Np(IV)FAaq and Np(IV)FAaggr are more close and increase 

parallel for the batch experiment contrary to the titration method. But for the titration method 

a constant value of NpFA(IV)aggr is reached at [Np(IV)]rf[FA(IV)]1 ratios >0.08, in contrast to 
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Fig. 10: Relative concentrations of Np(IV) species at pH 1.0 obtained by both batch 
experiments and titration method. 

the batch method. But nevertheless, when the total formed neptunium fulvate (NpFA(IV)1) is 

compared, they are identical for both methods. The distribution of the two different fulvate 

species ( aggregate and solution species) depends on the history of the preparation, but does 

not influence the total amount of neptunium fulvate. 
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plotted in order to make clear trends of each species. 
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Fulvate complexation at pH 1.5 

It is known from many sturlies that meta] fulvate complexation depends on the pH value. In 

order to prove the influence of the pH experiments were perfonned at pH 1.5. The absorption 

spectra of Np(IV) in fulvic acid solutions at pH 1.5 (Fig. 4) resemble the spectra at pH 1 (see 

Fig. 1-3). The absorption bands for the free Np(IV) at 960 nm and the two Np(IV)-fulvate 

species at 967.5 nm and 974.5 nm are observed. The evaluation was made in the same way 

described for pH 1. In Table III (appendix) the concentrations of the Np(IV) species are listed 

and in Figure 11 the mol fractions of each species is shown as a function of the 

Np(IV)tiFA(IV)1 ratio. The Iimit, where no free Np(IV) can be measured is shifted to 

Np(IV)1/FA(IV)1 - 0.4 (pH 1 - 0.1), and this shift represents a higher complexation of Np(IV) 

by fulvic acid. At higher loading more NpFA(IV)agg is observed and consequently, smaller 

amounts of neptunium fulvate are found in solution. By fitting the data of the total amount of 

neptunium fulvate a LC of 0.833 ± 0.044 is deduced. This is much higher than at pH 1 and 

can at the momentnot explained. However, a deconvolution of the NpFA(IV) absorption peak 

in two contributions, one peak at 968 and the other at 975 nm, have yielded no reliable data 

for the absorbances of NpFA(IV)968 and NpFA(IV)975, as seen in Figure 12. Obviously, no 

relationship between [Np(IV)1t/[FA(IV)]1 ratios and the absorbances of the pure NpFA(IV) 

species can be observed. But if only samples are considered, that show only the absorption 

band at 974.5 nm a molar absorption coefficient for Np(IV)FA975 is estimated to 51 ± 5 L 

0.0 0.2 0.4 0.6 0.8 1.0 

[Np(IV)),/ [FA(IV)), 

Fig. 12: Absorbance of NpFA(IV)g68 and NpFA(IV)97s obtained by deconvolution of the 
spectra as a function of [Np(IV)],/[FA(IV)]t 
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Fig. 13: Evaluation of the loading capacity for the Np-fulvic acid complexation at pH 1.5 
according Eq. (9). 
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Fig. 14: Verification of the Np( IV) fulvate complexation according the assumed reaction (1) 
at pH 1.5. The unfilled points are data evaluated at high Np( IV) loading of the fulvic acid. 

mor' cm·' which is similiar with the value estimated at pH 1.0. Seemingly, the spectroscopic 

properlies of the Np-fulvate species are sensitive against the conditions in solution and maybe 

the state of aggregation . 

The loading capacity, which is calculated according to the linear relationship Eq. (9) is 

0.76 ± 0.03 (Figure 13) and, comparable with the high value deduced from the saturation 

curve in Fig. 11. Finally, the complexation constant log ß is calculated at pH 1.5 by taking 

65 



into consideration the LC and the hydrolysis with the same assumptions made at pH 1. A log 

ß of 

log ß = 9.18 ± 0.17 

is obtained: 

In the samemanneras for pH 1 the complexation reaction (1) is verified according to Eq. (10) 

by plotting log [NpFA(IV)]/[Np4+] against log [FA(IV)]r. The free fulvate complexation is 

deduced from Eq. (6). The data point, illustrated in Figure 14, results by a linear regression in 

a slope of n = 1.20 ± 0.15, which is a Jittle higher than 1. At high loading of the fulvate data 

points are calculated which do not fit in the Iine of unity and confirm again the unknown 

mechanism of interaction of Np(IV) with fulvic acid. 

4. Conclusion 

This work reveals a strong interaction of tetravalent neptunium with fulvic acid at pH 1 and 

1.5. Three problems arise from the results. First, the degree of deprotonation of fulvic acid is 

at such acidic conditions very small. Loading with metal and neutralizing the charge of the 

fulvic acid Iead to destabilization of the colloid behaviour and the fulvic acid aggregates to 

bigger particles. The role of the aggregates in the binding of Np(IV) is up to now unclear. 

Second, the spectra show two simultaneously existing fulvate species, which can not be 

characterized in detail up to now. Especially for the species at 974.5 nm the nature is unclear. 

Third, the hydrolysis of the Np(IV) occurs in the used pH range and two main hydrolysed 

species, Np(OHi+ and Np(OH)/+, are proposed by calculations. In the interpretation of the 

results it is assumed, that the hydrolysed species are not involved in the fulvate complexation. 

From earlier sturlies with trivalent actinides mixed complexes can not be ignored and the role 

of them for the tetravalent actinides has to be elucidated. 

These problems are expressed in a very high Joading capacity of 75 %, which is much more 

than expected from the degree of deprotonation, and a higher complexation constant log ß at 

pH 1.5 compared to pH 1. 

The understanding of the fulvate complexation of tetravalent actinides is far away and the 

present contribution is only the beginning of a Jot of necessary activities. 
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Appendix 

Table 1: Experimental results of the complexation of Np(IV) ion with fulvic acid at pH 1 
([Np(IV)] constant) 
- the subscript "t" means the total concentration. 
- the subscript "aq" means concentration in solution. 

the subscript "agg" means concentration of aggregated NpFA(IV) 

[FA(IV)]t [Np(IV)]t [Np(IV)] [NpFA(IV)]aq [NpFA(IV)]agg 
(x 10-4eq/1) (x10-4M) (x10-5M) (x10-5M) (x10-5M) 

1.62 0.79 6.17 1.50 0.18 
4.23 1.03 3.15 4.08 3.07 
6.35 1.23 3.58 5.52 3.20 
7.41 1.18 2.4 5.80 3.61 
8.47 1.11 0.99 6.14 3.97 
9.53 1.15 0.89 5.52 5.09 
10.6 1.02 -0 3.93 6.27 
12.7 1.13 -0 6.13 5.17 
2.12 1.17 -0 5.52 6.50 

Table II: Experimental results of the complexation of Np(IV) ion with fulvic acid at pH 1 
([FA(IV)] constant) by a titration method for the first set of data and by a batch experiment for 
the secend set of data. 

Titration 

Batch 

[FA(IV)]t 
(x10-4eq/l) 

7.15 
7.12 
7.08 
7.05 

7 
6.97 
6.94 

7.125 
7.125 
7.125 
7.125 
7.125 
7.125 
7.125 

[Np(IV)]t 
(x10-5M) 

0.47 
0.82 
2.43 
4.53 
5.99 
7.10 
8.43 

0.35 
0.72 
1.65 
4.34 
4.88 
6.06 
6.87 
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[Np(IV)] 
(M) 

-0 
-0 
-0 
-0 
-0 
-0 
-0 

-0 
-0 
-0 
-0 
-0 
-0 
-0 

[NpFA(IV)]aq [NpFA(IV)]agg 
(x10-5M) (x10-5M) 

0.397 
0.746 
1.70 
3.20 
4.10 
5.12 
6.70 

0.218 
0.388 
1.14 
1.84 
2.72 
2.80 
3.67 

0.075 
0.074 
0.727 
1.33 
1.90 
1.98 
1.73 

0.13 
0.33 
0.51 
2.50 
2.16 
3.26 
3.20 



Table 111: Experimental results of the complexation of Np(IV) ion with fulvic acid at pH 1.5 
([Np(IV)] constant at 2 different values) 

[FA(IV)]t [Np(IV)]t [Np(IV)] [NpFA(IV)]aq [NpFA(IV)]agg 
(x 1 0-4egll) (x10-5M) (x10-5M) (x10-5M) (x10-5M) 

0.79 8.03 2.01 2.23 3.79 
0.93 7.88 1.64 1.79 4.45 
2.2 7.89 0.12 4.39 3.38 
5.00 7.59 -0 2.41 5.18 
5.69 8.12 -0 2.53 5.59 
9.75 7.49 -0 2.37 5.12 

0.38 2.81 0.53 0.72 1.56 
0.63 3.15 0.13 2.37 0.65 
0.70 3.15 0.14 1.39 1.62 
0.81 3.36 0.083 1.96 1.32 
1.19 3.19 -0 1.12 2.07 
1.25 2.54 -0 2.90 2.25 
4.75 3.49 -0 1.89 1.60 
5.5 3.85 -0 1.55 2.30 

70 



Annex4 

Modeling of Burnie Colloid Borne Americium(III) Migration 
using the Transport/Specialion Code KID 

(W. Schüßler, R. Artinger, J.I. Kim, N.D. Bryan and D. Griffin 
(FZKIINE, Uni-Manchester and RMC-E)) 

71 



72 



3'd Technical Progress Report 

EC Project: 

"EtTects of Humic Substauces on the Migration of Radionuclides: 

Complexation and Transport of Actinides" 

Project No.: Fl4W-CT96-0027 

Modeling of Humic Colloid Borne Americium(lll) Migration 

Using tbe TransporUSpeciation Code KlD 

W. Schüßler, R. Artinger, J.I. Kim, N.D. Bryan* and D. Griffin** 

Forschungszentrum Karlsruhe, Institut für Nukleare Entsorgung, Karlsruhe, Germany 

*University of Manchester, Department of Chemistry, Manchester, UK 

**RMC-E, Abingdon, UK 

73 



74 



Modeling of burnie colloid borne Americium (111) migration using 
the transport/speciation code KlD 

W. Schüßler*, R. Artinger, and J .1. Kirn, Institut für Nukleare Entsorgungstechnik 
Forschungszentrum Karlsruhe, Postfach 3640, D-7602I Karlsruhe, Gerrnany 

N.D. Bryan, University of Manchester, Departrnent of Chernistry, Oxford Road, 
GB-M13 9PL Manchester, United Kingdorn 

D. Griffin, RMC Environrnental Ltd, Suite 7, Ritehing Court, Abingdon Business Park, 
Abingdon, Oxfordshire OXI4 IRA 

*Corresponding author. Tel.: +49-7247-6024; fax: +49-7247-3927; 
e-mail: wolfrarn @ine.fzk.de 

Abstract 
The hurnic colloid bome Arn(III) transport was investigated in colurnn experirnents for 
Gorleben groundwater/sand systerns. lt was found that the interaction of Am with hurnic 
colloids is kinetically controlled, which strongly influences the rnigration behavior of 
Arn(III). These kinetic effects have tobe taken into account for transport/speciation rnodeling. 

The KICAM (Kinatically Controlled A vailability Model) was developed to describe actinide 
sorption and transpoft in laboratory batch and colurnn experirnents. lt is an approach based on 
association/dissociation kinetics of actinides onto or frorn hurnic colloids and minerat 
surfaces. The application of the KICAM requires a chernical transport/speciation code, which 
sirnultaneously rnodels both; kinetically controlled processes and equilibriurn reactions. 
Therefore, the code KID was developed as a flexible research code that allows the inclusion 
of kinetic data in addition to transport features and chernical equilibriurn. 

The application of the KICAM concept is presented using the KID code for colurnn 
experiments which show the unretarded breakthrough of hurnic colloid bome Am as well as 
retarded Am migration. The rnodel pararneters were determined for a Gorleben groundwater 
system of high humic colloid concentration. A single set of pararneters was used to rnodel a 
series of column experirnents. Model results correspond well to experimental data for the 
unretarded hurnic bome Am breakthrough. Modeling of the distribution of Am sorbed onto 
sediment in a column was less successful because the interaction between Am and the hurnic 
coated sedirnent surface could not be characterized in detail frorn experimental data. 

1. Introduction 
The colloid bome transport of contarninants is widely recognized (Honeyrnan, 1999; Kirn, 
I994; Kim et al., I984; McCarthy and Zachara, 1989; Ouyang et al., 1996). There is evidence 
for the potential irnpact of colloid facilitated rnobilization of actinides (Artinger et al., 1998; 
Buddemeier and Hunt, I988; Kaplan et al., I994; Kersting et al., I999; Kirn et al., 1994; 
Marley et al., I993; McCarthy et al., I998; Nagasaki et al., 1997; Randall et al., 1994; Saltelli 
et al., 1984). Therefore, this process has to be quantified for the safety assessrnent in high 
Ievel radioactive waste disposal. 

Labaratory investigations on hurnic colloid facilitated actinide transpoft has been conducted 
by both, colurnn and batch experirnents. Sorne of the important chernical processes 
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controlling the behavior of actinides in such experiments were found to be kinetically 
controlled (Artinger et al., I998; Artinger et al., I999a; Artinger et al., I999b). To describe 
these experiments the KICAM model (Kinetically Controlled A vailability Model (Schüßler 
et al., I999)) was developed. The KICAM is an approach based on the kinetics of 
association/dissociation reactions of metals with burnie colloids and rnineral surfaces. 

To implement the KICAM for reactive transport modeling, adequate numerical tools 
( computer codes) have to be developed. Although some of the chernical processes controlling 
the actinide rnigration in column experiments were found to be kinetically controlled 
(Artinger et al., I998; Artinger et al., I999b; Davies et al., I999; Geckeiset al., I999; Pompe 
et al., I999), others can be assumed to be in local equilibrium. It is possible to simulate 
equilibrium reactions using rate constants. However, this is very inefficient in terms of 
computing time. Forthis reason, the KIDcode (Bryan et al., I999) was developed for this 
work instead of using existing codes (e.g. (Bo and Carlsen, unpublished)). 

The aim of this paper is to verify and test the applicability of both the KICAM model and the 
KID code, in order to establish a reliable tool for quantifying colloid facilitated radionuclide 
rnigration. 

2. Description of the Kinetically Controlled Availability Model (KICAM) 

The reasons for the special structure and a detailed description of the KICAM development is 
given in Schüßler et al. (I999). The reaction scheme adopted in the KICAM model (Fig. I) 
considers the following Am(ID) species: dissolved inorganic Am(ID) (Ami0

); Am(ID) sorbed 
onto the sediment (AmSurf ); and burnie colloid bound Am(ID); two binding modes: ''fast" 
( Am(HAfast)) and "slow" ( Am(HAslow) ). 

sediment Humic colloid Humic colloid 

Fig. 1 Concept of the Kinetically Controlled A vailability Model (KICAM) (for details see 
text). 

Taking into account the experimental data the KICAM consists of three chemical reactions 
(Table I) resul.ting in four coupled differential equations (Table 2). The rate constants k1-kt; 
controlling the interaction of Am(ID) with burnie colloids and rnineral surfaces are 
determined from batch and column experiments using equations (I-4). The set of rate and 
corresponding equilibrium constants derived is shown in (Table 3). 
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Table 1 Chemical reactions considered in the KICAM. 

k, 

Am(HA fast )+HA 
~ 

Am(HAs/ow) KI I 
f---

k2 

k3 

Amio +HA 
~ 

Am(HAfast) KII II 
f---

~ 

ks 
~ 

Amio +Surf Km 111 AmSurf f---

~ 

Table 2 Differential equations for the Am species considered in the KICAM. 

d lAm(HA slow )1 
kt ·[HA ]. [Am(HAfast )]- k 2 . [Am(HAslow )] (1) = 

dt 

d lAm(HA fast )1 
k 2 · [Am(HAslow )] + k

3 
·[HA ]. [Amio] (2) = 

dt 

-( k 1 • [HA ] + k4 } [Am(HA fast )] 

d [Amio] 
= k 4 · [Am(HA fast )] + k 5 · [AmSurf ] (3) 

dt 
-( k3 · [HA(l) ]+ k6 · [surj ] } [Am•o] 

d[AmSurJ] 

k 6 · [surj ]. [Amio] - k 5 · [AmSurf ] = (4) dt 
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Table 3 Equilibrium and rate constants for Am(III) association/dissociation reactions 
determined from the GoHy-2227 system using the KICAM. 

rate constants equilibrium constants 

lqg_(kt·sec·mol·r1
) -3.2 log(K1·mol·r1

) 2.8 ± O.I 

log(k2·sec) -6.0 log(K11·rnoi·r1
) 5.6 ±0.5 

Iqg_(k3·sec·mol·r1
) 1.5 log(K111·mol·r1

) 6.2 ±0.5 

lo_g_(~·sec) -4.I 

log(ks·sec) -3.9 

log(~·sec·mol·r 1 ) 2.3 

3. Description of the KID 

The KID code was developed to be used as tool for modeling humic colloid borne 
radionuclide migration. It is able to use equilibrium and rate constants to describe the 
associationldissociation reactions of radionuclides with humic colloids and mineral surfaces. 
The code uses three different sets of equations to solve for the chemistry of the system: mass 
balance equations, equilibrium equations, and kinetic or rate equations. The transpoft of the 
chemical species is described by a simple I-dimensional advection/dispersion model (for 
details see Bryan et al. (1999)). The KID source code is written in FORTRAN and was 
compiled for different systems (Windows, Unix, Linux). Numerical calculations are based on 
equidistant space increments and time steps. The numerical tool KID allows the 
implementation of the KICAM for reactive transpoft modeling 

4. Verification of the KID 

The KICAM model was applied to the Am batch and column experiments of Aftinger et al. 
(I998). A set of theseexperimentswas used to determine the KICAM rate constants for Am 
(Schüßler et al., I999). The Am breakthrough in the column experimentswas calculated using 
this parameter set and the KID code. The experimentally determined and calculated Am 
breakthrough curves for three column experiments are shown in Fig. 2. The KID code allows 
the implementation of the KICAM to model the humic colloid mediated Am migration. Real 
recoveries (Aftinger et al. I998) were found to agree with those predicted using the KID 
code. Hence, the code has been verified by comparison with experimental data. 

5. Application of the KICAM using the code KID 

The KICAM now is applied to a column experiment investigating the unimpeded and retarded 
Am migration. Due to the high distribution coefficient of Am onto the sediment surface (up to 
Rs = I00-1000 ml·g-1 (Aftinger et al., I998)) only the breakthrough of the unimpeded Am 
migration could be observed in the effluent. The retarded Am migration could only be 
quantified by examining the spatial distribution of the Am sorbed in the column. The Am 
distribution in the column was modeled using the data set determined from the GoHy-2227 
batch and column experiments (Table 3). From the modeling results of Schüßler et al. (1999) 
it is expected, that the direct application of these parameter set to the GoHy-4I2 system will 
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qualitatively describe the experimental results. However, comparing the absolute values of the 
experimental data to the calculated data, a discrepancy of about a factor of 3 is expected (Am 
recovery calculated for the Gohy-412 system · by Schüßler et al. (1999) Reale = 2 %, 
experimental determined recovery Rexp = 6 %). 

0.012 -r----------------------, 
GoHy-2227 (103 mg DOC/1) 

0 ·-... ca 
~ 

c 
0 ...-.. ·- 0 ... 
~ ca 

~ ... 
c ..._., 
Cl) 
u 
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.'.-. 
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• 1h 
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Ii 0 7d 
• • 36d 
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0 •oJJ 

' ' 0 0 -· •.••. o.ooo ..... ~ .... ~~~~~...:.._::::.._.;::!~~~ .... ~ ..... ~~~J-1 
0.8 0.9 1.0 1.1 

Volume ratio (VNP) 

Fig. 2 Experimental determined (symbols) and calculated (lines) Am breakthrough curves 
for GoHy-2227 column experiments varying the Am groundwater equilibration time. The Am 
breakthrough was calculated by means of the KICAM/KlD tool. 

Two model approaches, local chemical equilibrium and kinetically controlled Am 
association/dissociation (KICAM}, were tested. Fig. 3 shows that both approaches are not 
able to describe the Am distribution in the column satisfactorily. For the equilibrium approach 
this reflects the fact, that the principle processes controlling the humic colloid facilitated Am 
migration in the column are not in local chemical equilibrium. 
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Fig. 3 Experimental determined and calculated spatial distribution of Am sorbed onto the 
sediment in a GoHy-412 column experiments after 400 days. 

The KICAM approach describes qualitatively the experimental data but, as expected from the 
modeling results, problems exist with quantification. Compared to the experimental data, the 
model result for the GoHy-412 system shows a broader Am distribution within the column of 
a lower concentration Ievel and a higher Am recovery. The recovery calculated by means of 
the KICAM/K1D approach corresponds to the values given by Schüßler et al. (1999). The 
calculated distribution and the calculated recovery for the GoHy-412 system do not fit to the 
experimental data, but they are consistent: If the dissociation of Am from the humic colloid 
becomes slower, the recovery increases. Also, the mass transfer of Am from the humic colloid 
onto the mineral surface becomes slower. Thus a higher Am recovery corresponds to a 
broader Am distribution and a lower concentration Ievel in the column. The consistency of the 
modeling results show, that the KICAM in principle is able to describe the experimental 
findings. However, the reaction scheme used in the KICAM approach seems tobe to simple 
to allow a direct application of the GoHy-2227 KICAM rate constants to the GoHy-412 
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system. This is due to the system differences, i.e. solution speciation, which are neglected in 
the KICAM model. In addition, the systems also differ in humic colloid composition. To 
produce a better model with parameter transferability, system diversity has to be taken into 
account. 

5. Discussion 
The KICAM approach using the KID code is an appropriate tool to access the humic colloid 
mediated actinide migration. The tool is able to describe and predict laboratory experiments. 
However, the kinetically controlled association/dissociation processes of Am with humic 
colloids and sediment surfaces must be described on a more sophisticated Ievel, to allow a 
better quantification of the Am migration behavior and a better transferability of rate 
constants. To reach this goal, the reactions and species have to be verified by independent 
methods (e.g. EXAFS or TRLFS). Also, the influence of relevant system parameters (e.g. pH, 
carbonate, and composition of the humic colloids) must be described and quantified. 

The tool (KICAM/KID) can be used in performance assessment studies. The impact of humic 
colloids on the actinide migration may be quantified and seenarios relevant to PA can be 
identified. 

The computing time required to calculate the 400 day column experiment presented in this 
paper, was about 3 weeks CPU time on a PC Pentium Ill 550 MHz. This long computing time 
is due to the fact, that the kinetic reactions of the KICAM could not be approximated by 
equilibrium equations. The columns were discretisised by 200 equidistant space increments 
and 3·I07 time steps (corresponding to a spatial increment of about I mm and a time step of 
about I second). In order to reduce the computing time, the KID code will be improved 
further. 
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ABSTRACT 
The BGS investigations under Task 2 focussed on laboratory experiments to elucidate 
the complexation behaviour of aqueous U(VI) and Th(IV) with a well-characterised 
natural fulvic acid, DE72 FA, collected from the Derwent Reservoir, Derbyshire, UK. 
This paper summarises the previous BGS work on U and Th complexation and 
describes some new results for Th dissociation. 

Three laboratory batch methods, involving ion-exchange, solvent extraction and 
kinetics experiments, were used to study the complexation behaviour of U and Th 
with DE72F A covering a range of ionic strengths and pH. The ion exchange and 
solvent extraction experiments gave similar conditional stability constant results for 
U, and the log beta values were of the same order as those obtained previously for 
other V-natural fulvic acid systems. 

Batch kinetics experiments were used to measure the rates of dissociation of U and Th 
from their complexes with DE72 FA. The calculated rate constants were reciprocated 
to give the average-lives or time-constants ('tl, 't2 and 't3) of the metals in the three 
binding modes. The 't3 times for Th undergoing slow dissociation ranged from 470 to 
1913 hours and were much less sensitive to metal-fulvic acid equilibration time and 
ionic strength than the 't3 values for U. The slow dissociation rates for U were 
comparable to the Th rates after the Iongest period of U-fulvic acid equilibration, but 
the fraction ofU remairring in the hindered sites was much smaller (-7%.cornpared to 
-55% for Th). Although it was not possible to determine the irreversibly-bound 
proportions of these fractions of U and Th in the hindered sites, these new data serve 
as important constraints when modelling the far-field transport of actinide-fulvate 
complexes under in-situ conditions. 

1. INTRODUCTION 

It is irnportant to derive new data for the complexation of actinide ions with hurnic 

substances under oxidation states and geochemical conditions relevant to the 

performance assessment of radioactive waste repositories. The potential for actinides 

to be transported from a radioactive waste repository via colloids is an important 

process to consider in a performance assessment e.g. Kersting et al. (1999). Organic 

colloids in the form of aqueous humic substances could carry cornplexed actinides 

away from a repository to the biosphere. The greater the stability of such actinide 

cornplexes, the Ionger the potential migration pathways and greater the radiological 

risk. In this context, the BGS investigations under Task 2 focussed on laboratory 

experiments to elucidate the complexation behaviour of aqueous U(VI) and Th(IV) 

with a well-characterised natural fulvic acid. 
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2. LABORATORY METHODS 

Three laboratory batch methods, involving ion-exchange, solvent extraction and 

kinetics experiments, were used to study the complexation behaviour of U and Th 

with the Derwent Reservoir fulvic acid (DE72 FA). This natural fulvic acid was fully 

characterised and described by Higgo et al, (1998a; 1998b ). A pH range of 4 to 8 and 

an ionic strength range from 0.01 to 0.1 M were used in the experiments. The 

speciation of U and Th within these ranges is weil documented. As the pH increases, 

the uranyl ion increasingly speciates with carbonates, but over the series of batch 

experiments this did not appear to interfere significantly with U-fulvate binding. 

2.1 Stability constant experiments 

Conditional stability constants were determined using two versions of Schubert's 

competition method. One, an ion-exchange method, has been described in detail 

elsewhere (Higgo et al, 1992; 1993 ). The other, a solvent extraction method, was 

similar tothat used by Nash & Choppin (1979), as detailed in Davis et al, (1999). 

Uranium data were obtained by both methods. Thorium stability constants were 

measured only by solvent extraction but with high er concentrations of HDEHP, 

[bis(2-ethylhexyl) hydrogen phosphate], in the toluene solvent. This was needed to 

attain workable distribution coefficients (in the absence of fulvic acid) with increasing 

pH. Silanised vessels were used to minimise the sorption of uranium and thorium to 

vessel walls at high pH (Caceci & Choppin 1983). Buffers were not added to control 

pH. 

The conditional stability constants (log ß) were calculated from the data obtained with 

the Schubert-type methods using the following equation: 

log(~ -1)=Iogß+ilog[L] 

where Do is the distribution ratio in the absence of complexing Iigand 

D is the distribution ratio in the presence of complexing Iigand 

i is the mole ratio of Iigand to metal ( assumed to be 1) 

[L] is the concentration ofligand, DE72 FA. 
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The conditional stability constants were calculated in terms of total unbound metal 

in solution (mol/L) with the fulvic acid concentrations in g/L and in mol/L, using 

a weight-average molecular weight of 4000 Dalton (Higgo et al, 1998b ). 

2.2 Kinetics experiments 

Batch kinetics experiments were used to measure the rates of dissociation of U and Th 

from their complexes with DE72 fulvic acid. The method was detailed in Davis et al. 

( 1999). The solutions were pre-conditioned from 1 to 262 days, simulating a range of 

metal-fulvic acid equilibration times. Following the pre-conditioning step, resin 

(Cellphos or Hyphan) was added to the system to induce dissociation by removing the 

U and Th from the binding sites in the fulvate complexes. Cellphos and Hyphan 

resins work by chelation, and they were found to be more efficient than cation­

exchange resins for quickly mopping up free Th and U in the metal-fulvate solutions. 

This dissociation stage was monitored with time, typically up to 42 days, to produce 

the kinetic data. The possible effects of equilibration time, pH and ionic strength on 

the rates of dissociation were investigated. It should be noted that a suitable resin 

could not be found for measuring the kinetics of thorium-fulvate dissociation below 

pH 6. Typical plots of some Th kinetics data are shown in Figures 1 and 2. 

The kinetics data were parameterised using a function that is a sum of decaying 

exponentials terms: 

n 

f(t) = La,e-kt' 
i=l 

with n=3 in most cases. The fitting process was outlined in (Davis et al, 1999). The 

graphical procedure involved plotting the data as log (count rate) against time and 

making least-squares straight-line fits to the data points. The intercept and slope of 

each line provided estimates of an and kn respectively. The three calculated first-order 

rate-constants k1, k2 and k3 (min-1
) were calculated for the initially fast, then medium 

and finally slow dissociation processes respectively. The k1, k2 and k3 values were 

reciprocated to give the average-lives or time-constants 'tl, 't2 and 't3 (h) ofthe metals 

in the three binding modes. 
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Figure 1. Typical Th-DE72 FA dissociation plots. 
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The value of 't3, the average-life of the metal resident in slow or kinetically hindered 

sites, was calculated first in the parameterisation process, and therefore 't3 had smaller 

errors than the 't2 and 't 1 values. 

The slope data after ~ 20 days of resin contact gave the best indication of the slow 

rates of dissociation of the Th from the kinetically hindered sites in the fulvate 

complexes. FortheU case, the dissociation rates were usually much faster, and a one 

day resin contact time was often sufficient to dissociate most of the U from the 

complexes with DE72 FA, especially after relatively short pre-conditioning times. 

3. RESULTS 

3.1 Stability constants 

The ion exchange and solvent extraction experiments gave similar conditional 

stability constant results for U. The log beta values (Table 1) were ofthe sarne order 

as those obtained previously for uranium with fulvic acids extracted from Drigg and 

Broubster groundwaters (Higgo et al, 1992 & 1993), and were similar to other values 

reported in the Iiterature (Czerwinski et al., 1994). 

Table 1. 

Ion 

U (VI) 

Th (IV) 

U(VI) and Th(IV) fulvate stability constants 
by tbe solvent extraction metbod. 

pH Ionic Strength log ß log ß 
I (Lig) (L/mol) 

M (NaCl) 
3.9 0.1 2.9 6.5 
4.1 0.03 2.7 6.3 
5.9 0.1 3.2 6.8 
7.2 0.1 3.9 7.5 
5.3 0.01 2.0 5.6 
5.5 0.01 1.5 5.1 
6.5 0.1 2.6 6.2 

The solvent extraction method worked well for Th at low pH values but at higher 

values a third layer appeared and more Th appeared to be extracted by the solvent in 

the presence rather than absence of DE72 FA. It is difficult to compare these thorium 
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log ß values with those in the Iiterature without the aid of a model because of the 

differences in experimental techniques and reporting methods (see discussion in Davis 

et al, 1999). Log beta values given in Table 1 have been calculated in terms of total 

unbound thorium in solution and therefore appear low compared with the values in 

Nash and Choppin (I979), which were calculated on the basis ofTh4
+ only. 

3.2 Kinetics results 

Tables 2 and 3 summarise the kinetics results for the dissociation of the uranium and 

thorium-fulvic acid complexes. The data in Table 2 and 3 supersede and correct some 

data previously reported. 

Concentrating first on the fast and medium dissociation rates represented by the 't 1 

and t2 time-values, it is apparent that the ranges for U and Th are different. The ti 

range for U (0.06 - 2.1 h) was found to be ten times lower than the 'tl range for Th 

(0.5 - 23 h). Initially, U dissociated from the labile or loosely binding sites much 

quicker than Th. The t2 range for U (0.23 - 93 h) is much wider than the range found 

for Th (37 - 85 h). The medium rates of dissociation for U were therefore more 

variable than those for Th, probably as a result of the dissociation being more 

dependent on the experimental variables of ionic strength and pre-conditioning time. 

Table 2. Summary of uranium kinetics data. 

[U] FA Equili- Total I pHat pH at 't 1 t2 t3 %Uin 
M ppm bration resm (M) start of end of (h) (h) (h) hindered 

time contact resin resm sites 
(d) time contact contact 

_(d} 
E-08 54 1 1 0.01 3.0 3.4 - 0.23 8 8.4 
E-08 54 13 1 0.01 3.0 3.2 0.25 1.7 65 3.6 
E-08 54 20 I 0.01 3.0 3.5 0.23 1.7 146 3.0 
E-08 54 I 1 0.10 3.3 3.6 0.07 0.33 7 3.6 
E-08 54 20 1 0.10 3.2 3.5 0.06 0.33 14 4.9 

E-07 21 1 42 0.10 6.6 7.0 0.26 1.4 22 13 
E-07 20 1 42 0.10 6.6 7.2 0.26 1.6 22 15 
E-08 44 162 37 0.010 6.8 7.5 1.8 69 I049 8.1 
E-08 48 I62 37 0.010 6.4 7.4 2.1 93 950 6.5 

94 



From Table 2 it appears that the 't3 values for U undergoing slow dissociation 

increased with increasing equilibration time and decreasing ionic strength. The effect 

of pH on 't3 was confounded by the effects of the other variables. 

Experiments with lengthy pre-conditioning times seemed to have the most effect on 

the slow dissociation rates ofU from the kinetically hindered sites in the fulvic acid. It 

is this slow dissociation step that is the focus of interest, as it is the relatively stable 

metal-fulvate complexes that are more likely to be mobile in the field. The proportion 

of U that had entered into the kinetically hindered sites was relatively small and 

variable, but this process could be significant in natural systems where long 

equilibration times are available for more U to populate the hindered sites. 

Table 3. Summary of thorium kinetics data. 

[Th] FA Equili- Res in I pHat pH at 't1 't2 't3 %Th 
M ppm bration contact (M) start of end of (h) (h) (h) in 

* time time resm resm hindered 
(d) (d) contact contact sites 

E-14 18.8 4 45 0.09 7.3 7.8 1.8 37 470 24 
E-14 19.2 4 45 0.09 7.5 7.8 2.6 66 1367 10 
E-14 19.8 1 42 0.09 6.6 6.9 3.3 71 530 19 
E-14 20.1 1 42 0.09 6.6 7.3 2.9 85 722 17 
E-08 53.5 262 42 0.09 7.5 7.0 23 45 1387 55 
E-08 53.4 244 42 0.02 7.2 7.0 1.9 42 1250 53 
E-08 51.1 242 42 0.03 7.6 7.0 0.53 48 1215 58 
E-07 11.8 140 42 0.01 6.3 6.4 nd nd 1112 1.5 
E-07 11.6 140 42 0.01 6.3 6.4 nd nd 1200 1.5 
E-07 11.9 4 42 0.01 6.5 6.4 nd nd 1207 0.66 
E-07 11.8 4 42 0.01 6.5 6.5 nd nd 991 0.68 
E-07 12.7 1 42 0.11 6.4 6.5 nd nd 883 0.41 
E-07 13.0 1 24 0.11 6.4 6.5 nd nd 1913 0.44 

_234 _230 *Thonum was e1ther as Th (at E-14 M) or Th (at E-07 and E-08 M). nd means not determmed. 

The 't3 times for Th ranged from 470 to 1913 hours (Table 3) and appeared less 

sensitive to metal-fulvic acid equilibration time and ionic strength than the 't3 values 

for U. The thorium slow dissociation rates were less affected by changes in the 

experimental parameters than the U rates. 
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4. DISCUSSION 

Analytically, tbe most precise data for t3 for both U and Tb were obtained from the 

experiments witb tbe Iongest equilibration and resin contact times. Table 4 displays 

tbese t3 data witb the smallest errors (typically +/- 4% between replicates). Tbe t3 

times for tborium (mean 1284 b) were slightly greater tban tbose for U (mean 1000 h). 

Table 4. Slow dissociation rate data for U and Tb. 

Expt Equilibration Resin I t3 % metal still 

* time (d) contact (M) (b) bound after 
time (d) resin contact time 

u 162 37 0.01 1049 8.1 
u 162 37 0.01 950 6.5 
Tb 242 42 0.03 1215 58 
Tb 244 42 0.02 1250 53 
Th 262 42 0.09 1387 55 
*All experiments at -50 ppm DE72 FA, pH -7 and E-08 M of meta!. 

Tbere were also significant differences in the proportions of U and Th that were 

complexed in tbe kinetically bindered sites (Table 4). Thorium was mucb more 

extensively bound tban uranium in tbe bindered sites. At tbe slow dissociation rate, a 

significant fraction of tbe Th (up to 0.58) was bound in tbe kinetically bindered sites. 

Geckeiset a/, (1999) found tbat significant fractions oftbe trace elements Tb, Eu and 

U, wbicb are naturally present in Gorleben groundwater burnie colloids, were 

remaining in solution a:fter dissociation treatment witb Cbelex resin. 

Altbough tbe average-life values for U in the bindered sites were comparable to the 

average-life values for Tb after tbese Iongest periods of metal-fulvic acid pre­

conditioning, the fraction of U remaining in tbe bindered sites was considerably 

smaller ( -0.07). Tbis implies that Tb is more populous in tbese sites tban U because 

of thorium's greater tbermodynamic stability in tbese sites. How mucb of this Tb 

becomes irreversibly bound and fixed is open to question (see also Geckeis et al, 

1999). Quantifying this proportion would be important for placing Iimits, by analogy, 

on otber actinide (IV) species. 
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The laboratory conditions represented in Table 4 were the closest approximation to 

those found in the field. Neveftheless, the laboratory times used for metal-fulvic acid 

complexation and dissociation were limited in scale, and it was not possible, 

therefore, to determine the propoftions of these fractions of U and Th in the hindered 

sites that were irreversibly bound. However, these new data can be used as impoftant 

constraints when modeHing the far-field transpoft of actinide-fulvate complexes under 

in-situ conditions (see e.g. Bryan et al, 1999a and b). 

5. CONCLUSIONS 

Batch experiments, involving ion-exchange, solvent extraction and kinetics, were 

used to study the complexation behaviour of U and Th with the well-characterised 

Derwent Reservoir fulvic acid DE72 FA. Experiments were conducted over a range of 

pH ( 4 to 8) and ionic strengths (0.01 to 0.1 M), and at different fulvic acid and metal 

concentrations. The conditional stability constant log beta values obtained for U by a 

Schubeft-type solvent extraction method were of the same order as those obtained 

previously for U complexed with natural fulvic acids. 

Batch kinetics experiments were used to measure the rates of dissociation ofU and Th 

from their complexes with DE72 FA. The dissociation data were described by three 

kinetic terms for the initially fast, then medium and finally slow rates. The calculated 

rate constants were reciprocated to give time-constants or the average-lives of the 

metals in the three binding modes ('tl, 't2 and 't3). The 't3 times for Th undergoing 

slow dissociation ranged from 470 to 1913 hours and were much less sensitive to 

metal-fulvic acid equilibration time and ionic strength than the 't3 values for U. After 

the Iongest periods of metal-fulvic acid pre-conditioning, the average-life values for U 

in the bindered sites (mean 1000 h) was comparable to the average-life values for Th 

(mean 1284 h). However, the fraction ofU remaining in the hindered sites was much 

smaller, -0.07 compared to -0.55 for Th. Although it was not possible to determine 

the propoftions of these fractions that had U and Th irreversibly fixed, these new data 

serve as impoftant constraints for modelling the far-field transpoft of actinide-fulvate 

complexes under in-situ conditions. 
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Annex 6 

Complexation of Eu(III) by Burnie Substances: Eu speciation 
determined by Time-Resolved Laser-Induced Fluorescence 

(G. Plancque, C. Moulin, V. Moulin, P. Toulhoat (CEA)) 
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1. INTRODUCTION 

The understanding of radioelement behaviour in natural systems in relation with nuclear waste 

disposals in geological formations necessitates the knowledge of their speciation in these systems. 

In particular, this implies to determine the influence of humic substances (humic and fulvic acids, 

HAlFA) as natural organic substances present at different concentrations in groundwaters on the 

migration of radionuclides, particularly actinide elements. This induces in particular to study the 

complexation of actinides with burnie substances as complexing agents. Hence, our objective is to 

obtain data (interaction constants, complexing capacities) on the interactions between humic/fulvic 

acids and actinides under relevant geochemical conditions (pH, ionic strength, presence of 

competing cations). Moreover, it is also important to focus on the possible existence of mixed 

complexes (or ternary), namely M-OH/C03-HA/FA, which will then completely modify the actinide 

speciation compared to the absence of such complexes. 

The technique retained to study such complexes is Time-Resolved Laser-Induced Fluorescence, 

which has been used, up to now, by both CEA laboratories for the study of trivalent actinides and 

lanthanides for pH<7, and for the study of mixed complexes in the case of uranium (Moulin et al., 

1999a) 

The approach developed for U(VI) for the investigation of mixed complexes is applied in the 

case of europium, which has been chosen as a chemical analogue of trivalent actinides and which 

can be analysed at low Ievel by TRLIF (Bador et al., 1989, Decambox et al., 1989). Its 

hypersensitive transition is a relevant indicator of the complexation phenomena (Horrocks et al., 

1979, Dobbs et al., 1989, Moulin et al., 1999 b ). Firstly, a spectrum data base conceming the 

different complexes (hydroxide, carbonate and humate) is obtained on model systems with all 

spectroscopic characteristics (lifetimes, fluorescence wavelengths). And, secondly, from these data, 

titrations of europium solutions by burnie substances are carried out at fixed pH and ionic strength 

and at atmospheric pressure. 

2. EXPERIMENTAL 

2.1 APPARATUS 

Time-resolved laser-induced jluorescence : A Nd-Y AG Iaser (Model minilite, Continuum) 

operating at 266 nm (quadrupled) or 355 nm (tripled) and delivering about 2.5 mJ of energy in a 4 

ns pulse with a repetition rate of 15 Hz is used as the excitation source. The Iaser output energy is 

monitored by a Iaser power meter (Scientech). The Iaser beam is directed into the cell of the 
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spectrofluorometer "FLUO 2001" (Dilor, France) by a quartz lens. The radiation coming from the 

cell is focused on the entrance slit of the polychromator. Taking into account dispersion of the 

holographic grating used in the polychromator, measurement range extends to approximately 200 

nm into the visible spectrum with a resolution of 1 nm. The detection is performed by an intensified 

photodiodes (1 024) array cooled by Peltier effect ( -20°C) and positioned at the polychromator exit. 

Recording of spectra is performed by integration of the pulsed light signal given by the intensifier. 

The integration time adjustable from 1 to 99 s allows for variation in detection sensitivity. Logic 

circuits, synchronised with the Iaser shot, allow the intensifier to be active with determined time 

delay (from 0.1 to 999 JlS) and during a determined aperture time (from 0.5 to 999 JlS). The whole 

system is controlled by a microcomputer. 

2.2 FLUORESCENCE MEASUREMENT PROCEDURE 

All fluorescence measurements are performed at 20°C. The pH of the solution in the cell is 

measured with a conventional pH meter (Model LPH 430T, Tacussel) equipped with a subminiatme 

combined electrode (Model PHC 3359-9). 

For each identification, europium concentration, pH, ionic strength were perfectly fixed and 

controlled. From a spectroscopic point ofview, various gate delay and duration were used to certify 

the presence of only one complex by the measurement of a single fluorescence lifetime and 

spectrum. 

Fluorescence spectra were analysed using the deconvolution software GRAMS 386®. All 

peaks were described using mixed Gaussien-Lorentzian profile (the apparatus function was 

previously recorded using a mercury lamp ). Fluorescence lifetime measurements were made by 

varying the temporal delay with fixed gatewidth. 

2.3 MATERIALS 

Standard solutions of europium (III) in sodium perchlorate (NaC104 0.1 M) or in potassium 

carbonate (K2C03 0.01M, 0.1 M or 1 M) are obtained from suitable dilution of a solution prepared 

by dissolution of high purity europium oxide powder (Alfa) with concentrated perchloric acid 

(Merck). 

Purified Aldrich burnie acids (HA) are used in a protonated form. Their main characteristics 

are detailed in Kim et a/. ( 1991 ), as part of an EC Mirage project (Kim, 1990). Their proton 

capacities are 5.4 meq/g for HA-Aldrich (determined by potentiometric titrations). Their apparent 

acidity constants (determined as the pH at mid-equivalence) are: pK3 HA = 4.3. Stock solutions of 1 
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g/1 for Aldrich HA in 0.1 M NaCI04 have been prepared after dissolution in NaOH medium 

(pH-10; ratio 1/10) in the case ofHA. 

Perchiarie acid and sodium hydroxide (Merck) are used for pH adjustment. The ionic 

strength is fixed by the sodium perchlorate concentration at 0.1 M for most of the experiments 

excepted those realised in potassium carbonate (K2C03 0.1 M or 1 M). All chemieals used are 

reagent grade and Millipore water is used throughout the procedure. 

3. INORGANIC SPECIATION 

The characterisation of the inorganic complexes (with hydroxides and carbonates ligands) of 

europium implies to identify them temporally, i.e. by the determination ofthe lifetime and spectrally 

i.e. by the determination of the fluorescence spectrum. These different species under study are the 

hydroxide and carbonate complexes, in addition to free europium. 

With the interaction constants (log p) listed in the Iiterature (Dierckx et al., 1994, Wolery et al., 

1992) (table 1), the Eu speciation diagram at atmospheric pressure in which the hydroxide and 

carbonate complexes are only taken into account, can be built (figure 1 ). No mixed Eu complexes 

(Eu-OH-HC03/C03) are considered. It is also possible to work under a controlled atmosphere 

(without air) and then to only consider the hydroxide complexes as seenon figure 2. 

TableI : Interaction constants of inorganic complexes of europium at 1=0.1 M 

Species EuOH2+ Eu(OH)/ Eu(OHh(aq.) Eu(OHk Eu(C03f Eu(C03) 2- Eu(C03)/ 

log ß 5.55 10.72 15.71 17.71 6.96 12.45 14.1 

These diagrams allow us to determine the best chemical conditions to identify one particular 

species, as previously done for uranium (Moulin et al, 1998, 1999 a). In our case, the following 

conditions were chosen : 

• atmospheric pressure and acidic pH to study free europium Eu3
+. 

• carbonate medium and alkaline pH to study the carbonato complexes. 

• controlled atmosphere (pC02 = 0) and alkaline pH to study the hydroxo complexes. 
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Figure 1 : Speciation diagram of europium at atmospheric pressure (I = 0.1 M) 
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Figure 2 : Speciation diagram of europium at pC02 = 0 (I= 0.1 M) 
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3.1 CARBONATE SYSTEM 

The experimental canditians are the fallowing : 

far Eu3+: [Eu]= 1 mg/1, I= 0.1 M (NaC104), pH = 2 and atmaspheric pressure, 

far mona-carbanate : [Eu]= 1 mg/1, I= 0.1 M (NaC104), [K2C03] = 0.01 M, 

far di-carbanate: [Eu]= 1 mg/1, [K2C03] = 0.1 M, 

far tri-carbanate: [Eu]= 1 mg/1, [K2C03] = 1 M. 

Figure 3 presents fluarescence spectra of the carbanata species tagether with free europium. 

The spectrum af free europium presents two peaks : 593 nm with a full width at mid height 

(FWMH) equals ta 6.5 nm and 618 nrn with a FWMH equals to 9.5 nm. The peak ratia 593 I 618 is 

equal to 4 ta 1. This is characteristic of eurapium which presents a fluarescence spectrum in the red 

with strongest lines araund 580, 593, 618, 650 and 700 nrn eno ~ 7F1, J = 0-4)), the transitian at 

618 nm (5D0 ~ 7F 2) being hypersensitive. This feature is very important in camp1exation studies 

since its intensity is enhanced in the case of complexatian with a Iigand, relative to its intensity in 

aqueaus medium (no camplexatian). The lifetime af free eurapium is found to be equal to 110 11s. 

16~.--------------------------------------------------------. 

I fluo (a.u.) 

575 585 595 605 A. (nm) 615 625 635 

Figure 3 : Spectra of tbe carbonato complexes of europium 
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For the mono carbonate complex Eu(C03t, two peaks are present : 592 nm with a FWMH 

equals to 11.0 nm, and 616 nm with a FWMH equals to 10.0 nm. Under these conditions, due to 

complexation with carbonate ions, the peak ratio 592 I 616 is equal to 1 to 2. The lifetime of the 

mono-carbonate is found to be equal to 180 J.l.S. 

For the di carbonate complex Eu(C03) 2-, two peaks are present: 592 nm with a FWMH equals 

to 10.0 nm, and 616 nm with a FWMH equals to 9.0 nm. Under these conditions, due to 

complexation with carbonate ions, the peak ratio 592 I 616 is equal to 1 to 3. The lifetime ofthe di­

carbonate is found to be equal to 290 J.l.S. 

For the tri carbonate complex Eu(C03)33
-, two peaks are present : 594 nm with a FWMH 

equals to 8.0 nm, and 618 nm with a FWMH equals to 9.5 nm. A little shoulder is observed on the 

618 nm peak. Under these conditions, due to complexation with carbonate ions, the peak ratio 594 I 

618 is equal to 1 to 6. The lifetime ofthe tri-carbonate is found tobe equal to 440 J.l.S. 

All the results are summarised in table 2 : for each species, the spectral data (main fluorescence 

wavelengths and full width at mid height) and the lifetimes are presented. Results obtained for the 

lifetimes and for the spectrum of the tri-carbonate complex are in good agreement with Iiterature 

data (Kim et al., 1994). 

3.2 HYDROXIDE SYSTEM 

The experimental conditions are the following : 

for Eu3+: [Eu]= 1 mg/1, I= 0.1 M (NaCI04), pH = 2 and atmospheric pressure, 

for hydroxide complexes: [Eu]= 1 mg/1, I= 0.1 M (NaCI04), pC02 = 0 and different pH. 

Figure 4 presents the evolution of the spectra of the hydroxo complexes with the pH. 

There is no great differences between all spectra. For all hydroxo complexes Eu(OH)n (J-n)+, two 

peaks are observed: one at 593 nm with a FWMH larger than for free europium (12.0 nm instead of 

6.5 nm) and one at 615 nm with a shoulder at 623 nm. The peak ratio is equal to 1 to 1. Spectral 

deconvolution is in progress and results obtained will be published in 2000. As the same way, the 

lifetime of all species is equal to 50 J.l.S. Results are also summarised in table II. 
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Figure 4 : Evolution of the spectra of the hydroxo complexes of europium with pH. 

Table II : Spectral data and lifetimes for inorganic complexes of europium. 

Species Fluorescence wavelength (nm) FWMH Lifetime (J!S) 

and ~k ratio ( ] 
(nm) 

Eu3+ 593 I 618 [411] 6.5 I 9.5 110 ± 10 
-------------------------------------------------------------------------------------------------------

Eu(OH/+ 593 I 615 [111] 12.0 I- 50± 5 

Eu(OH)/ 593 I 615 [111] 12.0 I- 50± 5 

Eu(OH)3 (aq.) 593 I 615 [111] 12.0 I- 50± 5 

Eu(OH)4- 593 I 615 [111] 12.0 I- 50± 5 

592 I 616 [112] 11.0 I 10.0 180 ± 10 

592 I 616 [113] 10.019.0 290 ± 15 

594 I 618 [116] 8.0 I 9.5 440± 30 
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4. COMPLEXATION OF Eu (111) WITH HUMIC SUBSTANCES STUDIED 
BYTRLIF 

4.1 EXPERIMENTAL SECTION 

The interaction of humic acids with Eu3
+ has been studied by using TRLIF as technique of 

investigation of organic complexes as performed in other studies (Moulin et al., 1992, 1996, 1999 

b ). Titration experiments have been performed in order to obtain characteristic data, namely the 

complexing capacity W and interaction constants ß. The experimental approach is the following : a 

Eu3+ solution is titrated by a humic acid solution at controlled pH and controlled ionic strength. At 

the beginning and at the end of the titration, the lifetime 1: is measured, the fluorescence spectra are 

monitored and the pH is checked. The fluorescence intensities are measured at each point and these 

intensities are corrected with humic acid absorbance and Iaser energy variation. 

The experimental conditions are the following : 

[Eu]= 1 mg/1 (6.6 Jlmol/1) 

I = 0.1 M (NaCI04) 

two pH have been studied : pH = 5.0 and pH = 6.5 in order to determine the effect on the 

interaction constant and the complexing capacity 

humic acids from Aldrich (purified form used as reference in the project) 

Figure 5 presents the titrations obtained at pH = 5.0. There is a good agreement between the 

three experiments. 

1,20-.----------------------------------, 

Ratio 
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0,40 

--
0,20 
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0,00 +------,,-----.----.--------.----..-------.------j 

O,OOE+OO 2,00&06 4,00&06 6,00&06 8,00&06 1,00&05 1,20&05 1,40&05 

Figure 5 : Titrations of Eu (1 mg/1) by HA (1 00 mg/1), pH = 5.0 
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Figure 6 presents the titrations obtained at pH = 6.5. 
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Figure 6 : Titrations of Eu (1 mgll) by HA (1 00 mg/1), pH = 6.5 

Figure 7 presents the evolution ofthe spectra ofthe europium during the titration. 
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Figure 7 : Evolution of the spectra du ring the titration of Eu by HA (pH = 5.0) 
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During the titration, the fluorescence intensity increases in the presence of humic acid and the 

Eu spectrum changes (evolution of the ratio I618 I I593). It is a proof of the complexation of Eu by 

humic acid (hypersensitive transition at 618 nm). Moreover, the lifetime has not changed between 

the beginning and the end ofthe titration (110 ~s) so that the complex is an outer sphere complex. 

Experiments have been done to check the absence of photodegradation of the humic substances 

during the titration. As the pulse Iaser has a very low energy (Nd-YAG, 2.5 mJ per pulse), 

photodegradation can not occur or occurs very weakly. 

4.2 CALCULATION SECTION 

The interaction constants and the complexing capacities have been calculated by using the 

"single site model". The goal is to determine the interaction constant relative to the concentration 

and the complexing capacity ofhumic acids towards europium. 

Since the humic substances are heterogeneous and complex molecules, the Iigand is defined as 

a monodentate site (L) with no particular assumption on its chemical structure. Complexes of 1:1 

(metal : Iigand) stoechiometry are assumed to be formed according to the following equilibrium : 

where: 

[L]total = W X [HA]= [L]rree + [EuL] 

[Eu]total = [Eu]rree + [EuL] 

W = complexing capacity expressed in mmol/g (number of millimoles of cations bound per gram of 

organic Iigand). 

Moreover, the hypersensitive transition at 618 nm of the europium is a very good indicator of 

the complexation phenomena so that the interaction data can be obtained by using the ratio of the 

fluorescence intensities at 593 nm and 618 nm. lndeed, the fluorescence at 593 nm is considered to 

be the contribution of free europium and complexed europium whereas the fluorescence at 618 nm 

is considered to be the contribution of free europium and complexed europium affected by a 

coefficient due to the hypersensitivity ofthis transition (Dobbs et al., 1989, Moulin et al., 1999 b ). 

This can be summarised as follows : 

I 593 nm =X ([Eu]rree + [EuL]) 

I 618 nm = y ([EuJrree + k. [EuL]), 

where k is the hypersensitive contribution factor. 
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By plotting the ratio ofthe fluorescence intensities (R = I618/I593) as a function ofthe ratio ofthe 

concentrations ([Eu]/[AH]) (see figure 8), the complexing capacity W is obtained, graphically, by 

intersection ofthe two slopes and the interaction constant ß is obtained from a non-linear regression 

giving ß as a function ofW, k, R, [HA], [Eu]. 

Ratio 
161s/ls93 

rEuHAl 
ß=---------------

[HA]rree. [Eu (III)]rree 

Eu I AH (mmol/g) 
W: complexing capacity 

Figure 8 : Titration of europium by burnie acid. 

The values obtained are presented in table III. 

Table 111 : Interaction constants and complexing capacities for the Eu-HA system. 

[Eu], I, pH 

1 mg/1, 0.1 M, 5.0 

1 mg/1, 0.1 M, 6.5 

Logß 

5.2 ± 0.4 

5.3 ± 0.4 

W (mmol/g AH) 

0.9 ± 0.1 

0.9 ± 0.1 

In these experiments, the interaction constants and the complexing capacities are not affected 

by the pH in the range 5 to 6 and are in good agreement with Iiterature data (Bidoglio et al., 1991). 

5. EXISTENCE OF MIXED COMPLEXES 

A solution, representative of Mol site (interstitial clay water) and containing carbonate ions and 

humic acids, has been studied by time-resolved laser-induced fluorescence (Moulin et al., 1999 c ). 

The exact composition oftbis solution is given in table 4. This solution has been characterised by its 

spectrum (figure 9) and its lifetime (equal to 170 J.l.S). By comparing this spectrum with our 
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spectrum data base, it seems that there is a new species. It is impossible to obtain this new spectrum 

by convolution of humate complex spectrum with carbonato complex spectrum and the lifetime is 

Ionger than the other possible simple complex. These two results are in favour of the existence of a 

mixed complex. 

Synthetic water containing 

Eu, C03, AH 

pH 9.3 

MgS04 (mg/1) 12.0 

KC1 (mg/1) 20.0 

Na2S04 (mg/1} 1.5 

NaF (mg/1} 8.0 

NaC1 (mg/1) 44.0 

NaHC03 (mg/1} 1250 

CaC03 (mg/1) Saturated 

HA (mg/1} 150.0 

Eu (mol/1) 8 X 10-6 

Table 4 : Composition of the "Mol water" 
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Figure 9 : Spectra of the "Mol water". 
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6. CONCLUSIONS AND PERSPECTIVES 

Three model systems have then been studied with europium : 

• the carbonato system 

• the hydroxo system 

• the humate system. 

The data obtained on these systems (from a spectroscopic and chemical point of view) are of 

prime importance to investigate the formation of ternary complexes and to determine interaction 

constants relative to such complexes. The impact of such complexes on Eu speciation can be then 

estimated. This will be the next step of this work. Nevertheless, these data here obtained have 

allowed to understand the behaviour of europium in complex environment, namely a synthetic 

natural water : in fact, europium is present as a ternary complex with humate and carbonate ligands 

under physico-chemical conditions representative of interstitial clay waters. 
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Annex 7 

Complexation of Th(IV) with Humic Substances 

(P. Reiller, V. Moulin, C. Dautel, F. Casanova (CEA)) 
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l.INTRODUCTION 

The understanding of radionuclides behaviour in natural systems in relation with nuclear waste 

disposals in geological formations necessitates the knowledge of their speciation in these systems. 

In particular, this implies to determine the influence of humic substances (humic and fulvic acids, 

HAlFA) as natural organic substances present in more or less concentrations in ground waters on 

the migration of radionuclides, particularly actinide elements. Humic substances can influence the 

migration of cations as a complexing Iigand for cations in solution. If the majority of the works 

upon the complexation of cations by HA has been led with very important mono, di or trivalent 

cations, there is still a lack of accurate data onto the complexation of tetravalent actinides i.e. U(IV), 

Np(IV), and Pu(IV). 

In a previous study (Moulin et al., 1999), the method retained to study the complexation of 

Th(IV) by humic substances has been developed. This method is an indirect one based on the 

competition between humic complexation and sorption onto silica colloids. The sorption of 

thorium(IV) onto silica with or without the presence ofhumic acids has been investigated. Th(IV) is 

considered as an analogue of the tetravalent actinides, (Choppin, 1999), whose species are 

predominant, at least partly in the case of Pu, under reducing natural conditions. HA are known to 

be very weakly sorbed onto silica in the pH range of ground waters (Labonne, 1993; Labonne-Wall 

et al., 1997). Thus, the evolution of Th(IV) sorption properties towards Si02 in the presence of HA 

would be the almost direct information of the extent of the humic complexation of Th(IV). Our aim 

was to examine the influence of the presence of HA onto Th(IV) sorption onto silica, one of the 

major constituent of soils both as oxide and as part of clays (silanol groups). After having 

characterised the interactions between Th(IV) and colloidal silica (binary system), extraction of data 

from the temary system (Th/HA/Silica) would permit us to characterise the interaction between 

tetravalent actinides and humic acids. 

In a previous paper (Moulin et al., 1999), we did undoubtedly show that the presence of HA 

drastically influenced the sorption of Th(IV) onto colloidal silica in the pH range of natural ground 

waters, and a first estimation of interaction constants and mechanisms has been proposed. 

Unfortunately, the dispersion of the sorption data of the binary system at varying pH has prevented 

us from presenting accurate surface complexation data that could fully describe this system. 

Nevertheless, the addition of HA at varying pH, has led to an important decrease of the sorption of 

Th(IV) for as much as 1 mg HAlL, and to the reach a minimum for 10 mg HAlL figure 1. This fact 

was confirmed by a study at a constant pH of 6.3 and varying HA concentration (figure 2). 
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Figure 1: Sorption of thorium onto silica in the presence of humic acid vs. pH; 
[Th] = 1.1510-12 M, [Si02] =50 mg.L-1

, I= 0.1 M (Moulin et aL, 1999). 
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Figure 2: Sorption ofTh(IV) onto silica in the presence of Aldrich burnie acid 
pH = 6.3, [Tb] = 1.15 10-12 M, [Si02] =50 mg.L -t, 1 S [AH] (ppm) S 200, I= 0.1 M (NaCI04) 

(Moulin et aL, 1999). 
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2. ESTIMATION OF THORIUM-SILl CA INTERACTIONS 

2.1 RESULTS 

Even if the dispersion of the results would prevent us from extracting robust data for the binary 

system, an estimation of the surface complexation constants can be attempted. The experimental 

results we obtained can be fitted using Fiteql 3.2 code (Herbelin and Westall, 1996). The results 

with the non electrostatic surface complexation model and Bäes and Mesmer (1976) hydrolysis 

constants of Th(IV) gives the estimation of the interaction constants reported in table I. It is to be 

noted that for =SiOTh(OH)~, the value of -18.4 is in agreement with the value obtained with the 

Kurbatov approach in Moulin et al. ( 1999), i. e. log ß = -18 .1. 

Table 1: Estimation of the non electrostatic surface complexation model for Th(IV)/silica 
system. 

Equilibrium log Kn 

=SiOH + Th4+ ~ :SiOHTh4+ 4.6 

=SiOH + Th4+ ~ =Si0Th3+ + H+ 1.02 

::SiOH + Th4+ + H20 ~ =SiOThOH2+ + 2H+ X 

=SiOH + Th4+ + 2H20 ~ =SiOTh{OH); + 3H+ -7.02 

=SiOH + Th4+ + 3H20 ~ =SiOTh{OHh + 4H+ -12.9 

=SiOH + Th4+ + 4 H20 ~ =SiOTh{OH):;j + 5H+ -18.4 

2.2 REDUCTION OF EXPERIMENTAL DISPERSION 

The possible factors that could induce the dispersion of the binary system data has been 

investigated in the period including: 

1. The concentration of Si02 colloidal suspension was initially of 50 mg/L, resulting in a 

possible extensive dissolution. Thus, the concentration of Si02 in solution was increased to 

250 mg/L, but the ratio between Th and Si02 was kept constant: no significant 

improvement was obtained in the dispersion. 

2. The efficiency of the ultracentrifugation separation at 40,000 rpm at varying pH was 

checked by Photon Correlation Spectroscopy: no significant signal indicating remaining 

suspended colloids was recorded in the different supematant. 
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3. The ultracentrifugation speedwas increased to 50,000 rpm, and experiments has been done 

by another operator: the results of the last assay did not seem to improve significantly the 

dispersion ofthe data. 

Referring to the highly reproducible results we have obtained with another system that we have 

examined during this project (i.e. Th-hematite, ReiHer et al., 2000), two hypothesis can be 

proposed: 

• the silica colloidal suspension we used undergoes ageing and the silica is not nominal; 

• a complexation reaction occurred between Th(IV) and IL!Si04 as it has been postulated in 

the case ofPu(IV) (Pazukhine et al., 1990). 

3. ESTIMATION OF THORIUM(IV) HUMIC COMPLEXATION 

We have seen that the data dispersion of the binary system prevented us from extracting 

accurate surface complexation constants. Nevertheless, an estimation of the extent of humic 

complexation ofTh(IV) in our conditions (figure 1 and 2) can be proposed using the first estimation 

ofthe surface complexation constant (table 1). We can though propose approximate log ßHA values 

referring to our experimental data considering ß HA related to the equation: 

Th + HA~ThHA 

With ßHA written as: 

HA_ (ThHA] 
ß - [Th] [HA] 

The binary system can be described with the following system: 

=SiCH + Th4+ + n H20 ~ =Si0Th(OH)~3-n)+ + n+1 H+ 

with the apparent stability constant Kn: 

The proportion P of thorium that is sorbed onto silica surface is calculated through: 

p = (Thnxedl . 1 00 
[Throtail 
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and the material balance ofthorium is written as: 

[T 4+ HA 4+ ~[ . (3-n)+ J 
hrotal] = [Thhydrol] + [ThHumicl + [Thnxed] = a [Th ] + ß [HA] [Th ] + L..J =SIOTh(OH)n (4). 

n 

Considering equation 2, the complexation of thorium by HA and thorium hydrolysis, the 

expression ofP becomes: 

:LK~ [SiOH] [Th4j [H+]-(n+1l 

p = n . 100 
a [Th4+] + ßHA [Th4+] [HA]+ :LKn [SiOH] [Th4+] [H+]-(n+1l 

(5), 

n 

Considering that humic complexation is the main phenomenon in solution when HA ;::: 10 

mg/L: 

(6), 

Knowing the ionisation of silanols surface sites: 

(I II), 

the expression of Ce, the exchange capacity can be expressed as: 

Ce = [=SiCH] + [=SiOl + I[=Si0Th(OH)~3-n)+ ] = [=SiOH] + [=SiOl = as1oH [=SiOH] (7). 

n 

And finally, ßHA can be expressed as: 

Ce L(Kn [SiOH] [Hj-<"+11) Ce :L(Kn [SiOH] 10<n+1lPH) 

ßHA= n PasioH[HA] · 100 = Pn(1+1006.S4+pA)[HA] (8). 

Using the surface complexation constants that we have estimated earlier, a first estimation of 

the burnie complexation constant of Th(IV) in the pH range 6-8 can be proposed in table ll 

comparing with the data that can be calculated from the values of Nash and Choppin (1980) and 

Choppin and Allard (1985): 

log ßHA = 7.1 aHA+ 9.2 (9), 

and using Torres (1982) data for Lac Bradford HA. 
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Tbe differences obtained in the lower part of tbe pH range can be attributed to the residual 

sorption of HA onto silica (Labonne, 1993) leading to an overestimation of Th(IV) sorption onto 

silica and thus an underestimation oftbelog ßHA. Nevertheless, for pH 7 tbe estimation oflog ßHA is 

in fair agreement witb the value that can be ealeulated through equation 9. Tbe estimation for pH 8 

clearly sbows that Tb(IV) is more sensitive to burnie complexation than previously stated, as in tbe 

case ofthe Th(IV)-bematite-HA system studied through the same EC program (Reiller et al., 2000). 

Table II: Estimation of log ß8 A(Th4
) compared with data of Nash and Choppin (1980) and 

Choppin and Allard (1985). 

100 mg/L 50 mg/L 

pH p p 

18 5.61 1018 18.7 11 9.41 1018 19.0 16.2 
17 6.97 1013 13.8 11 1.08 1014 14.0 15.6 
8 2.20 109 9.3 9 1.96 109 9.3 14.7 

13.2 

4. CONCLUSIONS 

The technique retained to investigate the eomplexation of thoriurn by burnie substances is based 

on the study of a temary system involving tbe metal, burnie aeids (HA) and a mineral surfaee (silica 

colloids) considered as a eompetitor for HA. Although some problems arose on tbe binary system 

eonsisting of Tb-silica ( dispersion of experimental data), the studies whicb bave been conducted 

bave sbown a great influenee of HA onto Th(IV) bebaviour. Hence, HA bave an important effect 

upon the sorption of tetravalent actinides onto silanol surface groups of silica, even in the pH range 

of ground waters: a strong deerease of Tb(IV) Sorption through the formation of Tb-burnate 

complexes in solution. 

Overall, tbese works permit us to verify at laboratory scale the strong influenee ofHA in natural 

systems onto tbe cbemistry of tetravalent elements in general, and of tetravalent actinides in 

partieular. In the case ofTb(IV) as an analogue, this effeet is important even wben the concentration 

of HA is relatively low (1 ppm) in the neutral to slightly alkaline pH range, signifying the 

importance of burnie eomplexation reaetion in almost all natural waters, whieb eould be waters 

representative of geologic formations for an underground radioaetive waste disposal. 
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1. GENERAL INTRODUCTION 

The understanding of radionuclides behaviour in natural systems in relation with nuclear waste 

disposals in geological formations necessitates the knowledge of their speciation in these systems 

including their distribution between the solution and the mineral pbases. In particular, this implies to 

detennine the influence of burnie substances (humic and fulvic acids, HAlFA) as natural organic 

substances present in more or less concentrations in ground waters on the migration of radionuclides, 

particularly actinide elements. Humic substances can influence the sorption of cations onto minerat 

surface firstly as a complexing Iigand for cations in solution, and secondly as an adsorbent by modifying 

the properties of the mineral surface. 

The sorption of metal ions onto mineral surfaces as clays or iron oxides has been extensively 

studied (Lieser et al., 1990; Degueldre, 1997). So does is the influence of bmnic substances onto these 

retention properties. It has been thoroughly studied and led to nmnerous models and interpretations. The 

majority ofthe works conducted onto this subject has been performed onto highly important mono, di or 

trivalent radionuclides such as Cs(I), Np(V) (Tanaka and Senoo, 1995), Zn Ni Cu (ll), Young and 

Harvey, 1992) Co(ll) (Zacbara et al., 1994), Cd(ll) (Davis and Bhatnagar, 1995; Vermeer, 1996), U(VI) 

(Payne et a'., 1996) or Am(III) (Labonne-Wall et al., 1997). A little has been done on tetravalent cations 

due to their rery low solubility (Ryan and Rai, 1987; Adair et al., 1997). Thorium is usually regarded as 

an analogu.e for the other tetravalent actinides (Choppin, 1999). The available data about the 

complexation ofTh(IV) with burnie substances have been obtained by Nash and Choppin (1980) revised 

by Choppin ar.d Allard (1985). Unfortunately, these data have been obtained in an acidic pH range (3.5:::;; 

pH ~ 5), and the question which arises is the extrapolation at other pH values representative of the 

conditions of I .,atural waters. This fact has been clearly shown by Moulin et al. (1999), as hmnic acids 

have been shown to desorb Th(IV) :from silica up to pH = 8, whereas speciation calculation predicts the 

contrary. Othexwise, Zeh et al. (1995) noted that in groundwaters, thorium is associated with partiewate 

matterat somewbat higher pH values. 

The aim of this study is to determine for which conditions burnie substances modify the migration, 

and in particular the retention of actinides onto mineral surfaces and under relevant geocbemical 

conditions (pH, ionic strength, presence of competing cations). Forthis purpose, the behaviour ofhumic 

substances towards minerat phases is important to know, and particularly the formation of an organic 

film.. The objective of the present work is to study the retention of burnie acids onto bematite as a 

function of physico-chemical parameters (pH, ionic strength, burnie concentration) and to appreciate the 

e:ffect oftbis pbenomenon onto the actinides retention onto minerat surfaces. 

In the :framework of this study we choose a system consisting of bematite ( a.-Fc;03), one of the 

major component of the colloidal matter contained in natural waters (Degueldre, 1994), Aldrich burnie 

acids and thorium(IV). Cromieres et al. (1998) already quantified the interaction ofTh(IV) with hematite 

colloids using non electrostatic and diffuse double layer surface complexation models, and the hydrolysis 
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constants recommended by Bäes and Mesmer (1976). The objectives of this work are to study the 

influence ofhumic acids upon the sorption of a tetravalent actinide upon hematite. 

2. EXPERIMENT AL 

2.1. MATERIALS 

The hematite suspension used was obtained from AEA Harwell though an EC project (Moulin et 

al., 1996; Cromieres, 1996). The characterisation has been performed by Cromieres (1996). The colloids 

are of spherical morphology. The size distribution is monomodal centred on a diameter of 55 nm. The 

speci:fic surface was measured, using the BET/N2 method, tobe 19 m2.g-1. The proton exchange capacity 

is Ce = 3.8 10-5 eq.g-1, and the estimated pKa's determined with the diffuse double layer model 

(Dzomback and Morel, 1990) are : 

• =SOH + W ~=SOlL pKa1 =-7.32 

p:Ka2=8.06 • =SOH~=SO-+W 

• pHpzc = 7.69 

A distribution diagram of the surface sites can proposed using the diffuse double layer model 

(:figure 1). 
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Figure 1: Distribution of surface sites of hematite; 
[a-Fe20 3] = 500 mg/L, I= 0.1 M 

Purified Aldrich humic acids (HA) are used in a protonated form. The main characteristics are 

detailed in Kim et al. (1991 ), as part of an EC MIRAGE project (K.irn, 1990). The proton capacity is WHA 

= 5.4 meq.g-1 for HA-Aldrich (determined by potentiometric titrations). The apparent acidity constant 

(determined as the pH at mid-equivalence) are: pKa HA= 4.52. 
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The initial solution ofthoriwn- 228Th in 2 N HN03 - was obtained from Amersham. This solution 

was diluted in order to obtain a 1.09 1o-9 M stock solution in 0.9 M NaC104 and HN03 0.2 M. 

All other chemieals were reagent grade, and Millipore water was used. 

2.2. SORPTION PROCEDURE 

The sorption experiments are conducted in batch procedure at room temperaturein polycarbonate 

vials sealed with screwcaps. The concentration of the hematite suspension is fixed at the desired 

concentration by diluting the stock solution in the background electrolyte, aliquots of burnie acids are 

added and the pH is adjusted at the desired value with a TACUSSEL pHmetre (PHM 220 MeterLab) 

equipped with a combined TACUSSEL electrode (Radiometer type XC 161, modified NaC104 0.1 M, 

NaCl 10-2 M), using HCl04 or freshly prepared NaOH. The ionic strength is kept constant - NaC104 -

through all ofthe experiments. Humic acids concentration is measured spectrophotometrically at 254 nm 

(Shimadzu UV-2100). The obtained suspension is shaked for 24 hours to allow equilibration of the 

adsorbent. The radionuclide is added to obtain a final concentration of 1.15 10-I2 M; the pH is adjusted. 

The solution is shaked again for 24 hours, and 2 aliquots of 1 mL of the suspension are sampled for 

thorium activity measurement (AI), in order to get rid of Th(IV) adsorption upon the vial walls as 

described by Cromieres (1996) and Cromieres et al. (1998). The colloids are separated from the liquid 

phase by ultracentrifugation (90 min, 50 000 rpm), the pH ofthe supematant is measured, then two other 

aliquots of 1 mL are sampled from the supematant for thoriwn activity measurement (A2). 

The activities of 227h are measured by liquid scintillation counting. The previous aliquots are 

added to 4 mL of liquid scintillator (Ultima Gold AB). The activity measurements are performed after 

one month in order to attain the seculary equilibrium of 227h with its daughters. The initial thorium 

activity (Ao) was determined by direct addition into the liquid scintillator. 

Sorption percentage is calculated form the activities ofthe suspension (AI) and ofthe supematant 

(A2) according to the following equation: 

The distribution coefficient, ~' is given by: 

Ko (mL.g-1) = [!h]sorbed = R 10
6 

[fh]solution 100- R x [Fe20J(mg.L-1
) 
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2.3. THORIUM CHEMISTRY 

Regarding to the low Th concentration, and the isolation ofthe system from atmospheric C02, only 

the monomers induced by the hydrolysis are taken into account. There is a discrepancy in the various 

published data on Th(IV) hydrolysis. The most accepted values are those detennined by Bäes and 

Mesmer (1976) and confinned by Grenthe and Lagennan (1991). The cumulative constants of 

thorium(IV), corrected for 0.1 M ionic strength using SIT, are reported in table I - ETh(N) were taken as 

equal to Eu(N) in Grenthe et al. (1992) -. The total carbonate concentration in this closed system has been 

estimated by Labonne (1993) and Cromieres (1996) to be 5.10-5 M. The trihydroxo carbonato and 

pentacarbonato thorium(IV) complexes evidenced by Östhols et al. (1994) have been taken into account. 

A speciation diagram corresponding to our experimental conditions can be seen on figure 2. 

Table 1: Complexation cumulative constants of Tb (IV), corrected for 0.1 M ionic strength 
using SIT method (Grenthe et al. (1992)). 

Equilibrium 

Th4+ + H20 ~ Th(OH)3+ + W 
Th4+ + 2 H20 ~ Th(OH)~+ + 2 W 
Th4+ + 3 H20 ~ Th(OH); + 3 H+ 

Th4+ + 4 H20 ~ Th(OH)4 + 4 H+ 

Th4+ +Co~-+ 3 H20 ~ ThC03(0H)~ + W 
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-12.99 

-17.16 
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pH 

log *ßi 
Grenthe and Lagerman 

(1991) 
Östhols et al. (1994) 
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-3.79 

-9.08 

-13.87 

-1.69 

10 

Figure 2: Speciation of Tb (IV) referring to Grenthe and Lagerman (1991) and Östhols et al. 
(1994); [Tb] = 1.1 o-JZ M, total Carbonate 5.1 o-s M, I= 0.1 M. 

138 



3. RESULTS AND DISCUSSIONS 

3.1. SORPTION OF HUMIC ACIDS ONTO HEMATITE 

In this first part of the study, the sorption of HA onto a colloidal suspension of hematite is 

characterised, and the effect of the concentration of HA, pH and ionic strength on this sorption 

phenomenon is investigated. In the following, the experimental conditions are as follows: the 

concentration ofhematite is 500 mg/L, leading to surface sites concentration CsoH of 1.9 w-s eq/L (3.8 

to-s eq/g x 0.5 g!L), and the concentration of humic acids is 11.1 mg!L, leading to humic sites 

concentration CHA of6 w-s eq site/L (5.4 meq/g x 11.1 mg/L). 

3.1.1. EFFECT OF HA CONCENTRATION 

The sorption experiments have been conducted at constant pH and ionic strength- pH = 5.08 ± 

0.03; I= 0.1 M -. The retention profile of HA onto hematite is reported on figure 3. As expected, the 

proportion ofHA fixed to the surface is decreased when increasing the HA concentration. The theoretical 

HA concentration needed to attain the saturation can be calculated through: 

C 
_ [cr-Fe20aJ Ce _ 0.5 g/L x 3.8 10-5 eg/g _ 

3 5 
HAlL 

HA- WHA - 5.4 10-=a eq/g = · mg 

Referring to figure 3, the actual concentration can be estimated to 4-5 mg HAlL leading to a 

saturation capacity of: 

Ce= (4.8 ± 1) 10-5 eq/g 

Considering the uncertainty of the determination of the actual Ce, the actual saturation 

concentration is in fair agreement with the theoretical one. The fact that an oversaturation can occur is 

not surprising when taking into account the description of loops and tails, where part of the humic acids 

molecule is extended into the solution and part is attached to the mineral surface (Fleer et al., 1993). 

10 100 1000 

(AHJ jmg/1.) 

Figure 3: Retention ofHA onto hematite at pH =, [cr-Fe10 3] = 500 mg!L,J= 0.1 M(NaCI04). 
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3.1.2. EFFECT OF PH 

The pwpose of this part of the study is to appreciate the effect of pH on the sorption of HA onto 

hematite. Using the same experimental conditions as in the previous chapter, except the pH value, the 

results obtained in the case ofthe retention ofHA onto hematite vs. pH are reported in figure 4. 

A strong Sorption of HA onto the surface of colloidal hematite is observed in the acidic to neutral 

pH range and is decreasing when increasing pH. The retention of HA is clearly decreasing with the 

ionisation ofHA, and as the hematite surface becomes less positive with increasing pH (:figure 1), as it 

has been generally observed, from more than 97% at pH 3 to nearly 25% at pH 1 0.4. 

Plotting the logarithm of the distribution coefficient Ko vs. pH permits to notice a clear step in the 

retention profile when pH exceeds the pKa HA ofhumic acids. Below pH 7, figure 1 shows that the surface 

charge of hematite is highly positive (pH < pHpzc) . In the first part of the retention pro:file, up to pH 4, 

protonated HA sites and positive sites of hematite are the dominant species. The retention mechanism is 

supposed tobe mainly of hydrogen bound type (Liu and Gonzalez, 1999). At this low pH value, the 

humic acids are :from almost neutral to weakly negatively charged and the repulsion of charge is 

minimised. The conformation ofthe polyelectrolyte is folded and a high amount ofsorbed humic acids is 

observed. 

After the step observed on figure 4b at pH ;;:: 4.5, the dominant species are the deprotonated form 

of humic sites (A 1. whereas the surface of hematite is still highly positive, the decreasing of the humic 

acids retention is then stopped by the electrostatic interaction between negative humic acids and positive 

hematite surface. The subsequent decrease of the retention of HA is produced by the progressive 

repulsion between A- and the surface ofhematite at it becomes negative . 

• ' 4.5 .. 

. .. . . 
.. ·, " 

2.5+-.-.-..~~~~~~~~~~....-~ 
2 

b 
pll 

Figure 4: Retention of HA onto hematite vs. pH; 
[HA]= 10 mg/L, [a-Fe20 3] = 500 mg/L, I= 0.1 M (NaCI04). 

3.1.3. EFFECT OF IONIC STRENGTH 

10 t1 

The influence of the ionic strength on the retention of HA onto hematite colloids can be seen on 

figure 5. For I;;:: 0.01 M, the effect ofionic strength on HA retention seems tobe very week. This effect 

can only be taken into account when I = 1 o-3 M and for HA concentration less than 10 mgt.L. In a 

previous study with grethite (Reiller et al., 1999), we observed a similar, but slightly more pronounced 
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effect oftbis parameter. As the salt concentration increases, two phenomena can occur. The :first one is in 

relation with the fact that when decreasing ionic strength, the confonnation of humic/fulvic molecules 

goes from a folded structure to an opened and unfolded structure (Buflle, 1988). Then at high ionic 

strength the molecules are smaller than at low ionic strength, which explains the higher sorption capacity 

at higher ionic strength. The second phenomenon is related with the screening of the lateral repulsion of 

the HA segments due to the higher salt concentration (V an der Steeg, 1992) leading to more HA entities 

on the surface. 
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Figure 5: Influence ofionic strenght upon HA sorption onto hematite; 
[a-Fez03) = 500 mg/L, (HA) = 11.1 mg/L. 

3.2. INFLUENCE OF HUMIC ACIDS UPON SORPTION OF THORIUM O~TO HEMATITE. 

The aim oftbis second part ofthe study is to appreciate the effect ofthe presence ofhumic acids on 

the Th(IV) sorption onto a colloidal suspension of hematite. The colloidal suspension and HA will be 

pre-equilibrated, so the tetravalent actinide is considered as a perturbation in the system. Firstly, the 

sorption will be studied at constant pH varying the HA concentration and, then the effect of pH at 

constant HA concentration will be considered. 

3.2.1. SORPTION ISOTHERM AT CONSTANT PH 

The sorption experiments have been conducted at constant pH and ionic strength - pH = 7.14 ± 

0.03 and 8.06 ± 0.04; I= 0.1 M -. For these pH values, Th(IV) is in its tetra hydroxo form: Th(OH)4{aq) 

(::: 94.7 % pH 7 and 8). Under these experimental conditions, 60 % of 10 ppm of HA are sorbed onto 

hematite (figure 4a). We can infer that for a lower concentration ofHA, R(HA) would be higher, and that 

for a higher concentration, R(HA) would be lowered as it can be seenon figure 3 at pH = 5. 
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The experimental curve on :figure 6 can be divided in two distinct regions. In the :first region, the 

retention seems to be constant: Th(IV) is sorbed onto hematite, either in the form of a binary complex 

with the hematite surface sites, or in the form of a temary complex with the HA sorbed onto the hematite 

surface. Since the surface is not saturated, there is not enough HA sites in solution that could affect the 

mass action law and permit the humic competition to be effective. In the second region, the sorption of 

Th(IV) onto hematite is strongly decreased with increasing HA concentration ; as the surface ofhematite 

is saturated with HA, the more the concentration of HA, the more free humic complexing sites are 

available in solution. The concentration of HA sites is high enough to act on the mass action law and 

compete with Th(IV) sorption onto hematite. 
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Figure 6: Retention of thorium(IV) onto hematite vs. HA concentration at pH 7; 
[Tb] = 110-12 M, [a-F~03] = 500 mg/L, I= 0.1 M (NaCI04). 

The sorption experiments conducted at pH 8 reveals a similar behaviour as it can be seen on :figure 

7. The two different regions that have been evidenced at pH 7 can also be seen at pH 8, and the stronger 

impact in term of Th(IV) "free" proportion is for HA concentration greater than I 0 ppm. Furthermore, 

the sorption of Th(IV) onto hematite is enhanced at this higher pH compared to pH 7. This enhancement 

of the Th(IV) sorption can be interpreted as the combination of different but related phenomena for [HA] 

~ lOmg'L. 

The :first phenomenon is the increased desorption of HA from the hematite surface at pH 8 

compared to pH 7 (:figure 4). The negative net surface charge ofhematite at pH 8 (:figure 1) repels the 

ionised HA sites (carboxylates) and increases the proportion ofHA in solution. The second and intensely 

related phenomenon is the competition between the complexation by HA and the sorption of Th(N) by 

hematite. Referring to Cromieres et al. (1998), Th(IV) is complexed by hematite surface site in its 

tetrahydroxo form in this pH range following the equilibrium: 
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A similar behaviour was proposed by Laflamme and Murray (1987) and Hunter et al. (1988) to 

model the sorption of Th(IV) onto grethite (a-FeOOH). Since more HA sites are in solution at pH 8 

compared to pH 7, more "free" hematite surface sites are available and can compete for Th(IV) 

complexation. A similar behaviour has been evidenced by Takahashi et al. (1999) in the case of the 

Zr(IV) and Hf(IV)-HA-Kaolinite ternary systems. 

Figure 7: Comparison of thorium(IV) retention onto hematite vs. HA concentration at pH 7 
and pH 8; [Tb]= 110-12 M, [a-Fez03] = 500 mg!L, I= 0.1 M (NaCI04), + pH = 8.06 ± 

0.04, • pH = 7.14 ± 0.03 . 

3.2.2. SORPTION VS. PH 

The results for the thorium sorption onto hematite in the presence ofHA when the pH is varied are 

shownon figure 8, compared with the data obtained by Cromieres et al. (1998) for the binary system 

without HA (i.e. Th--a-F~03). In order to compare our results with those of Cromieres et al. (1998), the 

hematite concentration in solutionwas lowered to 50 mg!L. 

The retention curve of Th(IV) in the ternary system presented on figure 8 can be divided in three 

different parts. Within the first region- 2 ~ pH ~ 3.5 -, the sorption ofTh(IV) is higher than in the binary 

system: this enhancement is due to the coating of the mineral surface by HA, leading to the modi:fication 

of the surface and to the complexation of Th(IV) by HA sorbed onto hematite, as it has been noted in 

different laboratory or natural systems (Labonne-Wall et a/.,1997; Payne et al., 1996; Davis and 

Bhatnagar, 1995;Young and Harvey, 1992; Zachara et al., 1994). The second regionlies between pH 3.5 

and pH 6.5, where the sorption ofTh(IV) is markedly decreased with increasing pH: this is partly due to 

the progressive desorption ofHA from the hematite surface, as it can be seenon :figure 4, leading to the 

complexation of Th(IV) in solution, and partly to the increase in the complexing strength of HA with 

increasing pH. The last region is when pH exceeds 6.5, where the sorption ofTh(IV) is slightly increased 
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:from less that 10 % at pH 6.77 to 15.36 % at pH 7.65: as we have already noticed in the previous 

paragraph, the cumulative effects ofboth the desorption ofHA and the competition between sorption and 

humic complexation slightly improve the thorium sorption onto hematite, but the humic complexation is 

still the dominant phenomenon. As we have noticed earlier, these observations are in agreement with the 

works ofTakahashi et al. (1999) on Zr(IV) (and HftiV)) reported on :figure 9. These works can directly 

be compared with ours as the ratio between the available sites of hematite and humic acids are almost 

equal (table TI). 
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Figure 8: lnfluence of HA on the sorption of Tb (IV) onto hematite vs. pH; 
[Tb]= 1.1510-12 M, [a-Fe10 3] =50 mg.L-1

, [HA]= 10 mg!L,I= 0.1 M (NaCI04). 
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Figure 9: Retention of Zr(IV) onto kaolinite vs. pH; 

0 
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[Zr]< 10-13 M, Kaolinite= 2 giL (5.810-5 eq/L); [HA]= 30 mg/L (1.810~ eq/L),/= 0.02 M . 
.A. binary system, 0 ternary system. 
Data from Takahashi et aL (1999). 
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Table II: Comparison between Takahashi et al. (1999) and This work. 

Takahashi et al. (1999) This work 
[Zr] ~ 10-13 M [Th] = 1 10- M 

Kaolinite : 2 giL Hematite : 50 mg!L 
2.9 meql100g: 5.8 10-5 eq site/L 5.8 meql100g: 1.9 10-6 eq site/L 

[HA]= 30 mg!L => 30 10-3
. 6.1 10-3 = [HA]= 10 mg!L => 10 10-3 • 5.4 10-3 = 

1.8 10-4 eq/L (Takahashi et al., 1995) 5.4 10-5 eq/L 
Kaolinite I HA] = 0.32 Hematite I HA = 0.35 

4. CONCLUSIONS 

The strong influence of humic acids onto the sorption of tetravalent actinides onto hematite has 

been shown and quantified as a function ofHA concentration, pH and ionic strength. lt is strongly related 

to the complexing behaviour ofHA towards tetravalent elements. 

The sorption of HA onto hematite colloids is important and induces an important modi:fication of 

the surface. The number ofhumic sites associated to the mineral surface exceeds the number of available 

hematite surface sites, exhibiting a loops and tails conformation of the humic acids in our experimental 

conditions. The interactions between HA and hematite surface is led by two factors: the electrostatic 

interaction between negatively charged HA sites and the hematite surface at pH relevant of natural media 

(i.e. 6 ~ pH ~ 9), and a more strong interaction combining H-bond and screening of charge repulsion at 

low pH due to the folding of the humic structure. Similarly, the modi:fication of HA structure with ionic 

strength Ieads to the decrease in sorption, but only when HA concentration approaches saturation of the 

surface. 

The sorption of Th(IV) onto colloidal hematite is indeed strongly influenced by the presence of 

humic acids and the formation of strong complexes between Th and HA. This influence is also deeply 

related to the ratio between the number of available surface and humic sites. Nevertheless, for HA 

concentration and pH values that are relevant of natural media, Th(IV) is clearly in competition between 

the mineral phase (more or less coated with HA) and free humic acids. This implies that hematite, as 

constituent of soils or as oxidation product of canister may not be able to efficiently sorb tetravalent 

actinides in the presence ofhumic acids. 

In these experiments, Th(IV) is considered as an inunediate perturbation of a pre-equilibrated 

system. Works are under progress in order to investigate the influence of the kinetic parameter (Bryan et 

al., 1999). Thus, comparing the results obtained in this studywith the ones obtained by Takahashi et al. 

(1999), it seems obvious that the humic complexation oftetravalent elements is of great importance in all 

the pH range relevant of the natural ground waters. The study of these complexation reactions is 

investigated in (Reiller et al., 2000) 
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Abstract 

We studied the kineties of uranium(VD and hurnie aeid adsorption by the roek material phyllite 

and by the rninerals ferrihydrite and museovite at pH 6.5 under aerobie eonditions. The sequenee 

in whieh uranium and hurnie aeid were added to the solid eontaining solutions was varied in or­

der to obtain more detailed information on the sorption meehanisms. The results showed that 

sorption of uranium and burnie aeid onto phyllite and ferrihydrite is rapid, that onto museovite is 

slower. The initial uranium sorption rates were found to depend on the sequenee of addition of 

uranium and burnie acid. For ferrihydrite the initial uranium sorption rate deereased with in­

ereasing amounts of uranyl humate eomplexes in solution. In eontrast, addition of hurnie acid to 

museovite resulted in a faster uranium sorption, sinee the amount of easily aeeessible surfaee 

sites for uranyl ions is enhaneed largely by sorbed burnie aeid. Phyllite showed an overlapping of 

different proeesses whieh is attributed to the eomplex nature of the phyllite roek. The total ura­

nium uptake deereased in the following order: ferrihydrite ~ phyllite > museovite. The results 

have shown that the amount of uranium sorbed on minerals in equilibrium is determined by the 

total number of surfaee sites as well as their affinity and aeeessibility to solutes. For ferrihydrite 

indieations to rnineral dissolution in the presenee of burnie acid were found. The results of the 

kinetie experiments eonfirm that the sorption behavior of phyllite to uranium and burnie acid is 

dorninated by rninor amounts of ferrihydrite, that is formed as seeondary rnineral phase due to 

weathering of phyllite. The eontribution of minerals, naturally present in the roek material phyl­

lite, to the total sorption behavior of phyllite eould also be shown. 

Furthermore, we eompared the sorption behavior of two different burnie acids, a natural humie 

aeid Kranichsee HA and a 14C-labeled synthetie humie aeid type Ml, onto phyllite in the pH 

range 3.5 to 9.5 by bateh experiments. Their influenee on uranium(VD sorption onto phyllitewas 

also studied and eompared to uranium sorption in the absenee of burnie acid. Results revealed 

that sorption of humie acids and their effeet on uranium sorption is influeneed by the total eon­

tent of hurnie aeid funetional groups and its fraetions that are aetually involved in sorption reae­

tions or are available for binding of uranyl ions, together with the moleeular size and the amount 

of aromatie struetural elements of burnie aeids. The results also eonfirmed that the synthetie hu­

mie acid 14C-Ml is suitable for experiments studying the kineties and reversibility of uranium 

and burnie aeid sorption onto minerals in the pH range 3.5 to 7.5 sinee its sorption behavior and 

its influenee on uranium sorption is eomparable to that of natural humie acids. 
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1 Introduction 

We are investigating the sorption and leaehing behavior of phyllite beeause this roek material is 

closely associated with uranium deposits in the former uranium rnining areas in Bast Germany. 

Phylliteis one of the main eomponents of the resulting waste roek piles. Consequently, its sorp­

tion and leaehing behavior eontributes largely to the overall sorption and leaehing behavior of 

the waste roek resulting either in retention or release of radioaetive eontaminants present in the 

roek piles. 

Previous bateh experiments investigating the uranium sorption onto the roek material phyllite 

and onto its main rnineralogieal eonstituents in the absenee (Amold et al., 1998) and presenee 

(Sehmeide et al., 2000) of burnie material have shown that the sorption behavior of phyllite is 

dorninated by small amounts of ferrihydrite. This ferrihydrite is formed as seeondary rnineral 

phase due to weathering of phyllite. lt is known to form eoatings on the surfaee of other rninerals 

or roek materials and it has a high sorption potential for inorganie and organie eontaminants. 

In this paper, experimental results are shown with regard to the kineties of uranium(VI) and hu­

rnie aeid adsorption by phyllite, ferrihydrite and museovite at pH 6.5. For the kinetie experiments 

various experimental modes were applied to obtain indieations to the sorption meehanisms. That 

means, uranium and burnie acid were added in different sequenees to the solid eontaining solu­

tions. As burnie acid, we applied a 14C-labeled synthetie burnie acid (14C-Ml). Its eoneentration 

in solution ean be easily determined by 14C liquid seintillation eounting (LSC). Furthermore, it is 

possible to determine direetly the uptake of the 14C-labeled burnie acid onto roek materials by 

LSC measurements after eombustion of the samples. UV Nis speetrophotometry that is usually 

used for determination of burnie acid eoneentration in solution is less suitable for kinetie experi­

ments because the samples that ean be taken in the eourse of the experiments are relatively small 

(2 mL). 

Sinee previous bateh sorption experiments in the presenee of burnie acid (Sehmeide et al., 2000) 

were performed with a site-specifie natural burnie acid (Kraniehsee HA), a further series of 

steady-state sorptionexperimentswas earried out with the synthetie burnie acid 14C-Ml in the 

pH range 3.5 to 9.5 to eompare the sorption of the two burnie acids onto phyllite and to identify 

struetural elements and funetional properties of burnie aeids that affeet their sorption. The results 

are also shown in this paper. 
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2 Experimental 

2.1 Substances and concentraüons 

The concentrations of solids and solutes applied to steady-state and kinetic experiments are com­

piled in Tab. 1. The total volume was 40 mL for steady-state and 400 mL for kinetic experi­

ments. The ionic strength was 0.1 M (NaC104). 

Table 1: Concentrations of solids and solutes applied to steady-state and kinetic experiments. 

:Solids ·· · · , ·Concentratiön . tE.~ ~a9~-$~te:deiisity:> : 2 ,Specific . ~ntentirt · 
•. . ..•. · · . : ~~:,::. :<~ ~·:c.:::~' .. : '

2
· :.· ·>I: ~~e~ea -400:rDL;solütion 

.·•. ·.. : .·. • .. ·.··· >I> ., . {SI~SY~L: :c: c O[mlg] .· . •. [g/40QlnL] 

Ferrihydrite 26.7 mg/L 0.054 strong sites 600 b 0.0107 
(=3·104 M Fe 8 ) 2.258 weak sites 

Phyllite 12.5 g/L 3.35 d 4.0 e 5 
31.8 mg!L c 0.0127 

Muscovite 12.5 giL 2.61 e 1.4 e 5 

14C-M1 5 mg!L COOH: 1.34 ± 0.05 2.68 
Phenolic OH: 2.4 ± 0.1 4.8 

Kranichsee HA 5 mg!L COOH: 3.88±0.41 7.76 
Phenolic OH: 3.87 ± 0.52 7.74 

Uranium(VI) 1·10-6 mol/L 0.8 

a Assuming the formula F~03·H20 following Dzombak and More] (1990). 
b Dzombak and Morel (1990) 
c Ferrihydrite formed in phyllite. 
d Calculated from surface site densities of mineral components of phyllite (quartz, chlorite, muscovite, 

and albite). 
e Arnold et al. (2000) 

A detailed characterization of phyllite and muscovite is given elsewhere (Arnold et al., 1998). 

Ferrihydrite was precipitated from 1·10-3 M iron(ID) nitrate solution by slowly raising the pH to 

7 (Cornell and Schwertmann, 1996). This suspensionwas aged for 60 min before the pH was 

lowered to 5 and the ionic strength was adjusted to 0.1 M NaC104• Then, the aging of the ferri­

hydrite proceeded by continuously stirring at room temperature for further 9 days. 

The natural burnie acid (Kranichsee HA) was isolated from surface water of the mountain bog 

'Kleiner Kranichsee' that is located in the vicinity ofuranium mining sites at Johanngeorgenstadt 

(Saxony, Germany) (Schmeide et al., 1998). The 14C-labeled synthetic burnie acid e4C-M1) was 

synthesized from xylose, phenylalanine, and [2_14C]glycine (Bubner et al., 1998) and had a spe­

cific activity of 59 MBq/g. 
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2.2 Steady-state sorption experiments 

The steady-state sorption experiments for the comparison of the sorption of the two humic acids 

(Kranichsee HA and 14C-M1) onto phyllite and their influence on the uranium sorption in the pH 

range 3.5 to 9.5 were carried out as described in Sehrneide et al. (2000). Briefly, phyllitewas 

suspended in 0.1 M NaC104 solution. After adjusting the desired pH, a humic acid stock solution 

was added to achieve a concentration of 5 mg!L. The experiment was started by adding a uranyl 

perchlorate stock solution to obtain a uranium concentration of 1·1 o·6 M. The samples were ro­

tated end-over-end at room temperature for about 60 h. Then, the solutions were centrifuged 

(10000 rpm, 20 min), flltered (450 nm, Minisart N, Sartorius) and analyzed for the final uranium 

and humic acid concentrations. Uranium was determined by ICP-MS (Mod. ELAN 5000, Perkin 

Eimer). The concentration of Kranichsee HA was determined by UV Nis spectrophotometry 

(Mod. 8452A, Hewlett Packard) at 254 nm. The concentration of 14C-M1 in solution and the 

amount of this humic acid sorbed onto phyllite was determined by LSC (Series LS 6000 LL, 

Beckman Instruments) after combustion of the samples with a sample oxidizer (Mod. P 307, 

Canberra-Packard). For comparison, the 14C-M1 concentration in solutionwas additionally de­

termined by UVNis spectrophotometry. The results of both methods agree weil (relative stan­

dard deviation: 5% (2cr)). The uranium and humic acid sorption onto phyllitewas corrected for 

the corresponding sorption onto the vial walls. 

2.3 Kinetic sorption experiments 

The 14C-labeled synthetic humic acid 14C-M1 was used. Foreach kinetic experiment, 400 mL of 

the solid containing solutions were prepared. The pH of the suspensions was adjusted to pH 6.50 

± 0.03 using dilute HC104 or NaOH. The pH was considered tobe stable when the pH of the 

continuously stirred suspensions had changed less than 0.05 pH units after additional 24 h. Then, 

appropriate amounts of stock solutions were added to achieve initial total uranium and humic 

acid concentrations of 1-10-6 M and 5 mg/L, respectively. The pH of the humic acid stock solu­

tion and of the preconditioned uranyl humate stock solution was also adjusted to pH 6.5 prior to 

their addition to the solid containing solutions. 
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We applied five experimental modes for the addition ofthe reactants: 

1. addition of uranium to the solid containing solution, without humic acid, 

2. addition of humic acid to the solid containing solution, without uranium, 

3. the solid containing solution was preconditioned with humic acid, then addition of uranium, 

4. uranium and humic acid were added simultaneously to the solid containing solution, 

5. uranium and humic acid were preconditioned for 48 h, then addition to the solid containing 

solution. 

The humic acid and uranyl sorption onto the solids was determined by monitaring the corre­

sponding concentrations in solution over time. Sampies were taken after different time intervals 

between about 20 sec and 55 h (phyllite, ferrihydrite) or between 20 sec and 300 h (muscovite) 

after addition of all components. The pH of the suspensions was checked several times. While 

stirring, at each sampling time a 2-m.L aliquot of the suspension was taken from each bottle and 

filtered using Minisart N membranes (Sartorius) with a pore size of 450 nm. The concentrations 

of 14C-Ml and uranium in solution were determined by LSC after combustion of the samples 

with a sample oxidizer and by ICP-MS, respectively. In cantrast to the steady-state sorption ex­

periments, the uranium and humic acid sorption onto the bottle walls (PP, Nalgene) could not be 

determined during the kinetic experiments. 

3 Results and discussion 

3.1 Steady-state sorption experiments on phyllite 

The natural humic acid Kranichsee HA and the synthetic humic acid 14C-Ml were compared 

with regard to their sorption behavior on phyllite and their influence on the uranium sorption 

onto phyllite in the pH range 3.5 to 9.5. 

3.1.1 Burnieacid sorption 

In Fig. la the burnie acid uptake by phyllite is shown for Kranichsee HA and for 14C-Ml as a 

function of pH. Both burnie acids are strongly taken up over the entire pH range studied. From 

pH 3.5 to 7.7 between 86 and 94% of the KranichseeHAare adsorbed. Above pH 8, the burnie 

acid sorption decreases to 78% at pH 9.4. The sorption of 14C-Ml between pH 3.5 to pH 7.7 is 

somewhat lower ( 4 to 6 %) and above pH 8 higher (2 to 5 %) than that of Kranichsee HA. 
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Figure 1: Humic acid (a) and uranium (b) uptak:e by phyllitein experiments conducted with 
1·10·6 M uranium and 5 mg HAlL. 

(l(ranichsee HA: determined by UVNis spectrophotometry; 14C-M1: determined by LSC) 
Data for uranium uptak:e in the absence of humic acid (Arnold et al., 1998) arealso shown. 

10 

The adsorption of humic acids onto minerals is primarily determined by their functional group 

content. Thus, it is generally accepted that mainly carboxylic groups and also hydroxyl groups 

(ortho-positioned with respect to carboxylic groups) bind to oxide surface sites via surface com­

plexation and ligand exchange (Tipping, 1981; Davis, 1982; Gu et al., 1994, 1995). 

For Kranichsee HA the content of carboxylic and phenolic OH groups was determined with 3.88 

± 0.41 meq/g and 3.87 ± 0.52 meq/g, respectively (Schmeide et al., 1998). The content of car­

boxylic and phenolic OH groups determined for 14C-M1 (Pompe et al., 1999) is with 1.34 ± 0.05 

meq/g and 2.4 ± 0.1 meq/g lower. This should result in a considerably lower sorption of 14C-Ml. 

However, the differences in the sorption of the two humic acids are relatively small compared to 

the differences in the functional group contents. 

Furthermore, from the literature follows that the sorption affinity and capacity of humic sub­

stances and other organic polymers on mineral surfaces increase with their molecular size, their 

content of aromatic moieties, and amino acid groups (Davis, 1982; Ramachandran and Soma­

sundaran, 1987; McKnight et al., 1992; Murphy et al., 1992; Gu et al., 1994). Capillary electro­

phoresis, IR and NMR spectroscopy applied to Kranichsee HA and 14C-M1 show that 14C-M1 

has both a larger molecular size and a higher amount of aromatic structural elements than 

Kranichsee HA (Schmeide et al., 1999; Pompe et al., 1999). 14C-M1 could also contain amino 

acid groups since phenylalanine and glycine were used as precursors. This explains the high ad­

sorption of 14C-M 1 despite its low functional group content. 
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3.1.2 Uranium sorption 

Fig. 1 b shows the uranium sorption onto phyllite in the absence and presence of burnie acid. The 

concurrent presence of burnie acid and uranium in solution means competition between burnie 

acid and uranyl ions for available surface sites. Therefore, a reduced direct sorption of uranium 

onto phyllite surface groups should be expected. But compared to the uranium sorption onto 

phyllite in the absence of burnie material, the uranium sorption is increased by both hurnic acids 

in the pH range from 3.5 to 6. Obviously, the number of rnineral binding sites blocked by hurnic 

acids is overcompensated by additional binding sites for uranyl ions stemming from the hurnic 

acid itself. Thus, the net effect is a promotion of uranyl binding on phyllite through the presence 

of hurnic acid. 

This effect is observed for both types of burnie acids, despite their above discussed differences in 

structure and sorption affinity to phyllite. A possible explanation is, that 14C-Ml has compara­

tively less carboxylic groups involved in adsorption reactions, since functional groups on the 

!arger molecules should be more sterically hindered for reaction with surface sites than those of 

the smaller Kranichsee HA molecules. Therefore, comparatively more unreacted functional 

groups of 14C-Ml are available for binding of uranium. 

Above pH 7.5, both burnie acids have a relatively strong but contrary influence on the uranium 

sorption onto phyllite (Fig. lb). The apparent enhancement of the uranium sorption in the pres­

ence of 14C-Ml together with the high sorption of 14C-Ml above pH 7.5 is caused most likely by 

a low solubility of uranyl humate complexes formed by 14C-Ml due to a low content of free car­

boxylic groups. In contrast, Kranichsee HA decreases uranium sorption onto phyllite due to for­

mation of better soluble uranyl humate complexes. 

3.2 Kinetic sorption experiments 

Results of kinetic experiments investigating the uranium and hurnic acid e4C-Ml) SOrption onto 

ferrihydrite, phyllite and muscovite at pH 6.5 are shown in Figs. 2 to 5. The pH value 6.5 corre­

sponds to the maximum of uranium and humic acid sorption onto phyllite and ferrihydrite. The 

sorption over time as weil as the sorption capacity after reaching equilibrium is studied in de­

pendence on the sequence in which components are added. 
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3.2.1 Ferrihydrite 

To ease the interpretation of the kinetic data some calculations with the Generalized Two-Layer 

Model for surface complexation (Dzombak and Morel, 1990) were performed using the geo­

chernical speciation software MINTEQA2 (Allison et al., 1991). Therefore, uranyl sorption data 

from Dicke and Srnith (1996) were applied. Data for uranium speciation in solution were taken 

from the NEA data base (Grenthe et al., 1992). 

As shown in Tab. 2, approximately 93 % of total uranium are bound onto ferrihydrite which is 

consistent with our experimental findings. On the other hand, about 65 % of the strong and 

nearly all weak binding sites are still available for other solutes, such as burnie acid. 

Table 2: Distribution of uranium species in a ferrihydrite suspension and distribution of strong 
(s) and weak (w) surface sites of ferrihydrite under experimental conditions applied in this study . 

. U022,+ species <listrib1,1,tion D!StiJ:hhnon"öf.Strona sWface · ·Distiibutionofwe3KsUr:face 
· ·· .··. (%) · .· . · ·• •. ~,:;:~:~.:~,~~~}i~7{go~ o : · < ·. • sites(%} · • 

·~ (to~·,:ß:.S·IO. 'J31oli4QO l1lL). ·.(total ~:-2~4·10"5 !nol/400 ml.,) · 

U02(0H)2 (aq) 6.5 =CFesO)U020H 35.0 =(FewO)U020H 0.7 

=(FesO)U020H 50.5 =(FesOH) 45.9 =(FewOH) 70.1 

=(FewO)U020H 42.4 =(FesOH2t 16.1 

=(Fesor 3.0 =(Fewor 4.6 

In Fig. 2 the kinetics of uranium and burnie acid sorption onto ferrihydrite is shown. lt is obvious 

that sorption in all cases is rapid since uranium and burnie acid concentrations in solution de­

creased significantly within 10 rnin. This can be attributed to the high specific surface area of 

ferrihydrite, which is 600 m2/g (Dzombak and Morel, 1990), combined with a strong sorption 

affinity. 

In general, the amounts of uranium sorbed in equilibrium do not show any difference (Fig. 2) as 

already discussed in detail for the steady-state experiments. The differences in the uranium sorp­

tion kinetics in dependence on the sequence in which components were added will be discussed 

below. 
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Figure 2: Kinetics ofuranium (a) and burnie acid (b) sorption onto ferrihydrite (FH) in depend­
ence on the order in which components were added. 

Ferrihydrite is a poorly ordered rnineral, that has both extemal and intemal surface sites. Partide 

diameters reported for the 2-line ferrihydrite (Zhao et al., 1993) and for the 6-line ferrihydrite 

(Russen, 1979) are 2-3 nm and 4-6 nm, respectively. For the sorption of small uranyl ions, with 

an estimated size of 5 A, a great variety of surface sites is accessible, both extemal and intemal. 

In contrast, burnie acid molecules with typical molecule diameters between 10 to 100 A (Zänker 

et al., 1999) will sorb preferentially onto the outermost surface sites of ferrihydrite that are ac­

cessible for them. 

For the different experimental modes the following results were obtained: 

• In the absence of burnie acid, uranium has the highest sorption rate. 

• When ferrihydrite is frrst coated (preconditioned) with burnie acid, strong sorption sites of 

ferrihydrite are partly blocked by sorbed burnie acid. This will mostly concem extemal sur­

face sites. Thus, uranyl ions either have to diffuse to internal sorption sites of the porous ferri­

hydrite particles or must replace burnie acid molecules or must bind to available functional 

groups of sorbed burnie acid. All these processes Iead to the observed slightly slower uranium 

sorption. 

• When uranium and burnie acid are added simultaneously to the ferrihydrite containing solu­

tion, the uranium sorption is further retarded. In a quick first step, burnie acid binds consid­

erably amounts of uranium. The actual sorption of these uranyl humate complexes onto ferri­

hydrite is a second slower step. lt may be accompanied by partly redistribution of uranyl ions 

onto ferrihydrite binding sites. 
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• Wben aliquots of preformed uranyl bumate eomplexes are added to start tbe experiment, tbe 

uranium sorption takes plaee at tbe 'lowest' rate eompared witb tbe otber experimental 

modes. Tbe responsible proeesses will be tbe same as diseussed for tbe preeeding experimen­

tal mode, but even more pronouneed beeause after 48 b preeonditioning tbe eomplex forma­

tion proeess is more advaneed. Furtbermore, uranyl ions may bave reaebed tbermodynami­

eally more stable binding sites inside tbe burnie acid moleeules wbieb again will retard any 

reverse redistribution proeess. 

Tbe results sbow, tbat witb inereasing amounts of dissolved uranyl bumate eomplexes tbe ura­

nium sorption rate approaebes the burrue acid sorption rate. Tben, tbe uranium sorption rate onto 

ferrihydrite is determined by tbe burnie acid sorption rate. 

Wbereas burnie aeid signifieantly influenees uranium sorption rates, tbe opposite effeet is not 

deteetable. This ean be attributed to tbe exeess of burnie acid funetional groups (COOH: 2.68 

f.Ieq/400 mL, pbenolie OH: 4.8 f.Ieq/400 mL) eompared to uranium (0.8 f.Ieq/400 mL). 

3.2.2 Phyllite 

Tbe uranium and burnie aeid sorption onto pbyllite is sbown in Fig. 3. After a rapid uranium 

sorption in tbe first seeonds, tbe uranium eoneentration eontinued to deerease for about 300 rnin 

wben finally tbe steady state is reaebed. 

100 

90 

80 

10 
"Ö' 
~60 
c 
~50 
:I 
040 
(/) 

.E30 
::I 

20 

10 

0 

a) 

0.1 

-withoutHA 
-<>-Phyllite p-econcltloned with HA, then u 
~ U and HAsinU1aneously added 
-v-U and HA prec:onditioned added 

~ CIC 

1 10 100 1000 
time(nin) 

100 

90 b) -wlthoutU 

80 
~Phyllite p!ecol lditionecl with HA, then u 
........__ U and HA siiTIJitaneously aclded 

,....10 
::!!. 0 

-v-U and HA preconclitionecl added 

";60 
0 

;::: 50 
:I 
"ö 40 (/) 

= 30 ce: 
:I: 20 

10 ~ 1\\iM) 

0 

0.1 1 10 100 1000 
time(nin) 

Figure 3: Kinetics ofuranium (a) and burnie aeid (b) sorption onto pbyllite in dependenee on tbe 
order in whieb eomponents were added. 
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Before discussing kinetic aspects tbe focus will be on tbe sorption capacity. For pbyllite, it is 

somewbat lower tban for ferribydrite under tbese experimental conditions. Tbis is sbown in Fig. 

4a for experiments, wbere uranium and burnie acid were added as a stock solution tbat was pre­

conditioned for 48 b. Tbe uranium and burnie acid sorption related to one gram of tbe solids is 

depicted. Tbe sorption coefficient Rs was calculated by 

c -c V 
R =-0

-- (mLI g) 
s c m 

wbere c0 is tbe initial uranium and burnie acid concentration in mol/Land Bq/m.L, respectively~ c 

is tbe uranium or burnie acid concentration after a given reaction period, V tbe solution volume 

(m.L) and m tbe mass of solids (g). 
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Figure 4: Comparison oftbe sorption capacity (a) and kinetics (b) ofuranium sorption onto fer­
ribydrite (0.027 g!L) and pbyllite (12.5 g!L); Uranium and burnie acid were added as precondi­
tioned solution (48 b). 

One possible explanation is tbe beterogeneity of surface sites of pbyllite, contrary to ferribydrite: 

• Phyllite bas· about 3.4 sites/nm2 due to its major rnineralogical constituents (quartz, chlorite, 

muscovite, and albite). Theseare primarily Si- and Al-, and also Fe-, and Mg-surface sites. 

Altogetber tbese sites bave a lower sorption affinity tban tbe Fe-surface sites of ferribydrite. 

• In addition, ferribydrite is formed due to weatbering of pbyllite tbereby strongly increasing 

tbe number of higbly reactive surface sites in tbe system. Based on Mössbauer spectroscopic 

measurements by Amold et al. (2000) it is calculated tbat 12.7 mg ferribydrite are formed 

from 5 g pbyllite powder in 400 mL solution. This amount of ferribydrite is 1.2 times tbe fer­

ribydrite concentration whicb was applied in our kinetic studies with pure ferribydrite (10.7 
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mg/400 mL). However, ferrihydrite particles formed from phyllite are most likely larger than 

those of the pure mineral used in the kinetic studies. Thus, in a suspension of ground phyllite, 

iron hydroxide particles with diameters between 6 to 25 nm were detected by Zänker et al. 

(2000). Evidence was also found that iron hydroxide particles below 6 nm exist. Such nano­

particles of ferrihydrite agglomerate and tend to form larger units of ferrihydrite particles. 

This would mean, that the ferrihydrite formed from phyllite is less reactive since it has com­

paratively more intemal sorption sites that are less accessible for solutes. 

In combination, these effects lead to the observed lower specific sorption capacity of phyllite. 

Looking at the initial uranium sorption rates, those for phyllite are higher compared to ferrihy­

drite for allexperimental modes. As shown for a selected experimental mode in Fig. 4b, the dif­

ferences in the sorption kinetics during the first 20 min also indicate a contribution of more 

weakly sorbing surface sites belonging to quartz, chlorite, muscovite, and albite. Such sites may 

indeed be accessible. Although ferrihydrite as a weathering product will mainly occur on the 

outside of the phyllite grains it cannot be expected to completely cover the phyllite grain sur­

faces. 

In contrast to ferrihydrite, the dependence of the uranium sorptionrate on the sequence of addi­

tion of reactants for phyllite (Fig. 3a) does not exhibit a clear pattem. Effects are weak and am­

biguous. This can be attributed to the complex nature of the phyllite rock. 

The very fast burnie acid sorption onto phyllite is apparently independent of uranium addition. 

3.2.3 Muscovite 

Fig. 5 shows results of comparable experiments with muscovite, one of the main mineral con­

stituents of phyllite. 
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Figure 5: Kinetics of uranium sorption onto muscovite depending on the order in which compo­
nents were added. 

The total uranium uptake by muscovite is lower compared to phyllite although an absolute equi­

librium was apparently not reached even after 13 days. This relatively low uranium sorption onto 

muscovite results from its lower specific surface area ( 1.4 m2/g), together with a lower sorption 

affinity of its surface sites (mainly Si- and Al-, and also Mg- and Fe-sites). The uranium sorption 

onto muscovite at pH 6.5 is enhanced by hurnic acid which corresponds to results of previous 

steady-state sorption experiments (Schmeide et al., 2000). 

With regard to the uranium sorption rate the following results were obtained: 

• The uranium sorption rates of muscovite observed for all experimental modes are lower than 

those of phyllite (see Fig. 3a). Here, it must be considered, that rnicas, such as muscovite, 

have multiple sorption sites including planar, edge, and interlayer sites, with some of the latter 

sites being partially to totally collapsed (Surnner, 2000) resulting in slow sorption reactions. 

Thus, sorption onto rnica can involve two to three different reaction rates: high rates on exter­

nal sites, intermediate rates on edge sites, and low rates on interlayer sites (Comans and 

Hockley, 1992). 

• The uranium sorption in the presence of hurnic acid is faster than in the absence of hurnic 

acid. The reason could be that the amount of surface sites is enhanced largely by hurnic acid. 

The uranium will prefer these easily accessible surface sites (mostly unreacted carboxylic 

groups), and thus, it is not forced to diffuse to interlayer sites. That means, slow sorption re­

actions are replaced by faster sorption reactions leading to higher total uranium sorption rates. 
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3.2.4 Indications for dissolution of ferrihydrite 

Fig. 2b and also Fig. 4a sbow tbat apart of tbe burnie aeid sorbed onto ferribydrite apparently 

desorbs after a eertain time (about 200 rnin after starting tbe experiments) since tbe burnie aeid 

eoneentration in solution inereases again after tbe adsorption pbase. However, a desorption of 

sorbed burnie acid witbout previous changes of experimental conditions, such as pH or ionie 

strength, is very unlikely. This would require detaehment of all funetional groups of the burnie 

acid molecules in question approximately at the same time. But desorption of burnie material 

from iron oxide surfaees was found tobe very slow by Gu et al. (1994). Instead, we assume that 

the increasing burnie acid eoncentration in solution is eaused by formation of soluble complexes 

between burnie acid and the iron of ferrihydrite leading to dissolution of a small amount of ferri­

bydrite. 

This interpretation is supported by results of a dissolution experiment (data not shown). After 

sorption of burnie acid onto ferrihydrite, its eoncentration in solution again increased from 5 % 

to 11.9 % within 28 days. The extent of iron dissolution eould not be determined by eonventional 

flame AAS technique due to very low iron eoncentrations. 

Our assumption is also supported by results of Liu and Millero ( 1999) who found tbat organie 

matter increases tbe solubility of iron in NaCl medium over a wide range of pH (pH 4 to 12). 

The impact of burnie acid on iron solubility was found to be biggest in the neutral pH range 

where the Fe(OH)3 species predorninates. This solubility enhaneement was explained by solution 

complexation and/or stabilization of colloidal form of iron by organic ligands. Furthermore, 

Comell and Schwertmann ( 1996) reported that the dissolution rate of iron oxides can be sub­

stantially increased by complexes of both organic and inorganic ligands with the surface fune­

tional groups. For tbe dissolution of an M111 oxide by an organie Iigand three conseeutive reae­

tions are proposed by Stumm and Furrer (1987), namely, Iigand adsorption, metal detaehment 

and proton adsorption/surfaee restoration. Kuma et al. (1996) reported that the iron(ill) solubility 

in surfaee coastal waters (1-10 nM at pH 8) is mueh higher than in open-oeean waters (0.6 nM at 

pH 8) whieh was attributed to higher concentrations of organic ligands in the eoastal waters. 

Also for pbyllite, a sligbt dissolution enhancement due to burnie aeid was observed in steady­

state sorption experiments. However, tbe amount of burnie acid released from phyllite after pre­

vious sorption observed in these kinetic experiments is small compared to ferrihydrite. Sinee tbe 

amounts of ferrihydrite were eomparable in the kinetie sorption experiments with pbyllite and 
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ferrihydrite, the lower desorption of burnie acid from phyllite again point to the faet that surfaee 

sites of phyllite's rnineralogieal eonstituents (quartz, ehlorite, museovite, and albite) also eon­

tribute to sorption ofuranium and burnie acid. But these sites (e.g., =SiOH, =AIOH) are less sus­

eeptible to dissolution by burnie acid. 

4 Conclusions 

The results of the steady-state sorption experiments on phyllite have shown that sorption of hu­

rnie acids and their effeet on uranium sorption is influeneed by several factors, such as the total 

content of burnie acid functional groups and its fractions that are actually involved in sorption 

reaetions or are available for binding of uranyl ions, together with the molecular size and the 

amount of aromatie structural elements of burnie acids. 

It eould be shown that the 14C-labeled synthetic burnie acid e4C-Ml) is suitable for experiments 

studying the kinetics and reversibility of uranium and burnie acid sorption onto rninerals in the 

pH range 3.5 to 7.5 sinee its sorption behavior is comparable tothat ofnatural burnie acids. 

The results of the kinetie experiments studying the uranium and burnie acid sorption on ferrihy­

drite, phyllite and muscovite at pH 6.5 can be summarized as follows: 

The total uranium uptak:e onto solids deereases in the following order: ferrihydrite ~ phyllite > 

muscovite. Whereas, the uranium uptak:e onto ferrihydrite and phyllite is not changed by burnie 

acid, the uranium uptak:e onto muscovite is enhanced. 

These results have shown that the amount of uranium sorbed on rninerals in equilibrium is de­

termined both by the total nurober of surface sites and by their affinity and accessibility to sol­

utes whieh are differently charged and have various molecule sizes, such as uranium and burnie 

acid. The nurober of rnineral surface sites accessible for uranium is decreased by sorbed burnie 

acid. But simultaneously, free burnie acid functional groups that are not involved in sorption 

reactions ean bind additional uranyl ions. Which effeet dorninates, is determined by the rnineral. 

Sorption of uranium and burnie acid onto phyllite and ferrihydrite is rapid, that onto museovite is 

slower. This again points to a different affinity and aceessibility of surfaee sites. 

The dependenee of the initial uranium sorption rates on the order of addition of uranium and 

burnie acid to the solid eontaining solutions was found to be different for the three solids. For 

167 



ferrihydrite the initial uranium sorption rate decreased with increasing amounts of uranyl humate 

complexes in solution. In contrast, addition of humic acid and especially addition of uranyl hu­

mate complexes to muscovite resulted in a faster uranium sorption. In the latter case, the amount 

of easily accessible surface sites for uranyl ions is enhanced largely by sorbed humic acid. The 

rock material phyllite showed an overlapping of different processes which is attributed to its 

complex nature. 

It was confirmed that the sorption capacity of phyllite for uranium and humic acid is dominated 

by minor amounts of ferrihydrite, that is formed as secondary mineral phase due to weathering of 

phyllite. The contribution of minerals, naturally present in phyllite (quartz, chlorite, muscovite, 

albite ), to the total sorption behavior of phyllite could also be shown. 
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Abstract 

Since seepage and flood waters of abandoned uranium rnines in Saxony and Thuringia (Ger­

many) contain relatively high amounts of sulfate, we studied the influence of sulfate on the ki­

netics of uranium(VI) adsorption onto ferribydrite both in tbe absence and presence of burnie 

acid at pH 6.5 under aerobic conditions. The sequence in which sulfate, uranium and burnie acid 

were added to tbe ferribydrite containing solutions was varied in order to obtain indications to 

sorption mecbanisms. Two different sulfate concentrations were applied (0.005 and 0.02 M 

Na2S04). Tbe ionic strengtb was beld constant at 0.1 M as sum of NaCI04 and Na2S04. Tbe ura­

nium(VI) concentration was 1·1 o-6 M and tbe burnie acid concentration was 5 mg/L. 

In tbe absence of burnie acid, tbe uranium sorption rate and tbe total uranium sorption in equilib­

rium decreased witb increasing sulfate concentration due to blocking of streng ferribydrite sur­

face sites by sorbed sulfate. This Ieads to an increased availability of uranium. Variations of tbe 

order of addition of uranium and sulfate primarily affected tbe initial uranium sorption rate but 

not its sorption capacity. Direct competition of uranium and sulfate for streng ferribydrite sur­

face sites predorninates electrostatic effects due to cbanges in net surface cbarge of ferribydrite 

upon sulfate sorption. 

In experiments with burnie acid, the competitive effect of sulfate on burnie acid sorption at pH 

6.5 is small. This is attributed to a higber sorption affinity of burnie acid for ferribydrite surface 

sites compared to tbat of sulfate. Tbe initial burnie acid sorption rate was not affected by sulfate, 

only tbe total burnie acid sorption was somewbat reduced by sorbed sulfate. Since tbe total nuro­

ber of potential binding sites for uranyl ions is increased by sorbed burnie acid, more uranium is 

sorbed in tbe presence tban in absence of burnie acid. Tbus, the influence of sulfate on uranium 

sorption is smaller wben burnie acid is present in solution. Tbis effect becornes even more pro­

nounced with increasing amounts of uranyl bumate complexes in solution. 
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1 Introduction 

The influence of burnie substances on the sorption of actinides onto various rock materials or 

rninerals has been described widely in the Iiterature (Benes et al., 1998; Labonne-Wall et al., 

1997; Lenhart and Honeyman, 1999; Payne et al., 1996; Ticknor et al., 1996; Zuyi et al., 2000). 

However, also the effect of further competing ions, being of environmental interest, has to be 

studied. For instance, sulfate has to be taken into account beside phosphate, arsenate, selenate, or 

molybdate. Acidic sulfate waters are produced by the aerobic leaching of sulfide-bearing rocks, 

sediments and soils, and thus, sulfate containing waters are usually associated with anthropo­

genic activities such as rnining or soil drainage (Bigham et al., 1996). For example, seepage wa­

ters from rnine tailing piles of the Saxonian uranium rnining area in Germany contain relatively 

high concentrations of both uranium (10-5 M) and sulfate (3·10-2 M) (Geipel et al., 1996). De­

pending on natural conditions such as pH, ionic strength and composition of the waters this sul­

fate can occur in the aqueous phase or as structural constituent in solid rnineral phases such as 

jarosite and Schwertmannite (Bigham et al., 1996) or it can be sorbed on the surface of rock ma­

terials or rninerals present in the environment. Sulfate sorbed onto amorphous iron oxyhydrox­

ides can be released again by increasing the solution pH which is primarily a result of desorption, 

rather than by the structural breakdown of the Fe phases (Rose and Elliott, 2000). 

Batch sorption experiments investigating the influence of sulfate on the uranium sorption onto 

phyllitein the absence and presence of burnie acid in the pH range 3.5 to 9.5 (data not presented) 

have shown that the uranium sorption is decreased by sulfate both in the absence and in the pres­

ence of burnie acid. The burnie acid sorption is also decreased upon sulfate sorption. 

Furthermore, binary- and temary-sorbate experiments with cupper, sulfate and low molecular 

model organic acids (phthalic acid and chelidamic acid) showed that sulfate effectively competes 

with organic acids for surface sites on goethite. The authors concluded that the extent of the in­

fluence of organic acids such as burnie substances on the sorption of metal ions may be strongly 

dependent on the presence of other sorbing anions, such as sulfate (Ali and Dzombak, 1996a; 

1996b ). The sorption of natural organic matter on iron oxide was shown to be substantially re­

duced by specifically adsorbed anions such as phosphate and sulfate, with the effect of phosphate 

being greater than sulfate (Gu et al., 1994; 1995). Sibanda and Young (1986) showed that burnie 

substances and phosphate compete strongly with each other for oxide surface sites. 
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Previous batch experiments investigating the influence of burnie acid on the uranium sorption 

onto the rockmaterial phyllite have shown that the relatively high uranium and burnie acid sorp­

tion over the entire pH range can be attributed to ferrihydrite, which is formedas secondary rnin­

eral in the course of the sorption experiments (Schmeide et al., 2000a). The reason for the dorni­

nating sorption behavior of ferrihydrite, compared to the other rnineralogical constituents of the 

phyllite, is the high specific surface area of ferrihydrite (600 m2/g (Dzombak and Morel, 1990)), 

together with a strong sorption affinity both to uranium and to burnie acid. Therefore, we used 

ferrihydrite as a representative of phyllite in the following kinetic experiments studying the in­

fluence of sulfate on the uranium(VI) adsorption onto ferrihydrite at pH 6.5 in the absence and 

presence of burnie acid. 

2 Experimental 

As burnie acid, we used the 14C-labeled synthetic burnie acidtype Ml (Bubner et al., 1998). 

A ferrihydrite stock solution (1·10-3 M Fe, 0.04 M NaC104) was freshly prepared as described in 

Sehrneide et al. (2000b). From this solution, 400 rnL ferrihydrite solutions (3·104 M Fe) were 

prepared for each kinetic experiment that contained 0, 0.005 or 0.02 M Na2S04. Appropriate 

amounts of Na2S04 and NaC104 stock solutions were added to adjust the total ionic strength to 

0.1 M. During the following 7 days the aging of the ferrihydrite proceeded and the pH of the 

continuously stirred suspensionswas adjusted to pH 6.50 ± 0.03 using dilute HCI04 or NaOH. 

Then, to start the kinetic experiments appropriate amounts of uranium and burnie acid stock so­

lutions were added to give initial total concentrations of 1·10-6 M and 5 mg/L, respectively. The 

pH of the burnie acid stock solution and of the preconditioned uranyl humate stock solution was 

also adjusted to pH 6.5 prior to their addition to the ferrihydrite suspensions. 

The reactants were added in different sequences to the ferrihydrite suspensions: 

Experiments without burnie acid: 

1. addition of uranium to the ferrihydrite suspension, without sulfate, 
2. the ferrihydrite suspension was preconditioned with sulfate, then addition of uranium, 
3. uranium and sulfate were added simultaneously to the ferrihydrite suspension. 
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Experiments witb burnie acid: 

1. uranium and burnie acid were added simultaneously to tbe ferribydrite suspension tbat did 
not contain sulfate, 

2. uranium and burnie acid were added simultaneously to tbe ferribydrite suspension whicb was 
preconditioned witb sulfate, 

3. uranium and burnie acid were preconditioned for 48 b, tben addition to tbe ferribydrite sus­
pension tbat did not contain sulfate, 

4. uranium and burnie acid were preconditioned for 48 b, tben addition to the ferribydrite sus­
pension whicb was preconditioned witb sulfate. 

Uranyl and burnie acid concentrations in solution were monitared over time to determine tbeir 

sorption onto ferribydrite. Sampies were taken after different time intervals between about 20 sec 

and 240 b after addition of tbe components. Tbe pH of tbe suspensions was cbecked several 

times. Usually no readjustments were necessary. At eacb sampling time, a 2-mL aliquot of tbe 

continuously stirred suspension was taken from eacb bottle and filtered (450 nm, Minisart N, 

Sartorius). Tbe concentration of uranium was determined by ICP-MS (Mod. ELAN 5000, Perkin 

Eimer). Tbat of 14C-M1 was determined by liquid scintillation counting (Series LS 6000 LL, 

Beckman Instruments) after combustion of tbe samples witb a sample oxidizer (Mod. P 307, 

Canberra-Packard). Tbe uranium and burnie acid sorption onto tbe bottle walls (PP, Nalgene) 

could not be determined during tbe kinetic experiments. 

3 Results and discussion 

Kinetic experiments were carried out at pH 6.5 whicb corresponds to tbe maximum of tbe ura­

nium and burnie acid (HA) sorption onto ferribydrite (FH). Since tbe sulfate sorption is depend­

ent on ionic strengtb (Geelboed et al., 1997; Persson et al., 1996), tbe ionic strengtb of the solu­

tions, as sum ofNa2S04 and NaC104, was beld constant at 0.1 M. 

3.1 lnfluence of sulfate on uranium sorption in the absence of burnie acid 

3.1.1 Steady-state speciation 

In order to describe the sorption processes that occur in the ternary system ferrihy­

drite/uranium/sulfate, tbe Generalized Two'-Layer Model for surface complexation (Dzombak 

and More!, 1990) was used for first calculations with the geocbernical speciation software 
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MJNTEQA2 (Allison et al., 1991). Therefore, uranyl sorption data taken from Dicke and Smith 

( 1996) and sulfate sorption data taken from Dzombak and Morel ( 1990) were applied. Data for 

uranium speciation in solution were taken from the NEA data base (Grenthe et al., 1992). 

As shown in Fig. 1, the total amount of uranium sorbed onto strong (s) and weak (w) surface 

binding sites of ferrihydrite decreases from about 93 % in the absence of sulfate to about 84 % in 

the presence of 0.02 M sulfate. The uranium in solution occurs as U02(0Hh (aq), no uranyl sul­

fate complexes are formed at pH 6.5. 

0 M 0.005 M 0.02 M 

S04 2- initial (moi/L) 

Figure 1: Distribution of uranium species in ferrihydrite suspensions with different sulfate con­
centrations (0 M, 0.005 M, and 0.02 M Sol-). 

From Fig. 2, showing the distribution of strong and weak surface sites, follows that the total sul­

fate sorption onto strong and weak surface sites increases with increasing initial sulfate concen­

tration. Simultaneously, the amount of unreacted strong and weak surface sites (=(FesOH) and 

(=(FewOH)) decreases largely and an increasing amount of ferrihydrite surface sites becomes 

protonated ( =(FesOH2t and =(Few0H2t). 

The sulfate sorbs predominantly onto weak surface sites: 1.1·10-5 M and 1.5·10-5 M ofthe weak 

surface sites but only 1.8·10-7 M or 2.4·10-7 M of the strong surface sites are occupied by sulfate 

at 0.005 and 0.02 M sulfate, respectively. Because the surface complexation model does not dis­

criminate between strong and weak surface sites for anions, this behavior was expected. 

Compared to sulfate, a higher quantity of strong surface sites is occupied by uranium: 5·10-7 M 

in the absence of sulfate and 4.6·10-7 M when sulfate is present at 0.02 M. That means, sulfate 

sorption causes only a 2.8% decrease in the uranium sorption capacity. This Ieads to the conclu-
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sion, that only a part of strong ferrihydrite surface sites are blocked by sulfate. The percentage of 

weak surface sites that are occupied by uraniurn is negligible. 
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Figure 2: Distribution of strong and weak surface sites of ferrihydrite under experimental condi­
tions applied in this study. 

3.1.2 Kinetic sorption experiments 

Figs. 3a and 3b show the kinetics of uranium sorption onto ferrihydrite in dependence on the 

initial sulfate concentration and on the order in which uraniurn and sulfate were added. 
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Figure 3: Uraniurn sorption onto ferrihydrite in dependence on the initial sulfate concentration 
(a) and on the order in which components were added (b). 
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Fig. 3a shows experiments where sulfate was added to ferrihydrite containing solutions about 7 

days prior to addition of uranium, allowing for sorption equilibrium between all partners. 

With increasing total sulfate concentration and thus, with increasing sulfate sorption onto ferri­

hydrite, the initial rate of uranium sorption decreases. Following the results of the previous cal­

culations, a part of strong ferrihydrite surface sites is blocked by presorbed sulfate. This has two 

effects on the uranium sorption: 

• First, uranyl ions have to diffuse to intemal ferrihydrite sorption sites. 

• Second, uranyl ions displace sorbed sulfate ions since they have a higher sorption affinity to 

ferrihydrite surface sites compared to sulfate. 

Both effects Iead to the observed lower uranium sorption rates in the presence of sulfate. 

In contrast, the supply of unreacted weak surface sites for uranium sorption is sufficient even 

after sulfate sorption. This explains why the effect of sulfate on uranium sorption is relatively 

small despite the large excess of sulfate (4 and 16 meq/400 mL) compared to uranium (0.8 

lleq/400 mL). 

As shown in Fig. 3a, in the presence of sulfate, the uranium sorption rate is increasingly slowed 

down with progressing uranium sorption (between 1 and 100 min). This is attributed to a de­

creasing number of surface sites that are easily accessible for uranyl ions. 

The total uranium sorption onto ferrihydrite decreases with increasing sulfate concentration, 

which again shows the blocking of surface sites by sorbed sulfate. The percentages of total ura­

nium sorption are generally consistent with our calculation results, although the sorption in the 

experiments is apparently slightly higher since the vial wall sorption of uranium could not be 

taken into account. 

When uranium and sulfate are added simultaneously to the ferrihydrite suspension, as shown for 

the experiment with 0.02 M sulfate in Fig. 3b, then uranium and sulfate compete for ferrihydrite 

surface sites. The initial rate of uranium sorption is as high as in the absence of sulfate, since at 

the beginning of both experiments a sufficient quantity of extemal strong sorption sites is avail­

able for the uranium sorption. However, with progressing uranium and sulfate sorption, apart of 

strong surface sites becomes occupied by sulfate. Thus, uranyl ions have to diffuse to intemal 

sorption sites. Consequently, the uranium sorption rate decreases (curve no. 2 in Fig. 3b). Fi­

nally, the amount of uranium sorbed onto ferrihydrite seems to approach the uranium distribution 

found in the experiment where sulfate could sorb onto ferrihydrite prior to the addition of ura-
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nium. This means, that uranium is able to replace to a certain extent presorbed sulfate due to its 

higher sorption affinity. 

These results show, that although the sorption of sulfate onto the positively charged ferrihydrite 

surface (point of zero charge is 8.0 (Dzombak and More!, 1990)) causes net surface charge to 

become less positive, the uranium sorption onto ferrihydrite is not promoted as one could expect. 

This result is consistent with previous experiments (Amold et al., 1998; Sehrneide et al., 2000a) 

where the uranium sorption onto strongly sorbing solids, such as phyllite and ferrihydrite, was 

found to be independent of the net surface charge. 

The formation of iron oxide-sulfate-uranium temary surface complexes is not discussed here, 

since there is no spectroscopic evidence for them so far. 

3.2 Influence of sulfate on uranium sorption in the presence of humic acid 

Uranium and burnie acid were added either simultaneously or as a preconditioned solution (48 h) 

to ferrihydrite suspensions that contained different amounts of sulfate. 

As was observed for experiments in the absence of burnie acid, the amounts of uranium sorbed in 

equilibrium decrease with increasing total sulfate concentration. However, differences in the 

initial uranium sorption rate and in the extent of the reduction of uranium sorption are observed: 

• When uranium and burnie acid are added simultaneously to the ferrihydrite suspensions (Fig. 

4a), the initial uranium sorption rate and the total uranium sorption decrease with increasing 

sulfate concentration. 

• When aliquots of preformed uranyl humate complexes are added (Fig. 4b ), the initial uranium 

sorption rates are almest unchanged by presorbed sulfate. The decrease of the total uranium 

sorption onto ferrihydrite with increasing sulfate concentrations is slightly smaller than that of 

the preceding experimental mode. 
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Figure 4: Influenee of sulfate on uranium adsorption onto ferribydrite in tbe presenee of burnie 
acid. Uranium and burnie acid were added simultaneously (a) or as a preeonditioned solution (b). 

Witb regard to burnie acid sorption (Fig. 5), an effeet of tbe sequenee of uranium and burnie acid 

addition to tbe ferribydrite suspension was not deteetable sinee the uranium eoneentration (0.8 

fleq/400 mL) issmall eompared to burnie aeid (2.68 fleq/400 mL). Furtbermore, tbe initialburnie 

acidsorptionrate within the first 10 rnin is bardly influeneed by presorbed sulfate. However, tbe 

total burnie acid sorption deereases somewbat witb inereasing amount of sorbed sulfate. 
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Figure 5: Influenee of sulfate on burnie acid adsorption onto ferribydrite in tbe presenee of ura­
nium. Uranium and burnie acid were added simultaneously (a) or as preconditioned solution (b). 

Sinee tbe large burnie aeid moleeules most likely ean only sorb onto tbe outermost ferribydrite 

surface sites (Sebmeide et al., 2000b) tbe deereasing burnie acid sorption observed in tbese ex-
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periments implies tbat some of tbe extemal surfaee sites are bloeked by presorbed sulfate. Fur­

thermore, tbe surfaee ebarge of ferribydrite at a given pH beeomes less positively ebarged upon 

sulfate sorption. This sbould also Iead to a redueed burnie acid sorption. However, despite tbe 

large exeess of sulfate (4 and 16 meq/400 mL) eompared to burnie aeid funetional groups 

(COOH: 2.68 !Jeq/400 mL, pbenolie OH: 4.8 !Jeq/400 mL) the effeet of sulfate on total burnie 

acid sorption is small. 

Tbere ean be two reasons for this: 

• First, after presorption of sulfate, tbere is still a suffieient quantity of extemal surfaee sites 

aeeessible for the !arge burnie acid moleeules. Primarily =(FeOH) and =(FeOH2t surfaee 

sites eome into question, sinee burnie acid moleeules bind to surfaee sites via surfaee eom­

plexation and ligand exebange. 

• Seeond, burnie acid witb a higber adsorption affinity displaees sulfate witb a lower affinity 

tbat bad been previously adsorbed. 

Tbe ebanges of surfaee ebarge by sorbed sulfate are too small to have a signifieant effeet on tbe 

strongly sorbing burnie aeid. 

As was observed in previous experiments ( Sehrneide et al., 2000b ), a part of tbe sorbed burnie 

acid is released again from ferrihydrite sinee the burnie acid eoneentration in solution inereases 

sligbtly. Tbis is attributed to a formation of soluble iron bumate eomplexes leading to an in­

ereased solubility of ferribydrite in tbe presenee of burnie acid. 

3.3 Comparison of the influence of sulfate on uranium sorption onto ferrihydrite in the 
absence and presence of burnie acid 

Tbe uranium sorption onto ferrihydrite in tbe absenee and presenee of burnie acid is eompared in 

Fig. 6 for experiments witb different initial sulfate eoneentrations: a) 0 M Na2S04, b) 0.005 M 

Na2S04 and e) 0.02 M Na2S04. 

184 



90 

80 
Ai:+U 

70 Ai:+U,HA 

'0'60 Ai: +U'HA 
!5. 
c50 
0 

~40 
0 
(/)30 
.5 
::»20 

10 

0 

1 10 100 1000 
time(nin} 

90 

80 

70 
-FH+ 0.02MS04 :+U 

FH+ 0.02MS04 :+U,HA 
""ö"60 
!5. --+- FH + 0.02 M S04 : + U'HA 

§50 
:;:::: 
.240 
0 
U) 

.=30 

::»2.0 

10 

0 

1 10 100 1000 
time(min} 

90 

a) 80 

70 

"Ö"60 
0:::: ,_. 
c50 
0 

:;:::: 
.240 
0 

~30 
::»20 

10 

0 

10000 

c) 

10000 

1 

-FH+ 0.005MS04 :+U 
~FH+ 0.005MS04 :+U,HA 
--+- FH + 0.005 M S04 : + UIHA 

10 100 1000 
time(nin} 

b) 

10000 

Figure 6: Comparison of tbe uranium sorption onto ferribydrite in tbe absenee and presenee of 
burnie acid for experiments witb different initial sulfate eoncentrations: a) 0 M Na2S04, b) 0.005 
M Na2S04 and c) 0.02 M Na2S04. 

The sequence of tbe initial uranium sorption rates in dependenee on tbe uranium and burnie acid 

addition is the same for all sulfate concentrations (0 M, 0.005 M and 0.02 M Na2S04): 

• In tbe absenee of burnie acid, uranium sorb with the higbest initial rate. 

• ·In the presenee of burnie acid, tbe initial uranium sorption is increasingly retarded witb in­

ereasing amounts of uranyl bumate complexes in solution until it approaehes tbe burnie aeid 

sorption rate. 

This is eonsistent with results of previous experiments ( Sehrneide et al., 2000b ). 
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The influence of sulfate on uranium sorption can be summarized as follows: 

• In the absence of humic acid, the initial uranium sorption rates are high, but after occupation 

of the first surface sites the uranium sorption slows down since strong ferrihydrite surface 

sites are blocked by presorbed sulfate. The uranium is forced to diffuse to intemal sorption 

sites or to replace sorbed sulfate. These effects become stronger with increasing total sulfate 

concentration. 

• In the presence of humic acid, the initial uranium sorption rate is lower than in the absence of 

humic acid. However, it is less slowed down with progressing sorption compared to the ura­

nium sorption in the absence of humic acid. This Ieads to an intersection of the curves about 6 

min and about 3 min after the start of the experiments with 0.005 M and 0.02 M sulfate, re­

spectively. The total uranium sorption onto ferrihydrite in the presence of humic acid is 

higher, particularly in the presence of higher amounts of uranyl humate complexes. There are 

two reasons for this: First, uranium is bound to dissolved humic acid molecules and sorbs as 

uranyl humate complex onto ferrihydrite. Second, unreacted carboxylate groups of sorbed 

humic acid molecules can complex uranyl ions thereby increasing uranium sorption. 

The differences in the total uranium sorption in dependence on the experimental modes (solely 

addition of uranium; addition of uranium and humic acid simultaneously or as a preconditioned 

solution) increase with increasing sulfate sorption (Fig. 6a to Fig. 6c). 

4 Conclusions 

lnfluence of sulfate on the uranium sorption in the absence of humic acid at pH 6.5: 

Sulfate, present at naturally relevant concentrations (0.005 M or 0.02 M), reduces both the ura­

nium sorption rate and the total uranium sorption, since the number of strong surface sites, ac­

cessible for uranium, is reduced upon adsorption of sulfate. This Ieads to an increased availabil­

ity of uranium. 

Variations of the sequence of addition of sulfate and uranium mainly affected the initial uranium 

sorption rate showing the competition of uranium and sulfate for ferrihydrite sorption sites. 

However, the total uranium sorption was not affected, which implies that uranium is able to re­

place to a certain extent presorbed sulfate because it has a higher sorption affinity. 
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We conclude, that direct competition of uranium and sulfate for sorption sites of ferrihydrite pre­

dorninates electrostatic effects due to the change in net surface charge of the ferrihydrite upon 

sulfate sorption. 

Influence of sulfate on the uranium sorption in the presence of hurnic acid at pH 6.5: 

The competitive effect of sulfate on hurnic acid sorption is small despite the large excess of sul­

fate compared to hurnic acid. This reflects a high affinity of hurnic acid for ferrihydrite surface 

sites. Furthermore, in cantrast to sorbed sulfate, sorbed hurnic acid molecules have a number of 

functional groups that arenot involved in sorption reactions. Thus, the total number of potential 

binding sites for uranyl ions is higher in the presence of hurnic acid which leads to a higher ura­

nium sorption. Consequently, the influence of sulfate on uranium sorption is smaller when hurnic 

acid is present in solution. Especially in the presence of higher amounts of uranyl humate com­

plexes, the reducing effect of sulfate on the total uranium sorption is almost counterbalanced by 

hurnic acid. 
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Abstract 

We studied the interaction of uranium(VD with humic and fulvic acids to obtain information 

on the binding of uranium(VD onto functional groups of humic substances. Therefore, various 

natural and synthetic humic acids (HAs) were chemically modified resulting in HAs with 

blocked phenolic OH groups. From the original and modified HAs, solid uranyl humate 

complexes were prepared at pH 2. FTIR spectroscopy and U Lm-edge extended X-ray 

absorption fine structure (EXAFS) analysis were applied to study the derivatization process of 

HAs, to study the structure of the uranyl humates and to evaluate the effect of HA functional 

groups (carboxylic and phenolic OH groups) on the uranyl complexation. 

By FTIR spectroscopy it could be shown that the synthesis of modified HAs with blocked 

phenolic OH groups was successful. These modified HAs are suitable model substances to 

study the complexation of actinides by humic substances, especially to study the role of 

phenolic OH groups of HAs in dependence on pH. 

By EXAFS, identical structural parameters were detennined for all uranyl humates. Axial U-

0 bond distances of 1.78 A were determined. In the equatorial plane approximately five 

oxygen atoms were found at a mean distance of 2.39 A. The blocking of phenolic OH groups 

of HAs did not change the near-neighbor surrounding of uranium(VD. 

The comparison of results obtained by FTIR spectroscopy and EXAFS analyses for uranyl 

humates, prepared from original and modified HAs, confirmed that predominantly HA 

carboxylate groups are responsible for binding of uranyl ions at pH 2. These carboxylate 

groups are monodentate coordinated to uranyl ions. The influence of phenolic OH groups is 

insignificant. 

1 Introduction 

Humic substances are known to influence the speciation and thus, the mobility of 

radionuclides in the environment due to their high complexing ability. Therefore, risk­

assessments, related to the migration behavior of radionuclides in the environment, require 

basic knowledge about the interaction of humic substances with metal ions. Numerous studies 

of the complexation of radionuclides, such as uranium, by humic substances have been per­

formed. However, due to the chemical and structural heterogeneity of humic substances, the 
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nature of meta! complexation sites in humic substances is still uncertain (Korshin et al., 

1998). 

Carboxylic groups are often considered the only functional groups of HAs involved in the 

complexation of metal ions at pH values below 9 (e.g., Choppin and Allard, 1985). Other 

authors suggest that further HA functional groups, such as phenolic, enolic, and alcoholic OH 

groups (Stevenson, 1994; Sarret et al., 1997; Korshin et al., 1998; Pompe et al., 2000) as weil 

as amino groups (Ephraim and Marinsky, 1986; Luster et al., 1996; Reise et al., 2000), can 

also contribute to the complexation of metal ions. For instance, these groups can form chelate 

rings together with carboxylate groups. 

A recent study (Pompe et al., 2000), investigating the uranyl complexation by HAs by time­

resolved laser-induced fluorescence spectroscopy at pH 4, has shown that, already at pH 4, 

phenolic OH groups contribute to the interaction between HA and uranyl ions. 

This shows that the nature of HA functional groups, responsible for binding of metal ions, 

should be studied systematically in dependence on pH. 

In the present paper, we studied the complexation of uranium(VD by humic substances at pH 

2. In addition to unmodified natural and synthetic HAs, we employed chemically modified 

HAs with blocked phenolic OH groups as model substances. The comparison of the 

complexation behavior of the original and modified HAs enables evaluation of the effects of 

different functional groups such as carboxylic and phenolic OH groups. FTIR spectroscopy 

and EXAFS analysis were applied for this study. FTIR spectroscopy was applied to verify the 

block.ing of phenolic OH groups in the modified HAs and to study the binding of uranyl ions 

onto HA functional groups. EXAFS was used to determine structural parameters of the near­

neighbor surrounding of uranium(VD complexed by humic substances. 

2 Experimental 

2.1 Humic substances 

Three natural and two synthetic humic substances were applied. The natural humic substances 

were Kranichsee burnie acid (KHA) and Kranichsee fulvic acid (KF A) that were isolated from 

surface water of the mountain bog 'Kleiner Kranichsee' (Saxony, Germany) (Schmeide et al., 

1998) as weil as the commercial Aldrich HA (AHA, charge A2/97) (Aldrich, Steinheim, 
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Germany). AHA was purified prior to use according to a method described by Kim and 

Buckau (1988). The synthetic products were the HAs type M1 (Pompe et al., 1996) and type 

M42 (Pompe et al., 1998). 

Modified HAs with blocked phenolic OH groups were synthesized starting from the original 

HAs type KHA, AHA, Ml and M42. In a first step, HA functional groups (carboxylic and 

acidic (phenolic) OH groups) were permethylated. Therefore, methanolic suspensions of 

original HAs were stirred with diazomethane, which was previously prepared from Diazald® 

(Sigma-Aldrich, Steinheim, Germany), at -5 to 5 °C for 3 hours. Then, the solvent was 

distilled off. The permethylation procedure was repeated several times until no further 

diazomethane was incorporated into the HA. The solvent, that was distilled from the reaction 

mixture, was then yellow colared due to unreacted diazomethane. The resulting 

permethylated HAs were lyophilized. They are termed HA-B. In a second step, the ester 

groups were hydrolyzed by reacting the permethylated HAs with 2 M NaOH (Merck, 

Darmstadt, Germany) under inert gas at room temperature for 8 hours. The alkali-insoluble 

residue was separated by centrifugation. The modified HAs were precipitated with 2 M HCl 

(Merck) and separated by centrifugation. The washed, dialyzed (Thomapor®, MWCO < 1000, 

Reichelt Chemietechnik, Heidelberg, Germany) and lyophilized products were applied for this 

study. The HAs with blocked phenolic OH groups are termed HA-PB. 

All HAs (HA, HA-B, HA-PB) were characterized for their functional group content. 

2.2 Preparation of uranyl humate complexes 

Uranyl humate complexes were prepared from natural and synthetic unmodified humic sub­

stances (KHA, KFA, AHA, M1, M42) and from the corresponding modified HAs with 

blocked phenolic OH groups (KHA-PB, AHA-PB, Ml-PB, M42-PB). 

Solid uranyl humate complexes were prepared by reacting aqueous HA suspensions, that were 

previously deaerated, with 0.1 M uranyl perchlorate solutions at pH 2. The low pH value of 2 

of the HA suspension was achieved by adjusting the pH in the supematant repeatedly with 0.1 

M HC104 or 0.1 M NaOH. For these pH adjustments, the supematant was separated from the 

humic material each time. The reaction products were isolated by centrifugation, washed with 

ultrapure water, dialyzed (Thomapor®, MWCO < 1000), and lyophilized. The uranium 
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content of the uranyl humates was determined by ICP-MS (Mod. ELAN 5000, Perkin Eimer) 

after digestion of the samples with HN03 in a microwave oven. 

2.3 FTIR spectroscopy 

The samples were dispersed in KBr (Uvasol®, Merck, Darmstadt, Germany) and pressedas 

13 mm diameter pellets. The FTIR spectra were recorded using a FTIR spectrometer (Mod. 

2000, Perkin Eimer Ltd., Beaconsfield, Buckshire, UK) in the middle infrared region (4000 to 

400 cm-1
) at room temperature. 

2.4 EXAFS analysis 

The samples were dispersed in Teflon and pressed as 13 mm diameter pellets. The uranium 

content of the resulting pellets was 11 to 22 mg uranium. The EXAFS measurements were 

carried out at the Rossendorf Beamline (ROBL) at the European Synchrotron Radiation 

Facility (ESRF) in Grenoble. Uranium Lm-edge X-ray absorption spectra were collected in 

transmission mode at room temperature. The Si(111) water cooled double-crystal monochro­

mator was used in the channel-cut mode. 

Data analysis was performed according to standard procedures (Koningsberger and Prins, 

1988) using the EXAFSPAK software developed by George and Pickering ( 1995). The 

program FEFF6 (Rehr et al., 1992) was used to calculate theoretical scattering amplitudes and 

phase-shift functions. 

The EXAFS oscillations were fitted using a two-shell fit with oxygen atoms as backscatterers. 

The multiple scattering along the uranyl unitat 3.6 A was also included into the fit. The coor­

dination number of the axial oxygen atoms CNax) in the uranyl group and the shift in threshold 

energy (ABo) were held constant at 2 and -13.6 eV, respectively. The k-range of the fits was 

between 2.8 and 16.7 A-1
• 
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3 Results and discussion 

3.1 Characterization of burnie substances and uranyl humates 

The functional group contents of the various burnie substances are compiled in Tab. 1. Due to 

permethylation of HAs methyl ester and methyl ether groups are formed from carboxylic 

groups and acidic (phenolic) OH groups, respectively. The carboxylic and phenolic OH 

groups of the permethylated HAs (HA-B) are almost completely blocked. Due to 

saponification of the permethylated HAs the methyl ester groups are hydrolyzed whereas the 

phenolic OH groups remain blocked. However, Tab. 1 shows that the number of phenolic OH 

groups increased somewhat during the saponification step. This may be attributed to an 

unfolding of HA molecules thereby uncovering functional groups that were previously 

sterically hindered. This Ieads to modified HAs (HA-PB) whose phenolic OH group contents 

are 59-74 % lower than those of the unmodified HAs. That means that the phenolic OH 

groups are only partially blocked due to the modification. The carboxylic group contents of 

the modified HAs (HA-PB) are also somewhat lower than those of the unmodified HAs. 

Possible reasons are a partial decomposition of HA molecules in acid-soluble components 

and/or leaching of smaller HA molecules with a higher carboxylic group content from the HA 

rnixture (Pompe et al., 2000) or an incomplete hydrolysis of the ester groups that were 

previously formed during permethylation. 

Nevertheless, Tab. 1 shows that the molar ratio of phenolic OH to carboxylic groups becomes 

always smaller due to the modification process. 

The loading of HAs with uranyl ions in the uranyl humates was between 15 to 22 % of the 

carboxylic group capacity of the burnie substances (Tab. 1). The uranyl loading of HAs, 

expressed in (mg U/g HA) or related to the carboxylic group content (% COOH), is always 

lower for the HAs with blocked phenolic OH groups (HA-PB) than for unmodified HAs. The 

uranylloading mainly correlates with the carboxylic group content of the HAs, and to a small 

extent with their phenolic OH group content. 
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Table 1: Functionality of humic substances and uranylloading of humic substances in uranyl 

humates 

Humic Functionality Uranyl Humate Uranyl Loading 
Substance 

COOHb Phenolic OHa Phenolic OH (mgU/gHA) (% COOH)c 
(meq/g) (meq/g) /COOH 

KHA 3.9 ± 0.5 4.20±0.17 0.93 UOz-KHA 110.2 22 

KHA-B 0.3 <O.la -
KHA-PB 1.6 ± 0.4 2.83 ±0.05 0.57 UOz-KHA-PB 50.2 15 

AHA 3.4 ± 0.5 4.41 ± 0.11 0.77 UOrAHA 99.8 19 

AHA-B 0.6 ± 0.3 <0.1a -
AHA-PB 1.1±0.4 3.25 ±0.05 0.34 U02-AHA-PB 70.4 18 

M1 2.4 ± 0.1 1.34 ± 0.05 1.79 UOrM1 28.9 18 

M1-B 0.3 <0.1a -
M1-PB 0.9 ± 0.3 1.16 ± 0.03 0.78 U02-M1-PB 24.1 17.5 

M42 2.3 ± 0.4 4.10 ± 0.10 0.56 UOz-M42 89.3 18 

M42-B 0.6 ± 0.1 <0.1a -
M42-PB 0.6 ± 0.3 3.21 ±0.08 0.19 U02-M42-PB 60.6 16 

KFA 4.8 ±0.7 6.05 ±0.31 0.79 U02-KFA 118.5 16.5 

a Radiometrically determined (Bubner and Heise, 1994). 
b Determined by calcium acetate exchange (Schnitzer and Khan, 1972). 
c Calculated on the assumption that one uranyl ion occupies two proton exchanging sites of 

the HA molecule. 

3.2 FTIR spectroscopy 

Exemplary for all natural and synthetic HAs the FfiR spectra of the original and modified 

HAs type KHA are shown in Fig. 1. 

The spectrum of the original KHA is discussed in detail in Sehrneide et al. (1998, 1999). 

Thus, in the following only the IR absorption bands pointing to the formation of methyl ester 

and/or methyl ether groups in the spectra of the modified HAs are discussed as weil as ab­

sorption bands confirming the complexation of uranium. 
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Figure 1: FfiR spectra ofthe HAs type KHA (original HA), KHA-B (permethylated HA) 
and KHA-PB (HA with blocked phenolic OH groups). 

Compared to the spectrum of KHA the intensity of the absorption bands at 2950 cm-1 and 

2852 cm-1 (aliphatic C-H stretching) as well as 1457 cm-1 and 1439 cm·1 (C-H deformation of 

CH3 groups) is increased in the spectrum of KHA-B. This is attributed to the formation of 

methyl ether and ester groups upon permethylation of KHA with diazomethane (cf. paragraph 

2.1). In addition, the broad band centered at about 3424 cm-1 (0-H Stretching vibrations) is 

smaller and its intensity is somewhat decreased. The band near 2630 cm-1 (OH stretching of 

COOH), present in the spectrum of KHA, is absent in the spectrum of KHA-B. The absorp­

tion band at 1720 cm-1 (C=O Stretching of carboxylic groups), observed in the spectrum of 

KHA, is shifted to 1735 cm-1 and its intensity is significantly increased. This indicates the 

formation of ester groups that absorb at higher wave numbers than carboxylic groups 

(Schnitzer and Khan, 1972). The intensity of the absorptionband caused by C-0 stretch at 

1205 cm-1 is also increased. Furthermore, the intensity of the band~ and shoulders at 1106, 

1153 and 1260 cm·l is enhanced which is attributed to the formation of ether groups. 
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The hydrolysis of the permethylated HA (KHA-B) Ieads to KHA-PB. The band near 2630 

cm-1 (OH stretching of COOH) is again present in the spectrum. Furthermore, the absorption 

band at 1735 cm-1 (C=O Stretching of ester groups), observed in the spectrum of KHA-B, is 

shifted back to 1721 cm-1 (C=O stretch vibration of carboxylic groups) and its intensity is 

decreased in the spectrum of KHA-PB. This shows that the ester groups present in KHA-B 

are hydrolyzed by reacting the permethylated HAs with NaOH. However, compared to KHA, 

the intensity qf the absorptionband at 1721 cm-1 relative to the intensity of the band at 1617 

cm-1 as weil as the intensity of the band at 1207 crn-1 is somewhat higher in the spectrurn of 

KHA-PB. This could mean that the ester groups formed during the permethylation are not 

completely hydrolyzed. This is supported by the somewhat lower COOH content of KHA-PB 

compared to KHA (cf. Tab. 1). 

The intensity of the bands at 2938, 2852, and 1457 cm-1 is lower in the spectrum of KHA-PB 

compared to the spectrum of KHA-B, but higher than in the spectrum of KHA. Furthermore, 

the bands and shoulders at 1110, 1153 and 1260 cm-1 are somewhat enhanced in the spectrum 

of KHA-PB compared to those in the spectrum of KHA. This verifies that phenolic OH 

groups remained blocked during the hydrolysis. 

The FfiR spectra of the uranyl humate complexes of KHA and KHA-PB are shown in Fig. 2. 

The following changes are observed for the uranyl humates compared to the corresponding 

HAs (cf. Fig. 1): A new absorption band occurs at 933.5 cm-1 which is attributed to the 

asyrnmetric Stretching Vibration of uo/+. The absorption band at about 1720 crn-1 (C=O 

stretch vibrations of COOH) is decreased since a part of the COOH groups is converted to the 

coo- form during the complexation process. Simultaneously, the intensity of the band 

between 1580 and 1510 cm-1 (Coo- asyrnmetric stretching) and that of the band at 1384 cm-1 

(Coo- syrnmetric stretching) is increased. 

The lower uranyl loading of the HA with blocked phenolic OH groups ( cf. Tab. 1) is visible 

in the lower intensity of the band at 933.5 cm-1 in the spectrum of U02-KHA-PB. Further­

more, the intensity decrease ofthe band at about 1720 cm-1 relative to the band at about 1620 

cm-1 is smaller for U02-KHA-PB than for U02-KHA. This implies that in case of KHA-PB 

less carboxylic groups are involved in the complex~tion of uranyl ions than in case of KHA. 
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Figure 2: FfiR spectra of the uranyl humates U02-KHA and U02-KHA-PB. 

The difference between the asymmetric and the symmetric Stretching frequency of coo·' 
which is about 150 cm-1 for both uranyl humate complexes, is comparable tothat generally 

observed for monodentate carboxylate coordination (Kakihana et al., 1987). 

The intensity of the bands and shoulders in the region between 1280 and 1070 cm-1
, that were 

previously assigned to phenolic OH groups (mainly at 1260 and 1092 cm·\ is lower in the 

spectrum of U02-KHA compared tothat of KHA. In case of the HA with blocked phenolic 

OH groups (KHA-PB), the intensity of the bands between 1280 and 1070 cm-1 is not changed 

due to uranyl complexation. This could be an indication that phenolic OH groups contribute 

to the complexation of uranyl ions, although a definite assignment of the bands of this region 

is especially difficult because of an overlapping of bands caused by different functional 

groups. 

A contribution of phenolic OH groups to the interaction between original HAs and uranyl ions 

at the low pH value of 2, used for complex preparation, is relatively unlikely. The only 

conceivable way for such a contribution is that six- or five-membered chelate rings of high 

stability are formed by phenolic OH groups that are ortho-positioned to carboxylate groups or 

by neighboring phenolic OH groups. Due to the structural requirements and the high pKa 
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values of phenolic OH groups a contribution of these groups to the uranyl complexation at pH 

2 must be small compared to that of carboxylic groups. 

The results obtained from the FTIR spectra of original and modified HAs type AHA, Ml and 

M42 and of their corresponding uranyl humates are comparable to those obtained for KHA. 

3.3 EXAFS analysis 

Representative for all uranyl humates, the U Lm-edge k3 -weighted EXAFS spectra and the 

corresponding Fourier transforms, FTs, of the uranyl humates of HA type KHA, KHA-PB, 

MI and Ml-PB are shown in Fig. 3 and Fig. 4, respectively. In both figures, the solid lines 

represent the experimental data, whereas the dotted lines show the theoretical fit of the data. 

Both the EXAFS oscillations and the Fourier transforms of all uranyl humate complexes are 

similar. In Tab. 2 the EXAFS structural parameters of the uranyl humates are compiled such 

as coordination numbers (N), bond distances (R) and Debye-Waller factors ( ci) obtained from 

fits to the EXAFS equation. 
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Figure 3: U Lm-edge k3 -weighted EXAFS spectra of solid uranyl complexes with 
KHA, KHA-PB, Ml and MI-PB. 
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Figure 4: Fourier transforms of the EXAFS spectra of uranyl complexes with KHA, 
KHA-PB, MI and MI-PB. 

Table 2: Structural parameters of uranyl humates studied by EXAFS analysis 

Sampie U-Oax U ·Üeq 

Nax R(A) d' <A2) Neq R(A) d' <A2) 

VOz-KHA 2 1.78 O.OOI 5.2 2.39 O.OI2 

UOz-KHA-PB 2 1.78 0.002 5.4 2.40 0.013 

UOz-AHA 2 1.78 O.OOI 5.3 2.40 O.OI2 

UOz-AHA-PB 2 1.77 O.OOI 5.I 2.40 0.011 

UOz-MI 2 1.78 0.002 5.2 2.38 O.OI4 
U02-MI-PB 2 1.78 O.OOI 5.0 2.38 O.OI4 

UOz-M42 2 1.78 O.OOI 5.4 2.40 O.OI4 
U02-M42-PB 2 1.78 O.OOI 5.4 2.40 0.013 

VOz-KFA 2 1.78 0.002 5.3 2.39 O.OI2 

Errors: N ± IO %, R ± 0.02 A 

Within the experimental error, for all investigated uranyl humates identical structural 

parameters are determined (Tab. 2). Axial U-0 bond distances amount to 1.78 A. In the 

equatorial plane approximately fi.ve oxygen atoms are found at a mean distance of 2.39 A. 
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For the synthetic, unmodified HAs (M1, M42) and for the natural, unmodified HAs (KHA, 

AHA) the EXAFS structural parameters are identical although the HAs differ somewhat in 

their proportion of functional groups (cf. Tab. 1) and in the content of aromatic structural 

elements. This shows that the synthetic HAs model the complexation behavior of natural HAs 

very well. Of course, also for KHA and KFA, isolated from the same source, the same 

structural parameters are determined. 

The results, obtained for uranyl humates prepared from unmodified HAs at pH 2, are in good 

agreement with results of previous EXAFS studies (Denecke et al., 1997, 1998a) on uranyl 

humates prepared at pH <1 to 4. 

Almost identical structural parameters are determined for solid uranyl humates prepared from 

modified HAs (HA-PB). In case of these modified HAs the phenolic OH groups are predomi­

nantly blocked and thus, primarily carboxylic groups are available for complexation of uranyl 

ions (cf. Tab. 1). The identical structural parameters, determined for modified and unmodified 

HAs, imply that the short-range order surrounding of the uranyl ion in all humates is compa­

rable although the HAs differ in their phenolic OH/COOH-group ratio. This shows that 

predominantly the HA carboxylate groups are responsible for binding of uranyl ions under the 

experimental conditions applied in this study. Thus, the results from Reichet al. (1997) and 

Denecke et al. (1997), obtained for uranyl complexes with original HAs under comparable 

experimental conditions, are confirmed. A monodentate coordination of the HA carboxylic 

groups to uranyl ions follows both from the relatively short bond distances between uranium 

and equatorial oxygen atoms (Ru.Oeq) and from the fact that no carbonyl carbon atoms could 

be detected. This confirms the results of FTIR spectroscopy. 

Furthermore, the EXAFS results show that, compared to carboxylic groups, the phenolic OH 

groups have only a minor or no influence on the complexation of uranyl ions at pH 2. This is 

supported by the analytical results of the uranyl humates (cf. Tab. 1), which show that the 

uranyl loading of the unmodified and of the corresponding modified HAs is correlated 

stronger with the carboxylic group content of the HAs than with the phenolic OH group 

content. 

Similar results were found by Denecke et al. (1999) who studied the interaction of 

hafnium(IV) and thorium(IV) both with HA and with Bio-Rex70 at pH 1.6 by EXAFS. Bio­

Rex70, a cation exchange resin having solely carboxylate groups, can serve as model 
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substance for HAs and is comparable with our modified HAs with blocked phenolic OH 

groups. The authors found similar structural parameters for metal complexes of HA and of 

Bio-Rex70. From this it was concluded that carboxylate groups are responsible for cation 

binding in HA and that phenolic OH groups play a subordinate role. 

Contrary to the results obtained for the uranyl humate complexes where no influence of the 

blocking of the phenolic OH groups is detectable, an influence was found for low-molecular 

weight model compounds by Denecke et al. (1998b). EXAFS structural parameters were 

determined for two crystalline uranyl carboxylate compounds: first, disalicylatodioxo­

uranium(VI), U02[C6~(COO)(OH)h, which contains both carboxylate and phenolic OH 

groups and second, di-o-methoxybenzoatodioxouranium(VI), U02[C6~(COO)(OCH3)h, in 

which the phenolic OH group is blocked. Thus, having the same primary functional groups as 

HAs, these substances in principle could serve as model compounds for our unmodified and 

modified HAs. The authors found that in U02[C6~(COO)(OH)h only one to two bidentate 

coordinated carboxylate groups of the salicylate ligands are bound to uranium and that uranyl 

units must be linked since the equatorial uranium shell consists of five to six Oeq atoms at a 

distance of 2.42 A. In U02[C6~(COO)(OCH3)h the carboxylate groups were found to be 

monodentate coordinated (Ru-oeq = 2.29 Ä). That means the blocking of the phenolic OH 

group by a methyl group changed the mode of coordination of the carboxylic group from 

bidentate to monodentate. This example shows that it is not always possible to use simple 

organic substances as structural models for HAs since they do not approach the complexity of 

HAs. 

The influence of phenolic OH groups on the complexation behavior of HAs compared to 

carboxylic groups should increase with pH as it was shown, for instance, by an EXAFS study 

of the uranium(VI) complexation with protocatechuic acid (3,4-dihydroxybenzoic acid) as a 

function of pH (Roßberg et al., 2000a). lt was found that at pH 4.3 the carboxylic group in the 

1:1 complex is bidentate coordinated to the uranyl cation (Ru-Oeq = 2.45 A, Ru-eeq = 2.88 Ä). 

With increasing pH value, the bond distance of the equatorial oxygen decreased. At pH values 

higher than 5, the ligands coordinate in an o-diphenolic bonding fashion to the uranyl cation, 

the carboxylic group is not Ionger involved in complexation (Ru-Oeq = 2.36-2.38 A). 
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This example shows also that bond distances determined for phenolic OH groups, that are 

coordinated to uranyl ions, can be similar to our Ru-Oeq of the humates. Further EXAFS 

analyses of uranium(VI) complexes formed by compounds having solely neighboring 

phenolic OH but no carboxylic groups such as catechol (1,2-dihydroxybenzene) and 

pyrogallol (1,2,3-trihydroxybenzene) at pH 5 (Roßberg et al., 2000b) have shown that 

phenolic OH groups complex to the uranyl ion at a distance of 2.39-2.40 A. Such a bond 

distance cannot be distinguished from Ru-Oeq = 2.39 A that was determined for the uranyl 

humates. 

For the solid uranyl humates that were prepared at pH 2, we conclude that the complexation 

of uranyl ions is dominated by carboxylic groups of HAs. Phenolic OH groups seem to play a 

minor role although a contribution of HA phenolic OH groups to the complexation of uranyl 

ions cannot completely be excluded by EXAFS analysis. The reason is that structural 

parameters, determined by EXAFS analysis, always represent an average over all interactions 

between uranyl ions and HA molecules that have a complex and heterogeneous structure. The 

resulting broad distribution of U-Oeq bond distances is evident in the large Debye-Waller 

factors (er= 0.013 A2
) determined for Ru.oeq (cf. Tab. 2). 

Thus, it is necessary to combine EXAFS with other structure-sensitive methods. This is 

supported by Korshin et al. (1998) who concluded from the lack of prominent and easily 

distinguishable features in the FT magnitudes of Cu2+-HA complexes at R > 2.5 A, that the 

EXAFS method alone cannot unambiguously determine the nature and structural properties of 

the atoms lying beyond the first complexation shell of metal-HA complexes. 

4 Summary 

Chemically modified HAs with blocked phenolic OH groups (HA-PB) were synthesized from 

various natural and synthetic HAs. Their phenolic OH group contents were 59-74 % lower 

than those of the corresponding unmodified HAs. The partial blocking of phenolic OH groups 

in the modified HAs was confirmed by FTIR spectroscopy. The uranyl complexation of the 

modified HAs at pH 2 was compared to that of the corresponding original, unmodified HAs. 

The results of EXAFS analyses showed that the uranium-oxygen (U-0) bond distances are the 

same, within the experimental error, for uranyl humates prepared from unmodified and modi-
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fied HAs. The uranium atom in the uranyl humates is surrounded by two Oax and approxi­

mately five Oeq atoms at a distanee of 1.78 and 2.39 A, respeetively. 

Both by FfiR speetroseopy and by EXAFS analyses it eould be eonfirmed that predominantly 

HA earboxylate groups are responsible for eomplexation of uranyl ions at pH 2. These 

earboxylate groups are monodentate eoordinated to uranyl ions. The influenee of phenolie OH 

groups is insignifieant. 

Sinee the influenee of phenolie OH groups should inerease with pH, further EXAFS studies 

on uranyl humate eomplexation should be performed at higher pH values, preferentially with 

aHA having a high phenolie OHICOOH-group ratio (e.g., HA type Ml). However, then the 

hydrolysis of uranium has to be taken into aeeount. 

The present work has shown that the ehernieally modified HAs are useful model substanees 

for studies of the eomplexation of aetinides by burnie substanees. They ean be applied to 

further improve the understanding of the nature of metal eomplexation sites in burnie 

substanees and partieularly to clarify the role of phenolie OH versus COOH groups. 
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1. Introduction 

Under oxidising conditions, Technetium-99 will exist as pertechnetate (Tc04), a highly 
soluble species, which does not interact with minerals or sediments [1]. However under 
reducing conditions and when suitable electron donors (eg. Fe(II)-containing minerals) are 
present, Tc(VII) will be reduced to Tc(IV) [2]. Depending on the total concentration, the 
reduced Tc(IV) will precipitate to Tc02.nH20. When complexing agents are present, such as 
humic substances, the soluble Tc(IV) species can be associated with these humic substances 
and this process will result in an enhanced Tc solubility. 

The reduction of Tc(VII) to Tc(IV) was previously demonstrated to be catalysed by Fe2+ 
present in reducing surfaces. The association between reduced Tc and humic substances was 
investigated [3] in presence of pyrite as the reducing surface, and was explained by a 
complexation reaction mechanism given by the following equation: Tc(IV)Ü 2+ + HS <=> 
Tc0V)02+-HS. KH8-values ofthe order of 1018-1020 were obtained. 

In this contribution we further elaborate 
(1) on the influence ofthe nature ofthe reducing surface, the nature of organic matter and the 

distribution ofTc between humic and fulvic acids. 
(2) on the correctness of the aforementioned complexation reaction mechanism, by changing 

parameterssuch as pH, amount ofhwnic substances and initial Tc concentration. Forthis 
purpose mainly Fe3Ü4 was used to exclude eventual interferences from S originating from 
surfaces such as FeS2 and FeS. 

2. Experimental set-up 

All experiments were carried out at ambient temperature (22°C) in a controlled atmosphere 
glovebox flushed with a mixture ofN2 (95%) and H2(S%) to minimise the intrusion of oxygen 
into the reaction vessels. The box atmosphere was circulated over a catalytic converter (Pt) in 
order to remove excessive oxygen. The mean concentration of 0 2 in the glovebox throughout 
the experiments was below 2 ppm. 

All chemieals used were of analytical grade and the water used was deionized, filtered bl a 
Water Purification System (Milli-Q) and fmally boiled out to obtain oxygen-free water. 9 Tc 
was purchased from Amersham in 0.1 M Nli40H aqueous solution. Tc0-4 solutions in 
NaHC03 (1 o-2 M) were prepared by diluting aliquots of a stock solution. 

Unpurified organic matter from potential disposal sites was used. The frrst organic matter 
sample was Gorleben hwnic substance containing groundwater (Gohy 2227), which was used 
as supplied by FZK (Karlsruhe, Germany). The second organic matter sample was extracted 
from a Boom Clay sample supplied by SCK/CEN (Mol, Belgium) in the frame of the 
TRANCOM project. As a reference material also purified Na-salt Aldrich humic substances 
wereused. 

Magnetite (Fe304), siderite (FeC03) and pyrite (FeS2) were purchased from a mineral shop. 
Small sized fractions (<125 pm) ofthe minerals were obtained by sieving aftereroshing the 

215 



solids in the glovebox using an Agate mortar and pestle. Synthetic pyrrhotite (FenS) was 
purchased from the Aldrich Chemical Corporation. 

The Tc-humate complexation was studied by measuring the enhanced Tc-solubility of a Tc02 
precipitate due to Tc-humate fonnation 
a) in synthetic reducing systems containing a solid (FeS2, FeC03, Fe3Ü4 and FeS) suspended 

in Gorleben Water, and 
b) in labscale natural systems containing Gorleben sand and Gorleben groundwater (GoHy 

2227). 
The reaction is followed as a function of time and at different pH values. Different 
polypropylene vials were prepared, containing 50(± 1) mg ofthe minerals (or between 5 and 
20 (± 0.1) g Gorleben Sand) and 20 ml volumes of a prepared solution. These solutions 
contained 19 ml Gorleben Waterand 1 ml ofa pertechnetate solution in 10"2 M NaHC03. As 
a reference for the synthetic systems, also experiments without organic matter were conducted 
in Synthetic Gorleben Water, a slightly alkaline solution composed of8x10"3 M NaHC03 and 
4x10·2 M NaCl. By diluting the original Gorleben Water with Synthetic Gorleben Water, 
experiments with different amounts of organic matter could be conducted. The initial Tco4-
concentration was varied between lxl0-7 M and 5xl0·5 M. The vials were turned slowly head 
over head to ensure good mixing. After certain periods of time the minerals and solutions 
were separated by centrifugation (30 min, 18000 tpm for the synthetic systems and 15 min, 
7000 tpm for the natural systems) before being analysed. 

The centrifuged samples were analysed for 99Tc in a Packard Liquid Scintillation Analyser 
using Ultima Gold Liquid Scintillation Cocktail (Packard). The pH measurements were made 
by a Partatest 655 and a WTW SenTix 50 glass electrode, and the redox potentials were 
monitared by a combined redox Toledo Mettier P14805-DXK.-S8/120 electrode connected to 
the Partatest 655. The speciation of Tc in the supematant solutionwas detennined from Gel 
Penneation Chromatography andlor from a newly developed method as described hereafter. 

Tc speciation in solution .from gel permeation chromatography 

Separation of the Tc0-4/'Tc-humic fraction was determined by gel permeation 
chromatography. This was carried out by eluting a 1 ml sample over a glass column (30x1 
cm), filled with Superdex 30 Prep Grade gel (Pharmacia Biotech). The eluent was a saline 
NaCl solution (0.15 M containing 0.002% NaN3). The U.V.-absorbance (at 254 nm) was 
measured continuously and the collected :fractions were ß-monitored radiometrically for their 
Tc-levels. 

Previous investigations [3,4] always used Gel Penneation Cbromatography to investigate 
whether the Tc remaining in solutionwas associated with organic matter or was present as 
free Tc(IV) species (Tc02

+, TcO(OHt, TcO(OH)2, ••• ) or a combination of not reduced 
pertechnetate and free Tc(IV) species. This method is time consuming and unfortunately not 
very useful in the case of Gorleben organic matter because only 5% of these humic substances 
eluted from the column. Therefore it was necessary to develop another method. 
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La-organic matter precipitation method 

This new method is based on the assumption that trivalent ions such as La3+, Eu3+ and Ae+ are 
able to precipitate organic matter. The following procedure was used: after centrifugation, an 
aliquot of the supematant was analysed for total Tc concentration. To another aliquot of the 
supematant 1 N LaCh was added to precipitate the organic matter. After centrifugation (20 
min, 6000 rpm), the supematant was assayed for 99Tc. The countrate in the supematant is 
entirely due to the presence of free Tc species. Hence, the concentration of the Tc-HS 
complexes is obtained as the difference between the total concentration and the concentration 
in the humic substance :free supematant. 

Tc distribution between humic andfulvic acids 

To investigate the distribution of Tc between humic and fulvic acids, the pH of an aliquot (3 
ml) of the supematant was brought below pH 2. This induces a precipitation of the humic 
acids only. After centrifugation, the Tc content ofthe supematant is due to Tc associated with 
fulvic acids and :free Tc species. The distribution between the humic and the fulvic acids can 
be calculated from the knowledge of the total concentration of Tc in solution and the 
concentration of the Tc-humic fraction and the Tc associated with total humic substances 
(humic and fulvic acids) :from La-organic matter precipitation. 

3. Results 

3.l.Altemative speciation method for Tc in solution 

The use of La3+ to precipitate all humic substances and thus also the Tc associated with humic 
substances was verified for organic matter from Boom Clay, from Gorleben and from a 
Podzol. Only one GPC was made for experiments with Gorleben humic substances, because 
as mentioned before, only 5% ofthe humic substances eluted from the column. 

%Tc-BS GPC o/oTc- HS La3+ 
BoomClay 5.33 6.88 
Boom Clay 23.81 24.95 
BoomClay 71.69 68.63 
BoomClay 79.84 62.83 
BoomClay 83.33 86.13 
Gorleben 98 93 
Podzol 84 84.7 
Podzol 91.5 92.6 

Table 1: Comparison of the fraction of Tc associated with HS as determined from GPC and 
La3+ precipitation. 

The fraction of Tc in solution associated with humic substances is calculated using the two 
methods (GPC and La3+ precipitation). Table 1 summarises the obtained results, and 
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demonstrates that La3+ -organic matter precipitation is a good and quick alternative for Gel 
Permeation Chromatography. 

3.2.The association ofTc(IV) with humic substances: possible interfering parameters 

Previous investigations [3, 4] have shown the reduction of pertechnetate to Tc(IV) when 
suitable conditions are present (such as a reducing surface and the presence of co-ordinatively 
bound Fe2+). Depending on the concentration, Tc(IV) will precipitate as Tc02• The resulting 
Tc concentration in solution was in agreement with the formation of a Tc02 precipitate. 

Reduction in presence of humic substances also resulted in the formation of a Tc02 

precipitate but with an enhanced Tc solubility due to an association between humic 
substances and soluble Tc(IV) species (presumably, Tc02

). · 

In this section, different parameters interfering in the redox reaction and Tc-HS arefurther 
investigated. 

3.2.1. Injluence of the nature of the reducing surface 

a) Synthetic systems 

Only pyrite was previously [ 4] used as reducing surface to investigate the association between 
Tc(IV) and humic substances from Gorleben and Boom Clay. The influence of the nature of 
the surface was further investigated by studying magnetite (Fe304), pyrrhotite (FeS) and 
siderite (FeC03) in presence of Gorleben Water. In all experiments, an initial Tc 
concentration of 5x1 o-6 M was used. Figure 1 shows the large differences in the reduction 
kinetics and extent ofreduction ofTc04- dissolved in Gorleben water andin presence ofthe 4 
studied surfaces. 

In absence ofhumic substances a quick (less than 3 hours) and complete reduction ofTco4-
was observed for the different surfaces. This is demonstrated in figure 2 for the case of 
magnetite. The reduction kinetics slows down in presence of humic substances, but 
equilibrium seems to be reached in all cases. The speciation of Tc at equilibrium was 
measured by the La3+ -organic matter precipitation method and is given in table 2 as the free 
Tc and Tc-HS concentration together with the reaction parameters pH, Eh and humate 
concentration. The humic substances concentration was calculated from Absorbance 
measurements (rendering g HS/1) and a value of 3 mEq/1 was taken for the proton exchange 
capacity. 

I!H Eh [HS]eq/1 Free [Tc] M [Tc-HS] M 
_fyrite 9.5 -270 4.8x10-4 2x1o-lS 2x1o-b 

Magnetite 8-10 -200 4.5x10-4 3x1o-lS 1 - 2.2 xlo-b 
Siderite 9.4 -200 4.7x10-4 4x10-lS 2.5xlo-b 

Pyrrhotite 8.8 -235 4.5x10-4 4x1o-\l 1.9x1o-lS 

Table 2: Results of equilibrium Tc speciation in batch experiments with pyrite, magnetite, 
siderite and pyrrhotite as reducing surfaces and Gorleben Water. 
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Figure 1: Total Tc in solution versus time for 4 different batch experiments: FeS, FeS2 , Fe304 
and FeC03 and Gorleben Water with [Tclinitial = 5x1 o-s M. 

c 
0 

1.00E-07 -r--------------------------

':§ 6.00E-D8 _L_ ________________________ _ 

ö 
II) 

.E 
'ü' 4.00E-08 +--------------------------
!::. • 

2.00E-08 +..r~-------------------------.:._ __ 
O.OOE+OO +r-·------.-----.-----,----...-------.---·----. 

0 100 200 300 

time (hours) 

400 500 600 

Figure 2: Total Tc in solution versus time for batch experiments with magnetite and 
synthetic Gorleben Water. [Tc04·linitial = 5x10·6 M. 

Table 2 shows that in the cases of pyrite, magnetite and siderite the free Tc concentration 
ranged from 2 to 4x10-8 M, hence was of the order of the solubility level of Tc species in 
equilibrium with a Tc02 precipitate. Similarly the equilibrium Tc-HS concentrations are of 
the same magnitude in the cases of pyrite, siderite and magnetite. The small differences that 
are noticeable are due to different pH conditions (see also 3.2.3: Variation with pH). 
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The above results indicate that the three surfaces - pyrite, siderite and magnetite - behave 
similarly with respect to the reduction of pertechnetate and with respect to the complexation 
of Tc(IV) with humic substances. These surfaces are only acting as electron donors in the 
overall redox and complexation reaction. They do not seem to have any specific influence on 
the complexation between Tc(IV) and burnie substances. 

As seen in table 2, the results in presence of pyrrhotite deviate from those obtained in 
presence of the 3 other surfaces. In the case of pyrrhotite (FeS) a lower free Tc Ievel and a 
significantly lower amount of Tc-HS was observed. Probably an amorphous Tc-Sulphide is 
formed with a lower solubility than Tc02.nH20. 

b) Labscale natural systems 

It was previously shown [3,4] that Tc04" reduction and Tc-HS association only occurred in 
presence of a reducing surface. The aim of the following experiments was therefore to verify 
whether these findings also apply for the case of Gorleben Sand in presence of Gorleben 
Water. This system becomes gradually reducing with time and was able to reduce Np(V) to 
Np(IV) [5]. 

Batch experiments were conducted in which the time of pre-equilibration of the Gorleben 
Sand with Gorleben groundwater was varied before the addition ofTc04-. 

Systems with a long pre-equilibrium period (47 days) (see figure 3) show immediate 
reduction to 
1) a constant free Tc Ievel in solution of 3xl0"8 M in agreement with the solubility Ievel in 

presence of a Tc02 precipitate 
andto 
2) a constant Tc-HS concentration of3xl0"6 M. 

The Tc behaviour in the labscale natural systems is consequently comparable to - and in 
agreement with observations made in the synthetic systems. 
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4.00E·06 

!: 3.00E-06 

~ 
.... 2.00E-D6 

1.00E-06 

• Tc precipitation 

0 Tc-HS species 

•tree Tc species 

O.OOE+OO ~-~-~--~----~-~-...,.---...,.-......J 
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Figure 3: Tc speciation versus time in batch experiments with Gorleben Sand and Gorleben 
organic matter. Systems with long pre-equilibrium time (47 days). pH = 7 .8. 
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Systems with a short pre-equilibrium time ( 4 days ), see figure 4, do not Iead to the 
equilibrium expected on the basis of the results with long pre-equilibrium times, despite the 
fact that the total time span ofthe experiment (1500 hours) exceeded the long pre-equilibrium 
period (336 hours). Indeed, the free Tc concentration (Tc04- + dissolved Tc(IV) species) 
gradually decreased with time but did not reach the solubility Ievel (3xlo-s M) observed in 
systems with long pre-equilibrium time. Unexpectedly and for unlmown reasons the Tc-HS 
fraction remains constant while the reduction proceeds. Apparently the formation of a Tc­
precipitate is favoured. 

Tc- speciation 
&Tc precipitation 
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Figure 4: Tc speciation versus time in batch experiments with Gorleben Sand and Gorleben 
organic matter. Systems with a short pre-equilibrium time (4 days) of Gorleben Sand and 
Gorleben Water. pH = 8. 

3.2.2. Injluence of organic matter nature 

Experiments with purifi.ed Aldrich humic substances in Synthetic Gorleben Water (hence 
absence of Gorleben organic matter) were conducted at an initial Tc concentration of 5x10-6 

M. 200 and 400 ppm Aldrich humic substances were added. In a second series of 
experiments, also 5x10-6 M Fe2+was added as a trial to induce redox properties in the Aldrich 
humic substances. 

As can be observed from figure 5, Tc04- is completely reduced to Tc02 in presence of 
magnetite suspended in Synthetic Gorleben Water (absence of organic matter). 

The presence of 200 or 400 ppm purified humic substances from Aldrich prohibits the Tc04-
reduction. Indeed all Tc remains in solution and speciation of the supematant solutions with 
LaH -precipiation revealed the complete absence of association of Tc and the humic 
substances. 

However, if Fe2+ (5x10-6 M) was added to the previous system with 200 ppm Aldrich humic 
acids a slow reduction was observed as is obvious in figure 6. Notice for comparison that the 
reduction was complete after 200 hours contact time when magnetite was contacted with 
natural Gorleben Water. 
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Figure 5: lnfluence of Aldrich humic acid (0, 200, 400 ppm} dissolved in synthetic Gorleben 
Water on the reduction of 5x1 o-6 M pertechnetate in presence of magnetite. 
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Figure 6. Tc species followed as a function of time for magnetite in presence of 200 ppm 
Aldrich humic acid and 5x1 o-6 M Fe2+. [Tc04 -]inuial = 5x1 o-s M and pH = 9.5. 

The foregoing results illustrate that purified humic acids have lost their reducing power and in 
addition "de-activate" the redox active magnetite surface to reduce Tc04-. The detailed 
processes involved are speculative at present. The reducing activity of the system may 
however be partly restored by the addition of Fe2

+. The results thus again demonstrate the 
involvement ofFe2

+ in the reduction process. 
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3.2.3. lnjluence ofmicro-organisms 

The previous experiments were all conducted with Gorleben Water which was used as 
obtained from FZK. In a next series of experiments, the contribution of micro-organisms to 
the reduction process is minimised by filtering the water through a 0.45pm filter. Under these 
conditions the micro-organisms are assumed to be removed. Batch experiments with 
magnetite as the reducing solid phase and the filtered Gorleben water were conducted and can 
be compared with similar previous experiments in which unfiltered Gorleben Water was used. 
The initial Tc04- concentration was 5x10-6 M. 

The variation of the total Tc concentration in the filtered solution with time is represented in 
figure 7. As a reference, also the results from an experiment with magnetite and unfiltered 
Gorleben waterare shown. The Tc speciation versus time measured in the previous systems, 
in which filtered Gorleben water was used, is shown in figure 8a. For comparison figure 8b 
shows the speciation in the case ofusing unfiltered water. Filtering ofthe water over 0.45pm 
has only a slight influence on the Tc concentration associated with HS (Tc-HS): 3x10-6 M Tc­
HS (filtered) compared to 2xl0-6 M (unfiltered). However a large difference in the free Tc 
concentration is observed between filtered (4xl0-7 M Tc) and unfiltered (3xl0-8 M Tc) 
systems. This result suggests that the reduction was incomplete because the free Tc 
concentration (4x10-7 M Tc) exceeds the concentration o 3x10-8 M Tc in theoretical 
equilibrium with Tc02 precipitate. Thus the difference in concentration between 4x10-7 M and 
3x10-8 M is probably present as Tc04-. Speciation calculation by CHESS however pointsout 
that no Tc04- is expected under the conditions ofthe experiments. 
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Figure 7: Total Tc in solution versus time in batch experiments with magnetite as reducing 
phase and filtered {two independent experiments) and unfiltered Gorleben Water. 
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Figure Ba: Speciation of Tc versus time in batch experiments with magnetite and filtered 
Gorleben Water. Total Tc04- added = 5x1 o-s M 
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Figure 8b: Speciation of Tc versus time in batch experiments with magnetite and unfiltered 
Gorleben Water. Total Tc04- added = 5x10-6 M 

Since no measurable reduction ofTc04- was observed in absence ofFe3Ü4 [4] it is tempting to 
neglect the contribution ofmicro-organisms to the reduction process. 

An important observation in the experiments with filtered water is that after more than 4000 
hours of equilibration, the pH of the supematant was still equal to the starting pH of the 
experiment (pH=9.6). In the experiments with unfiltered water, the pH raised slowly from 9.6 
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to 10.2. This observation at least points to an interference of either 'particulate' matter larger 
than 0.45pm or 'micro-organisms' resulting in a pH increase. 

3.2.4. Conclusions 

Investigations were made on the influences of the reducing surfaces, the nature of organic 
matter and the involvement of micro-organisms. 

1) Pyrite, siderite, magnetite and natural Gorleben Sand behave similar with respect to the 
reduction of Tc(VII) to Tc(IV) and the complexation of Tc(IV) with humic substances 
present in natural Gorleben Water. Only pyrrhotite showed a different behaviour. 

2) Purified Aldrich humic acids are unable to reduce Tc(VII) and prohibit the reduction in 
presence ofFe3Ü4. Fe2

+ added to the purified Aldrich HA (partially) restored the reduction 
potential ofFe3Ü4, demonstrating the involvement ofFe2

+ in the reduction process. 
3) Micro-organisms have no direct effect on the reduction of Tc04- and the subsequent 

complexation ofTc(IV) with humic substances. 

3.3. Reverse equilibrium approach 

An alternative approach to investigate the interaction of Tc(IV) with humic substances is to 
start from a Tc02 precipitate and to study the Tc-HS interaction by measuring the Tc 
solubilisation in presence of humic substances. 

A Tc02 precipitate was frrst prepared by contacting Tc04- with magnetite. Subsequently 
humic substances were added as natural Gorleben groundwater. Tc, HS, pH and Eh were 
followed during about 300 days. 
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Figure 9: Total Tc concentration in solution versus time upon contacting natural Gorleben 
Water with a previously prepared Tc02 precipitate. 
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Figure 9 shows a slowly increasing solubility of Tc with time. Speciation of the solution 
reveals that most of the Tc is associated with the organic matter. The amount of Tc, not 
associated with the humic substances was equal to 3x10"8 M and therefore in agreement with 
the Tc(IV) solubility in presence of a Tc02.nH20 precipitate. 

Comparison of the Tc-HS concentration observed in previous systems (starting from Tc04-) 
with the present systems (starting from Tc02 precipitate) reveals that the former Iead to Tc­
HS concentrations of the order of 2x10·6 M, which largely exceeds the present Tc-HS 
concentration of2x10"7 M. It seems therefore that resolubilisation is a very slow process. 

3.4. Distribution ofTc between humic and fulvic acids. 

The distribution ofTc(IV) between the humic and fulvic acids present in Gorleben Water has 
been measured in both synthetic (eg. magnetite surface) and natural systems (Gorleben Sand). 
The purpose was to detect eventual differences in the strength of Tc - association with each of 
these components. 

Figure 10 shows the average of the Tc(IV) distribution between humic and fulvic acids on a 
total of 40 different experimental systems. The result is 20 (±10) % of Tc in solution is 
associated with fulvic acids and 80 (±10)% is associated with the humic acids. The humics in 
Gorleben Water have a composition ofabout 90% humic acids and 10% fulvic acids [6]. The 
present findings point to a slight preference for the formation of Tc(IV) fulvic acid 
complexes. 

However, the standard deviation on the foregoing results was 10% and was due to a large 
variability in the systems with magnetite as reducing phase. In these cases, fractions of Tc 
associated with the fulvic acids varied between 5 and 60%. 

EJTc-FA ( 

&Tc-HAi 

Figure 10. Mean association of Tc(IV) with fulvic and humic acids observed for 40 
experimental points. 
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lf only the observations for the natural systems are considered, a distribution of respectively 9 
(±2)% and 91 (±2)% for fulvic and humic acids is obtained. In this case, Tc (IV) shows no 
preference for fulvic or humic acids. 

3.5. Quantitativedetermination ofthe interaction constant ofTc with HS. 

The observed association between Tc and humics was previously [3] interpreted and 
described by a complexation reaction mechanism between Tc02+ and humic substances. 
Altematively allsoluble Tc(IV) species (Tc02+, TcO(OHt, ... ) were also assumed to interact 
with humics. Interaction constants K"8 were calculated for both assumptions: K"8

- values of 
the order of 1021 for the association ofTc02+ and HS and ofthe order 105 in the second case 
(K"8ror) were obtained for Gorleben humic substances in presence of pyrite as reducing 
surface. Hereafter we apply the same reaction mechanism for results obtained with different 
reducing surfaces 

3.5.1. Theoretical background 

The solubility of Tc(IV) at sufficiently low redox potentials (- -200 m V) and in equilibrium 
with Tc02.nH20 precipitate can be calculated from the following hydrolysis equilibria: 

w-1.14 

Tc1v02+ + H20 ~ TcO(OHt + W 

1 o-3.3 

TciV02+ + 3 H20 ~ TcO(OH)z + 2 W 

10-o.13 

2 TciV02+ + 4 H20 ~ (TcO(OH)2)2 + 2 H+ 

104.23 

Tcwü2+ + 3 H20 ~ Tc02.2H20(am) + 2 W 

The K values refer to zero ionic strength. 

The total solubility ofTc in absence ofhumic substances is predicted tobe: 

Tcror =[Tc02j + [TcO(OH)] + [TcO(OH)2] + [(TcO(OH)2)2] 

=[Tc02+](1 + 1 o-u4/(H)+ 10-3.3 /(H+i+ 1 o-0
.13[Tc02l/(H)4) 

=10-4.23 CWi(l + w-u41(H) + w-3.31(H)2 + 10-4.36;(H)2) 

{Ir) stands for the proton activity. 
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In presence of humic substances we assume the following complexation reaction: 

KHS 

Tc02+ + HS <:::} Tc02+ - HS 

The equilibrium constant KHS for this reaction is KHS = rc02+1HSj' in which the Tc species 
Tc02+ HS 

are given in mol/1 and [HS] is expressed in Eq/1. The proton charge estimated from the end 
point ( around pH 7) of an acid base titration is used. 

In presence ofhumic substances the Tc solubility is enhanced by the formation ofTc02+- HS. 
TcTOT extends to: 

TCtors = [Tc02+] + [TcO(OHtJ + [TcO(OH)2] + [(TcO(OH)2)2] + [Tc02+ - HS] 

= 10-4.23 (Wi(l + 10-1.14/(Hl +10-3.3/(Wi +10-4.36/(H+)2 + KHS [HS]) 

The correctness of the aforementioned complexation reaction is unverified at present. We do 
not know which Tc(IV) species interacts with the available humic substances. 

3. 5.2. Calculation of K values for the different experiments 

In all previously described experiments, an initial Tc concentration of 5xl o-6 M was used. In 
table 3, an overview is given ofreaction parameters and the KHs and KHsTOT-values calculated 
for (near) equilibrium conditions and relating to the interaction of Gorleben HS (natural 
Gorleben Water) with Tc(IV) as catalysed by various reducing surfaces. 

Reducing pH Eh KHS 

medium 
Pyrite 9.5 -270 7x10:lu 

Magnetite 8-10 -200 101
':1- 10:t1 

Siderite 9.4 -200 4.6x10:lu 
Pyrrhotite 8.8 -235 (2.3x1017) 

Gorleben Sand 7- 10 -250 5x101
(l - 1021 

Table 3: Range of values observed for the interaction of Tc(IV) with HS form Gorlebenafter 
reduction of 5x10·6 M Tc04• in presence of different reducing surfaces. 

In the case ofpyrite, magnetite, siderite and Gorleben Sand similar KH8-values ofthe order of 
1020 - 1021 are obtained. The differences in KHs_values are due to differences in pH (see also 
3.6.1, variation ofpH). 

Only in the case ofpyrrhotite, a significantly lower KHs -value was obtained. This observation 
is probably due to the fonnation of a Tc-sulphide precipitate induced by the presence ofFeS. 
Therefore the calculated K values (given in brackets in tables 3) largely deviate from the 
others, which were based on the assumption of a Tc02 precipitate. Although pyrite is also a 
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sulphur bearing surface the observed K values agree with those of non sulphur bearing 
reducing surfaces (magnetite and siderite). A possible explanationisthat the solubility is FeS2 
is orders of magnitude lower than the solubility of FeS and thus may kinetically Iimit the 
fonnation ofTcS2. 

3.6. Verification of proposed reaction mechanism. 

In this section, we try to validate the proposed complexation reaction mechanism by 
investigating the influence of parameters such as pH, concentration of humic substances and 
initial concentration ofTc04- on the value ofKHs. 

3.6.1. Variation with pH. 

Additionalexperiments were conducted in a pH range :from 8 til110.5 for synthetic systems 
(magnetite and Natural Gorleben Water) and from 7 ti1110.5 for natural systems (Gorleben 
Sand and Natural Gorleben Water). Lower pH values were obtained by adding known 
vo1umes of HCl (1.5x10-2 M). The systems initially contained 5x10-6 M Tc04- and were 
allowed to equilibrate during 14 days. Previous kinetic experiments showed that equilibrium 
was reached during this time period. 

The amount of Tc remaining in the solution after La3
+ -or~aic matter precipitation, in each 

case, proved to correspond to the expected solubility (3x10- M). 

Figure 11 shows the pH dependency of the KHs. Previously obtained results are also 
incorporated in the figure. The KHs varies linearly between 1015

·
5 at pH 7.2 to 1022 at pH 10.2. 

The regression line has the following equation: log KHs = 2.145*pH + 0.335 with R2 = 
0.9937. 
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Figure 11: Log KHs versus pH in synthetic systems (magnetite and Natural Gorleben Water) 
and natural systems (Gerieben Sand and Natural Gorleben Water). 
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Tbe observation tbat tbe K value linear inereases witb pH is not a surprise sinee tbis 
bebaviour is :frequently observed for burnie substanees metal eomplexation [7]. 

Sinee all results refer to tbe same burnie substanees eoneentration, tbe LogKHS versus pH 
plot is similar to a Kurbatov plot. Therefore tbe slope of 2 indieates that 2 H+ are liberated in 
tbe reaetion. 

Rewriting tbe reaetion equilibriurn equation as: 
KH 

Te02+ + HS <=> Te02+ -HS + 2 W 

and reealeulation ofthe data Ieads to the variation ofLogKH witb pH sbown in figure 12. 

A rather eonstant Log KH = 1.7 is obtained. Sinee we do not know the exaet nature of tbe 
funetional groups involved in the eomplexation reaetion, nor their W dissoeiation eonstant, 
we did not make eorreetions for tbe dissoeiation of tbe eomplexing ligands at present. It 
seems bowever plausible that Te02+ reaets with surfaee OH groups. 
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Figure 12: Log KH versus pH in synthetic systems (magnetite and Natural Gorleben Water) 
and natural systems (Gorleben Sand and Natural Gorleben Water). 

3.6.2. Variation with HS concentration 

In theory, KHs values should be independent ofthe eoneentration ofthe burnie substanees. 

Varying HS eoneentrations were obtained by diluting natural Gorleben groundwater with 
Synthetie Gorleben Water to respeetively 75, 50, 25 and 10% ofthe initial HS eoneentration. 
All experiments were eondueted in presenee of pyrite. 

The KHs values, ealeulated at equilibrium, are given in table 4 tagether with similar 
previously published values (marked with <*>). 
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% of initial HS pH Eh KHS 

concentration 
100% 10.19 -306 1022 

100% l*} 9.4 -300 3.8x1020 

75% 9.84 -285 1.5x10;!1 

50% 9.45 -273 7.3x10:.!u 
50%n 9.2 -280 2.7x10:t.u 

25% 9.33 -200 2x1020 

10% 8.4 -162 9x101
H 

10% (") 9.0 -200 3x1020 

Table 4: KHs values observed for batch experiments with pyrite and different concentrations 
of Gorleben humic substances. 

From table 4, differences are noticeable between the observed KHs values, however as 
demonstrated in the previous section, these differences are due to the experimental pH 
differences. The obtained KHS values are compared in figure 13 with the previously obtained 
results in natural Gorleben Water represented by the regression line. This figure proves that 
the K HS values are independent of the humic substance concentration. · 
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Figure 13: Comparison of LogKHs values obtained at different dilutions of the Natural 
Gorleben Water, with previous results represented by the regression line: 
Log KHS= 2.145* pH+0.335. 
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3.6.3. Variation ofinitial Tc concentration 

Tbe previous experiments were all conducted with a constant initial Tc concentration of 5x 1 o-
6 M. In a new series of experiments witb natural Gorleben groundwater different Tc 
concentrations were added. Tbe concentrations varied between 5x10-6 M and 5x10-5 M in 
experiments witb Gorleben sand and between 5x10-7 M and 10-5 M in experiments witb 
magnetite as reducing surfaces. 

Figure 14abc and figure 15abcd sbow the speciation ofTc added in various concentrations to 
Natural Gorleben groundwater in presence of respectively Gorleben sand and magnetite. 

Independent of the Tc concentration added, all experimental systems displayed tbe same 
pattem: a fraction of Tc was found precipitated, a fraction was associated with tbe burnie 
substances and a fraction was free dissolved in solution. 

Tbe free Tc concentration was in agreement with the Tc02 solubility (3x10-8 M) wben 5x10-7
, 

10-7 and 5x10-6 Tc04- was initially added. However, higber free Tc concentrations were 
observed at the higbest Tc04- doses of 10-5 M (Gorleben Sand) and 5x10-5 M (Gorleben Sand 
and magnetite): respectively 6x10-8 M and 4x10-7 M total free Tc were measured. Probably 
tbe redox capacity of the surfaces was limited. 

Upon reduction of Tc04- in presence of magnetite or Gorleben sand a TcOz precipitate was 
formed. At all concentrations a TcOz precipitate was formed even at the smallest Tc04- gift of 
5x10-7 M. In presence ofbumic substances also a Tc- Hs complex is formed. 

If the mecbanism of interaction of Tc with HS is truly a complexation between Tc(IV) and 
burnie substances, always identical ratios of Tc-HS/HS sbould be obtained at all pH values. 
Indeed, in presence of a TcOz precipitate the concentration of Tc02

+ is govemed by the 
solubility constant of TcOz and is equal to 104

"
23x{Hl2

• Incorporation into tbe previous 
constant KH Ieads to: 

_ frc-HS] ~+ 1 
- 10-4.23 ~+] I#S] 

= [c-HS] 
10-4.23 [HS) 

Thus, the latter equation predicts that the ratio [Tc-HS]/[HS] sbould remain constant. 

Unexpectedly, the Tc-Hs/HS ratio depends on the total Tc concentration, as seen in figure 16. 
Indeed increasing Tc-Hs Ievels correspond to increasing tot Tc04- gifts. 

Figure 16 demonstrates also that the calculated KH values versus pH remain constant for eacb 
initial Tc concentration but increase with increasing total Tc concentration in the system. The 
reason for this behaviour is presently unknown. 
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Figures 14abc: Tc-speciation versus time in experiments with Gorleben Sand and Gorleben 
groundwater and for different initial Tc04- concentrations. 
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Figures 15abcd: Tc-speciation versus time in experiments with magnetite and Gorleben 
Water and for different initial Tc04- concentrations. 
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Figure 16: Demonstration of the dependency of the Tc-HS/HS ratio versus pH on the total Tc 
concentration in the synthetic (magnetite and Gorleben Water) and natural (Gorleben Sand 
and Gorleben Water) systems. 

4. General conclusions 

1) A new method to separate the Tc - humate fraction from the free Tc species was 
developed and verified with Gel Permeation Chromatography. This method is based on 
the fact that trivalent ions such as La3

+ are able to precipitate organic matter. 
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2) The reducing phases magnetite, pyrite, siderite and Gorleben Sand behave similar with 
respect to the reduction of Tc(VII) into Tc(IV) and the interaction of Tc(IV) with humic 
substances 

3) The distribution of Tc(IV) species between humic and fulvic acidswas determined. For 
synthetic systems with magnetite as the reducing phase, a preference for the fulvic acids 
was measured. However in the case of natural systems (hence with Gorleben Sand and 
Gorleben groundwater) no preference could be identified. 

4) The process of Solubilisation of a Tc02 precipitate due to Tc-humate formation is very 
slow compared with the time to reach equilibrium in reactions which simultaneously form 
the precipitate and Tc-HS complexes. 

5) The previously [3] proposed reaction mechanism: 

Tc02+ + HS <=> Tc02+-HS 

was found to linearly depend on pH. A new reaction mechanism involving the release of 2 
Ir: 

leads to constant KR values which are independent on the pH and HS concentration. 
However unexpectedly, the KR values depend on the total Tc concentration indicating 
that two or more additive processes occur together. 
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1. Introduction 

In colwnn experiments, using Gorleben groundwater (GoHy 2227) and Gorleben sand, the 
migration behaviour ofTechnetium-99 under deep geological conditions was investigated. 

Under oxic conditions Tc-99 forms pertechnetate, a highly soluble, anionic aqueous species, 
that does not sorb significantly on minerals or sediments [ 1]. However technetium can be 
removed from solution by reduction of Tc(VII) to Tc(IV), when suitable conditions are met 
[2]: a precipitate Tc02.nH20 with a low solubility is assumed to be formed. However in 
presence of organic matter, the solubility can be enhanced because soluble Tc(IV) species 
associate with mobile humic substances [3]. The migration behaviour of these Tc - Humic 
Substance complexes in Gorleben Sand was investigated. 

2. Experimental 

All experiments were carried out at ambient temperature (22°C) in a controlled atmosphere 
box (95% N2, 5% H2). The oxygen concentration in the glove box was maintained at less than 
2 ppm by constant purification of the gas. 

99Tc was purchased form Amersham in 0.1 M NH40H aqueous solution. Tco4- solutions 
(2x104 M) were prepared by diluting aliquotsofastock solution (2x10"2 M) in a mixture of 
NaHC03 (8x10"3 M) and NaCl (3.2x10"2 M). This mixture is taken as representative for the 
inorganic composition of Gorleben groundwater. Gorleben Sand and Gorleben groundwater 
(GoHy 2227) were delivered from Forschungszentrum K.arlsruhe and were used as obtained. 

Flow through column experiments were performed using two different columns: frrstly a rela­
tively small column (217 mm long, and 27 mm in diameter) and secondly a column of 210 mm 
long and 55 mm in diameter prepared jointly (KUL, FZK) following the procedure of FZK. 
The columns were tightly packed with sand and equilibrated with groundwater. Periodically, 
pH, Eh and optical density of the groundwater were measured and equilibrium was assumed 
after 35 days for the frrst column and after 3 months for the second column. 

The pH measurements were made by a Portatest 655 and a WTW SenTix 50 glass electrode. 
The redox potentials were monitored by a combined redox Toledo Mettier P14805-DXK­
S8/120 electrode connected to the Portatest 655. To determine the concentration of humic 
substances in solution, the optical density was measured with an LKB UV-Vis spectropho­
tometer at 280 nm. 

Todetermine the hydraulic properties ofboth columns 36Cl was used as a conservative tracer. 

Complexes of Tc with humic substances in natural Gorleben groundwater were prepared in 
batch experiments, before their injection into the column. Polypropylene vials with 10 g 
Gorleben Sand and 19 m1 Gorleben groundwater were used. After a two week period of pre­
equilibrium of sand and groundwater, a 99Tc04- spike in 1 mll0-2 M NaHC03 was added. The 
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initial Tc04- concentration was I o-s M. The vials were tumed slowly head over head to ensure 
good mixing. As extensively demonstrated in previous work [4,5], the pertechnetate was 
reduced to Tc(IV) and Tc-HS complexes were formed. To validate the formation of Tc-HS 
complexes, the samples were centrifuged (15 min, 7000 rpm) and the supematant was 
analysed for 99Tc in a Packard Liquid Scintillation Analyser using Ultima Gold Liquid Scintil­
lation Cocktail (Packard). The amount of :free Tc species and the concentration of the formed 
Tc-HS complexes were determined by a method based on induced flocculation of the organic 
matter with La3+ [ 4]. 

To investigate the influence of the pre-equilibrium period of Tc with the groundwater before 
injection into the column, the contact time between the sand and the Tc - Humic Substance 
complexes was varied from 4 days to 34 days. 

An aliquot of the supematant (1 ml) was then injected into the column. In order to obtain 
different retention times (between 4 and 66 hours) in the column, the pump speed was varied 
in different experiments. The collected samples were analysed for 99Tc. In order to calculate 
the recovery, the speciation of Tc in the eluent fraction was made with the aforementioned 
La3+ flocculation method. 

The third and last experiment in the frrst column, consisted in injecting I ml of 5xl0"6 M 
pertechnetate present in the aforementioned mixture of 8x10"3 M NaHC03 and 3.2xl0-2 M 
NaCI. The eluent was again measured for 99Tc and speciation ofthe Tc was made. 

3. Results 

The main objectives of the column tests were to determine the migration behaviour of Tc-HS 
complexes on the one side and the behaviour of "pure" pertechnetate on the other side. 

In total 7 different experiments were conducted with the two columns: 6 experiments with Tc­
HS complexes and with variable Darcy velocities and variable contact times between the Tc­
humate complexes and the sand and 1 experiment with pertechnetate. 

3.1. Tc- Humic substance complexes 

The pH, Eh, Darcy velocity and effective porosity for the 2 columns are shown in table I. 
The Darcy velocity in the small column was kept constant at 5.7lxl04 cm/s, resulting in a 
retention time of the injected sample in the column of 4 hours. In the second column (large 
column) the Darcy velocitywas varied between 2.75xi0"7 and 1.26xl0-6 cm/s corresponding to 
retention times between 66 and 16 hours. 

Both the small (Cl) and the large (C2) column- showed a analogous Tc-HS migration behav­
iour. All the results ofthe column experiments are gathered in table 2. 
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pH Eh Darcy Effective 
velocity porosity 
(cm/s) 

Column 1 8.9 -347 5.7lxl04 0.346 
(Cl) 

Column 2 8.7 -207 2.75xlo-s- 0.314 
(C2) 1.26xlo-6 

Table 1: Werking parameters for the small (column 1) and large (column 2) columns. 

Column Retention Tc- HS pre- pH Recovery Retardation 
Experiment Time equilibrium R(%) factorR.r 

(hours) period ( days) 
Cl 1 4 4 9.0 97 0.98 

2 4 26 9.1 99.9 0.97 
C2 1 16 8 8.8 55 0.99 

2 16 34 9.0 66 0.99 
3 32 4 8.9 44.5 1 
4 66 8 9.1 30 1 

Table 2: Results of the column experiments with Tc- HS complexes. 

The mobile Tc-HS fractions are transported with a retardation factor Rr, which varies between 
0.97 and 1. This is illustrated in figures 1 and 2, which compares the migration of tetravalent 
Tc-humate at pH = 8.9, with the migration of the conservative tracer 36Cl in both columns. A 
slightly faster migration of the Tc- HS complex compared to the groundwater movement is 
observed. This is probably due to size exclusion andlor anion exclusion of the mobile HS 
molecules. The Tc- humate complexes do not interact with the surrounding sand, because this 
would result in a slower migration ofthe complex compared with the inert tracer. 

The recoverywas calculated from the knowledge ofthe amount of Tc-HS complex in solution 
before injection and in the eluates. 

In experiments with the frrst column - hence with a relatively short retention time - and after 
an equilibration period of 4 days, 97% of the injected Tc-HS complex was recovered. The 
recovery factor increased to 99.9% when the pre-equilibrium period increased to 26 days. 
Similar results were obtained with the second column: 55% recovery for a pre-equilibrium 
period of 8 days and increasing to 66% for a pre-equilibrium period of 34 days. These Obser­
vations suggest that Tc will be more strongly bound to humic substances when the pre-equili­
bration time in the batch preparation of the Tc-HS complex is longer. Inspection of the table 
also reveals that for identical preconditioning time of tlie Tc-HS complexes, the recovery of 
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the Tc-HS decreases with increasing residence time in the column. This observation indicates 
that the kinetics of decomplexation (desorption ofTc fröm HS) is an important process in the 
transport behaviour ofTc-HS. 
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Figure 1: Cumulative breakthrough curves for the migration of 36CI and the two 99Tc -
humate complexes in column 1. 
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complexes in column 2. 
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the Tc-HS decreases with increasing residence time in the column. This observation indicates 
that the kinetics of decomplexation (desorption ofTc from HS) is an important process in the 
transport behaviour of Tc-HS. 
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Analogous results with Gorleben Sand, Gorleben groundwater and 241Am were obtained by 
Artinger et al. [ 6] and were interpreted in the same way. 

In order to estimate the expected recovery for "long" retention times, occurring in larger scale 
migration in the field, the obtained data are represented in figure 3, as the recovery versus the 
retention time. From this figure, it is not obvious whether the recovery will tend to zero at an 
"infmitive" retentiontime or will flatten at a low percentage recovery. The latter case would 
mean that Tc may be transportedas Tc-HS colloids. 
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Figure 3: Recovery versus retention time for the different experiments. 

3.2. Pertechnetate. 

The Tc-HS injection experiments in column I were followed by injection of pertechnetate. 
The results are shown in figure 4, in which the breaktbrough curve of 36Cl is also displayed. A 
very low Tc recovery is noticeable. Only 0.3% of the injected Tc migrated with the same 
speed as the aforementioned Tc- HS complex. Speciation detennination ofthe eluent indicated 
indeed that the Tc migrated as a Tc - HS complex which was fonned in situ in the column. 

After further pumping of groundwater through the column, occasionally some very small frac­
tions ofTc were determined in the eluent (see figure 4), but no trend of a continuous bleeding 
could be deduced. After breakdown ofthe column, 99% of the Tc was found at the beginning 
of the column. 

The experimental observations are ascribed to the reduction of Tc(VII) to Tc(IV) due to the 
reducing conditions in the column. The expected scenario is then the formation of a Tc02 pre­
cipitate, which is in equilibrium with 3x10-8 M soluble Tc(IV) species, which in turn may 
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associate with the organic matter. Therefore recovery with tailing was expected. However only 
a tiny fraction ofTc moved as Tc-HS. Therefore the reduction must have lead either a) to the 
formation of a much less soluble TcS2 precipitate or b) to the formation of surface associated 
Tc-HS complexes. 
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Figure 4. Results of the column experiment with pertechnetate 

4. Conclusions 

The findings on the migration of the tetravalent technetium humate complexes are similar to · 
those observed at FZK for humate complexes fo U, Eu and Am: 
1) Tc- HS complexes move slightly faster than does the inert tracer 36Cl. 
2) The recovery of humate bound Tc increases with increasing pre-conditioning prior to 

column injection 
3) For identical pre-conditioning times, the recovery of humate bound Tc decreases with 

increasing residence time in the column. 
4) Unlike the behaviour of tetravalent Tc humate complexes, 99% of the pertechnetate ion 

(which is not associated with humate) is found sorbed at the beginning of the column. 
Only a very small amount (0.3%) of Tc migrates with the same speed as the technetium 
humate complexes. From speciation techniques, it is shown that these Tc species are 
complexes formed in the column after reduction of the pertechnetate. 
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Kinetics of EuHS dissociation. 

Authors: P. Warwick1
, A. Hall\ S. J. King1 and N. Bryan2

. 
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2. Department of Chemistiy, University ofManchester, Oxford Road, Manchester, M13 9PL, UK.. 

Summary. 
The effects of equilibration time, pH, temperature, metalloading, HS concentration and competing cations, on EuHS 
dissociation were investigated. Three consecutive, pseudo-first order, dissociation processes were invoked to 
describe the observations. The slowest step which is probably the most importaßt with regard to radionuclidic 
transport had a half life of-200 hours. The proportion of Eu entering the bindered sites (responsible for the slow 
dissociation step) was found to increase with pH, pre-equilibration time, FA concentration and humification (HA > 
FA). 
The effect oftemperature on the proportion ofEu entering the bindered sites was used to gain information on nature 
of the free energy difference between the bindered and exchangeable fractions (logß, AG, AH and AS were 
calculated). The effect of temperature on the mte constant (for the slow dissociation step) was also used to gain 
information on the on the size and nature of the activation barrier (A, Ea, AG, and AS were calculated). 'Ibis 
informationwas then used to further develop the mechanistic model of metal HS interactions. 

Introduction. 

There is concern that a:fter disposal in underground repositories radionuclides may eventually 

come into contact with groundwaters containing burnie substances at elevated temperatures. 

Many ofthese radionuclides are metallic, including radiologically significant actinide elements. 

The stability constants of many metal-humic substances (HS) complexes are high and hence these 

substances may have a significant effect on the migration of the metal ion in the environment. 

For this reason considerable efforts are being made to model the interaction of metals, m 

particular the actinides, with natural organic matter [1]. However, previous column modeHing 

work has shown that the transpoft behaviour of radionuclides in the presence of humic acid 

cannot be described using a model based on the assumption of local equilibrium [ 1]. Results 

showed that a particular fraction of the bound metal was very slow to de-sorb from the humic 

acid, this caused much faster transpoft than would otherwise be expected. The importance of 

including kinetic processes when modelling the experimental results of transpoft of radionuclides 

in the presence ofradionuclides has also been repofted by van de Weerd and Leijnse [3]. 

The rate at which metal humate complexes dissociate therefore may be a significant factor in 

understanding radionuclide transpoft in the environment. V arious schemes have been developed 

and applied to the study of metal HS dissociation kinetics such as; ion exchange [3, 4); 

·oompeting Iigand technique [5, 6 and 7], anodic stripping voltametry [8] and ion selective 
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eleetrodes [9]. In the eurrent work EuHS dissoeiation kineties were investigated using Dowex 

cation exehange resin. The method allowed the dissoeiation kineties to be studied over long time 

intervals, at traee metal eoneentrations and, at different temperatures. Eu was used as an analogue 

oftrivalent actinides. 

The reaction between a metal burnie substanee eomplex MHS and resin ean be expressed as 

MHS + Resin = MR.es + HS (I) 

When the resin is present in exeess the rate of formation of MR.es is determined by the rate of 

dissoeiation of.MHS. 

Experiments were eondueted to determine the rate of dissoeiation of europium humate and 

europium fulvate. It was found that the kineties could be resolved into three first order pathways. 

The effect of resin weight, equilibration time, pH, metal loading, eompeting cations and 
temperature, on the rate (lCJ) and amount of europium (EuFIX) dissoeiating by the Iongest lived 

pathway were investigated. The observed effects were used to gain an insight into the meehanism 

of metal binding to burnie substanees. 

Experimental 

Materials 

Fulvie aeid was extracted from Derwent reservoir, Derbyshire UK and eharacterised by BGS 

[10]. Sodium humate was supplied by Aldrieh and purified by a method previously deseribed 

[11]. Before use fulvie aeid was fittered through a 0.45!lm membrane (Fisher Seientifie) to 

remove any microbes present. The rate of binding of europium was investigated at pH=4.5 and 

6.5. Dowex 50x4, 100-200 mesh cation exehange resin was eonditioned and dried at eaeh pH by 

a method previously deseribed [12]. Fora resin weight ofO.Sg the rate ofEu binding to the resin 

was found tobe suffieiently fast, after 2 minutes i.e. >99% bound at pH=4.5 and >98% bound at 

pH=6.5. 152Eu was obtained from Amersham International. 

Method development 

A bateh procedure was developed to study the dissoeiation ofEuFA. In the proeedure 0.6 cm3 of 

an Eu m solution (2.85xio-6 mol dm-3), containing radioactive tracer quantities ofEu-152, were 

added to 14.4 em3 of fulvie acid (10.416 mg dm-3 in 0.1 mol dm-3 NaCI04 at pH=4.5). The 

experiments were perfonned in duplicate in acid washed polysulfone centrifuge tubes (Nalgene ). 
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In order to ensure the reaction was first order or pseudo first order various weights (0.5, 1.0, 1.5, 

2.0 and 2.5g) of dry conditioned resin were used in separate experiments. Each experimentwas 

performed in duplicate. The samples were left to equilibrate at 2ooc for 26 days and were shaken 

in a thermostated water bath. At specific times shaking was stopped and the resin allowed to 

settle. A 0.5 cm3 aliquot of the supematant was then removed and counted for 1 minute in a clean 

vial in a Philips 4800 gamma spectrometer. To investigate the effect of removing aliquots and 

hence changing the volume of solution, one sample aliquot was replaced immediately after 

counting. The pH of each solution was checked regularly and any solution with a pH drift greater 

than 0.5 ofpH unit was discarded from the final results. 

The Eu-152 activity remaining in solution was used to calculate the concentration of EuFA 

present at a specific time. The stability constant for EuF A formation under these experimental 

conditions has been determined tobe ofthe order of 108 dm3 mot-1 [12]. The percentage offree 

europium at the time the resin is added is therefore assumed to be negligible. 

Results and Discussion 

Data analysis method 

The second technical report [1] describes how the dissociation ofEu from the fulvic acid in the 

experiments described above was modelled. The presence of an equilibrium component and a 

series of first order rate processes were postulated, i.e. the amount of Eu remaining bound to the 
burnie at timet, EuB(t), was modelled using the expression:-

Nc..q, 

EuB(t) = EuEQM + LEuFIX,ie-k t (2) 
i=l 

where: EuEQM is the equilibrium component, Ncomp is the nurober of first order components; 

EuFIX,i is the amount of component i. As already noted three first order components sufficed. 

The contribution of the equilibrium component was found to decrease as the mass of resin 

increased. EuEQM became effectively zero above a resin mass of 1.5g, also EuFIX,i and ki were 

independent of the resin mass. 

The first two processes were found to be relatively fast so the Eu involved is readily 

exchangeable. However the Ionger lived, more slowly dissociating component is more important 

from the point of view of facilitated transport. Therefore experiments were conducted to 

determine the effects of:- resin contact time, pre-equilibration period, filtering, pH, HS 
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concentration, metal loading, competing cations, ionic strength, and temperature on the slowly 
dissociating component ( EupiX) and the corresponding dissociation constant (k3)· The results 

are summarised in Table 1. 

The studies were performed using a resin weight of 2.5g and Eu concentration of 1.14x1 o-7 mol 

dm-3, unless stated otherwise. The control experiments showed that the removal of an aliquot 

from solution for counting had no effect on the dissociation kinetics. Also no Eu was observed to 

sorb to the vials and no humic substances were observed to sorb to the resin. 

E.ffect of long contact times with resin 

The dissociation constant k3 was found to adequately account for the observed Eu dissociation in 

the range 1,000- 20,000 minutes. Therefore an experimentwas performed in order to determine 

whether further rate constants are required to describe the dissociation kinetics at Ionger time 

periods. Fulvic acid (10 and 60 mg dm-3) and burnie acid (10mg dm-3) were equilibrated with 

Eu at 20°C for 9 days before the addition of resin. The dissociation kinetics were followed until 

the pH drifted greater that 0.5 pH units, which occurred at 80,000 minutes at pH=4.5 and 30,000 
minutes at pH=6.5. A plot ofthe naturallog of [EuFA]t/[EuFA]t=O, i.e. LN[C]/[Co] versus time 

can be seen in Figure 2.1 for pH=4.5. A single k3 value proved tobe su:fficient to describe the Eu 

dissociation kinetics after 1,000 minutes. The pH 6.5 behaviour was similar i.e. capable ofbeing 

modelled using a single k3 value. 

The e.ffect of equilibration time jor the Eu-FA reaction on dissociation kinetics 

The contact time for europium and fulvic acid (10 mg dm-3), before addition ofresin, was varied 

in order to investigate the time ta.ken for the metaVfulvic acid reaction to reach equilibrium. It can 

be seen in Table 1 and Figure 2.2 that as the pre equilibration time increases the amount of 
europium remaining bound to the fulvic acid, [Eu ]FIX. increases. The effect of equilibration time 

is relatively slow, with no observable effect over small time variations. 

At pH=4. 5 the rate of increase in [Eu ]FIX was found to be independent of temperature, 

3.19±0.20 x10-ll mol per day on average. This suggests that there is no enthalpic contribution to 

the activation barrier at this pH. At pH=6.5 an effect of pre-equilibration time was observed at 

2ooc and 400C, with an increase in [Eu]FIX of 1.4 x1o-10 mol and 4.86 xlo-11 mol per day, 

respectively. After 150 days equilibrium had not been reached, which shows [Eu]FIX was still 
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undersaturated. The dissociation constant (k3) was also unaffected by the equilibration time at 

both pH's. 

The effect of equilibration time has also been shown to effect de-sorption of Cd and Co from soil 

clays and goethite [13). It was found that as the sorption period increased, the proportians of 

metal that desorbed decreased substantially. 

The effect of filtering 

In order to assess whether microbes have a significant effect on the dissociation kinetics an 

experiment was performed at pH= 6.5 where the fulvic acid was not passed through 0.45J.1m 

membrane :filter. It can be seen in Table 1 that at 40°C and at an equilibration time of 64 days 

that no effect was observed. If any microbes were present they were not having an effect. 

The e.ffect of pH 

Experiments were performed at pH=4.5 (no metal hydrolysis) and pH=6.5 (close to neutral pH, 

groundwater conditions). At pH=4.5 1000/o of the Eu is present as Eu3+, but at pH=6.5 the 

aqueous species present are predicted by PHREEQE calculations to be Eu3+ (70.74%), 
Eu(OH)2+ (3.47%) and EuC03 (25.7%). The effect ofpH was investigated for 10 mg dm-3 FA, 

60mg dm-3 FA and 1 Omg dm-3 HA which had been equilibrated with Eu for 8-12 days. 

The amount of europium available for dissociation by the very slow pathway [Eu]FIX was found 

to increase with increasing pH. At 20°C this effect was found to be comparable for 10 mg dm-3 
FA, 60mg dm-3 FA and 10 mg dm-3 HA. On average 6.5 times more Eu was bound as [Eu ]FIX. 

A comparison is shown in Table 2a. This observed effect could be predicted by consideration of 

the degree of deprotonation of the acid functional groups. An increase in deprotonation increases 

the charge density that expands the macromolecule by electrostatic repulsion. The dissociation 

rate was observed to decrease slightly with increasing pH at 20°C. A comparison is shown in 

Table 2b. Similar responses to pH have been observed for FeFA [14], CuHA [7], NtFA [15, 16], 
U02ßA [6] and ThHA [5). 

The effect of Fulvic acid concentration 

The effect of fulvic acid concentration was investigated by reacting Eu with 10 mg dm-3 and 60 

mg dm-3 FA over a range of temperatures for equilibration times of 8-12 days. The effect of 
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increasing tbe fulvic acid concentration on [Eu]FJX and k3 can be seen in Tables 3a and 3b for 

pH=4.5 and 6.5, respectively. 

By increasing the FA concentration tbe amount of europium undergoing slow dissociation also 

increased, by a factor of 3.8 at pH=4.5 and 2.9 at pH=6.5 at 20°C. The increased proportion of 

Eu retained in tbe fulvic molecule reflects an increased number of sites. 

It can be seen in Table 3b tbat at pH=6.5 for 60 mg dm-3 FA tbe amount of europium retained in 
[Eu ]FIX is close to saturation. Hence, at this pH tbe magnitude of tbe effect of FA concentration 

on [Eu ]FIX is not a true indication. 

A decrease in the F A:Eu ratio, by decreasing the FA concentrations tended to decrease the rate of 

dissociation at botb pH values studied. This effect has also been reported for CuF A [ 1 7], CuHA 

[7], PbFA, AIFA [18] and NiFA [15, 16]. 

Comparison of fulvic acid with humic acid 

Europium was equilibrated witb FA and HA (10 mg dm-3) over a range oftemperatures for 8-9 
days. The difference between [Eu ]FIX and k3 for equivalent concentrations of burnie and fulvic 

acid can be seen in Tables 4a and 4b for pH=4.5 and 6.5, respectively. 

At 20°C the burnie acid retained more Eu in tbe bindered sites tban fulvic acid by a factor 2.1 at 

pH=4.5 and a factor of 2.4 at pH=6.5. Again this may not be a true indication of increase at 
pH=6.5 due to 90% ofthe Eu already retained in EuFIX. However, tbe difference between EuFIX 

retained by burnie acid compared to fulvic acid did not remain constant across the temperature 

range and this observation is discussed later. No effect tbe dissociation constant at either pH was 

observed on average over tbe temperature range studied. 

Tbe proton exchange capacity (PEC) can be used to calculate the concentration of COOH groups 

bence tbe operational concentration of a burnie substance. The PEC for Aldricb burnie acid and 

Derwent fulvic acid were determined to be 5.43 meq g-1 [19] and 5.00 meq g-1 [10], 

respectively. Tbe concentration of COOH groups for tbe burnie and fulvic acid concentrations 

used in this study are tberefore similar. It therefore appears that the greater proportion of Eu 

being retarded by burnie acid cannot be explained by a greater number of sites. One of tbe 

differences between tbe burnie and fulvic acid is size distribution. These bave been determined 

for fulvic acid [1] tobe 3995 (er= 90) dalton and 5700 (er= 320) dalton for burnie acid [20] by 
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ultra-violet scanning analytieal ultracentrifugation. Humies also tend to have a higher pereentage 

aromatie eomposition ( 40-60%) compared to fulvies (20-50%) [21]. 

It is possible that the differenees in size eause more Eu to become retarded in the eoiled structure 

of burnie aeid. In order to be removed from the burnie substanee the Eu must be in a similar site 

to that on a fulvie aeid molecule, henee no differenee in the rate of dissoeiation between fulvie 

and burnie aeid. 

The kineties of Sm dissoeiation from size fractionated polyaerylie aeid (P AA) and burnie aeid 

(HA) have been studied by Clark and Choppin [22]. Polyaerylie aeid is a homogenous, linear 

polyelectrolyte with regularly spaeed earboxylate groups and was used to gain insight into a 

deseription ofmetal binding. For PAA the large (450,000 daltons) and the small (18,100 daltons) 

fractions had equivalent earboxylate eapaeities. The dissoeiation kineties for the large P AA was 

slower and more complicated than the kineties observed for the small P AA fraction. The 

addition of a further rate constant to deseribe the dissoeiation of the large P AA makes 

eomparison diffieult. To compare these rate constants with those observed for HA, large 

(>300,000 daltons) and small (50,000-100,000 daltons) fractions of Bradford burnie aeid were 

prepared by ultrafiltration. The carboxylate eapaeity differed for the large and small fraetions, 

3.52 and 6.89 meq/g respectively and therefore, experiments were performed with equivalent 

carboxylate concentrations. The dissoeiation was found to be faster for the smaller HA fraction. 

Clark et a/ suggest that this reflects the. role of decreased conformational ehange as the size 

deereases, (plus marginally more hindered) [22]. Similar observations have been reported for 

Cu{ll) [23] and U022+ [6]. These results are opposite to those reported here. 

The effect ofMeta/ Loading 

In the bateh procedure 0.6 em3 ofEu m solution (2.85xi0-6 mol dm-3), containing radioactive 

traeer quantities ofEu-152, was equilibrated with 14.4 cm3 ofhumic substance (10.416 mg/1). In 

order to investigate the effect of inereased Eu coneentrations a 0.15 em3 aliquot of inactive Eu 

was added to the tube in order to ereate final Eu eoncentrations of 6.84xi0-7 mol dm-3 and 

1.28xl o-6 mol dm-3. This aliquot was added immediately before the 0.6 em3 of 15~u solution. 

The metalloading was determined by the ratio oftotal eoneentration ofEu added ([Eu]T) to the 

concentration of [HS] determined from the PEC. The results are shown in Tables I and 5. From 

these results it ean be seen that in generat increasing the eoneentration of europium added 
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increases [Eu ]FIX, but there is no effect on k3. This suggests that the sites on the humic 

substance available for long retention ofEu arenot yet saturated. 

At pH=4.5 the ratio of [Eu]FIXf[Eu]T is constant for 60 mg dm-3 FA over the metalloading 

range studied. A similar effect was observed for 10 mg dm-3 FA at 60°C. However, at 20°C an 
increase in the Eu concentration by a factor of 10 decreased [Eu]FJX/[Eu]T by about half. For 10 

mg dm-3 HA a similar decrease was observed at both 20°C and 60°C. The effect of temperature 

on [Eu]FJX/[Eu]T for 10 mg dm-3 FA is unknown. It appears therefore that above a metal 

loading of about 2.5 % for 10 mg dm-3 FA and HA the sites available for Eu binding start to 

become saturated. 

At pH=6.5 increasing the metalloading decreases [Eu]FIX/[Eu]T for both FA and HA (10 mg 

dm-3). This suggests that at pH=6.5 the kinetically hindered sites areapproachlog saturation. 

Choppin et al reported that the percentage of 'strongly bound' Eu3+ decreased with loading (2.5 

to 9.5%) and an additionallong-lived dissociation pathway appeared in the kinetic spectrum at 

high humate loading. This is consistent with metals binding to progressively weaker sites as the 

metalloading increases. When Eu3+ in excess of 10% of the carboxylate capacity of the humic 

acid was added, coagulation and precipitation occurred [ 6]. 

The e.ffect of Competing cations 

In the batch procedure 0.6 cm3 ofEu m solution (2.85x1o-6 mol dm-3), containing radioactive 

tracer quantities ofEu-152, was equilibrated with 14.4 cm3 offulvic or humic acid (10.416 mg 

dm-3). In order to investigate the effect of competing cations a 0.15 cm3 aliquot of Ca, Mg, Al 

and/or Fe containing solutionwas added to the tube. The effect on the Eu dissociation reaction 

was studied in the presence ofCa and Mg (l.Ox10-4 mol dm-3), and/or Aland Fe (l.Ox10-6 mol 

dm-3) at pH=4.5. (At pH=4.5 the speciation of Al is Af3+ (35.45%), AI(OH)2+ (18.1%), 

AI(OH)2+ (26.68%), AI(OH)3 (1.65)0/o)). 

At pH=6.5, only Ca and Mg were studied because ofpossible changes in the solubility of Aland 

Fe at this pH. The results can be seen in Table 1 and 6. Overall no significant effect was observed 
on [Eu ]FIX and k3. 

Competition for sites will only occur if the sites are the same for both cations and the cation 

concentration exceeds the number of sites. Previous experiments have investigated the effect of 

competing cations on the total binging strength of metals to humic substances. Norden et al [24] 
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performed ion exchange distribution experiments to investigate the competing effects of Fe, Al 

and Sr on Eu complexation with FA In Norden's experiments, the concentration ofHS (5.6x10-4 

mol/1) and Eu (5.0x1o-9 mol/1) remain constant and the pH and competing metal concentration 

were varied. Only a slight effect on the EuF A stability constant was observed for Al, Fe and Sr 

(l.Ox10-4 mol/1). It was suggested that due to it being known that Eu3+ forming stronger 

complexes with FA than AI3+ and Fe2+ that the high concentration of metal required is not 

surprising. It was also stated that it might be possible for these metals to have different binding 

sites [24]. However, the pKa values used by Tipping in PHREEQEV suggest that the order of 

binding strength is for burnie acid 

Fe2+ > Eu3+ = AI3+ > Fe3+ > Ca2+ = Mg2+ 

and for fulvic acid 

Fe2+ > Eu3+ = AI3+ > FeJ+ > Ca2+ = Mg2+ 

The competition by Al for Eu binding sites has been investigated by Bidoglio et al [25] by 

TRLFS at pH=5.5. It was found that Al only competed for sites provided Al:Eu ratiowas greater 

than 10. (At this pH the speciation of Al is AJ3+ (1.16%), Al(OH)2+ (3.93%), Al(OH)2+ 

(58.12%), Al(OH)3 (36.67%) and Al(OH)4- (0.12%) ). 

In the case of calcium Moulin et al [26] found that a competition occurred with trivalent elements 

for calcium concentrations starting from 0.01M. 

It is interesting to note that in the previous section an increase in the Eu concentration to 2.5% 
loading had a significant effect on EuFIX. However, an increase in the total metal concentration 

to 5% metalloading by the addition of aluminium and iron had no effect on EUFIX:. This suggests 

that the sites for binding of Eu are not the same as those for Al and Fe or that it is possible for 

both equilibria to be satisfied and Eu binds more strongly. Further work is required in which the 

bound Al and Fe are measured. 

lonic Strength 

The effect of ionic strength was not investigated for EuHS dissociation. However, the effect of 

ionic strength has been investigated on CuHA [7] and NiFA [16] dissociation. Rate et al [7] 
varied the added NaN03 concentration to investigate ionic strength using a competing Iigand 

spectrophotometric technique. It was found that an increased proportion of the Cu underwent 
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slow dissociation and the slow rate constant increased with increasing ionic strength. Cabaniss et 

al [16] found that increasing the ionic strength increased the overallrate of complex dissociation 

for NiF A. Proposing that only the more rapidly dissociating complexes responded to changes in 

the electrolyte concentration. 

Temperature effects:-Total Free Energy Changes 

To gain information on the nature of the free energy difference between the exchangeable (that 

able to reach equilibrium) and kinetically controlled fractions, we must compare [Eu]FIX values. 

The data allows an estimation of the magnitude of the free energy change. Assuming that the 

exchange between the equilibrium and kinetically controlled fractions is first order in both the 

forward and backward directions 

MEq <=> MFIX (3) 

the equilibrium constant will be given by 

(4) 

The Gibbs free energy can be calculated 

.!\G=-RTlnK (5) 

The enthalpy of the complexation reaction of metal and HS is given by 

L1H dlnK 
--= 

R d(l/T) 
(6) 

and deduced from the slope ofa plot oflnK against 1/T. 

The entropy change is derived from 

L1S=(L1H-L1G)/T (7) 

The temperature dependence oflnK for 10 mg dm-3 FA, 60 mg dm-3 FA and 10 mg dm-3 HA at 

pH=4.5 and 6.5, for pre equilibration times of 8-12 days, can be seen in Figure 2.3 and 2.4, 

respectively. The thermodynamic parameters L1H, .!\G and .!\S are shown in Table 7a. 
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At pH=4.5 temperature had no observable effect on [Eu]FIX for 10 mg dm-3 HA. However, the 

enthalpy change for 10 and 60 mg dm-3 FA was similar, i.e. exotherrnie and small. The entropy 

change is negative for both HA and FA. This suggests that for the europium to bind to the 
[Eu ]FIX site there is some restructuring of the molecule required. It is this unfavourable entropy 

which Ieads to the free energy change in going from the exchangeable to the kinetically 

controlled to be small but positive. 

At pH=6.5 the change in enthalpy was endothermic for 10 mg dm-3 HA and FA. There appears 

tobe no temperature dependence of [Eu]FIX for 60 mg dm-3 FA. This is possibly due the errors 

associated with measuring a change in [Eu ]FIX when the majority (>90%) of the Eu is bound to 

these sites. 

The change in entropy is positive for 10 mg dm-3 HA and 10 mg dm-3 FA. This reflects an 

increase in disorder for Eu entering a more "open" HS structure at this higher pH. It can be seen 

in Table 7b that for 10 mg dm-3 FA the change in entropy is approximately a fifth ofthat for the 

equivalent concentration ofHA. This may be due to the smaller structure ofF A compared to HA 
and hence less disorder created when Eu enters [Eu]FIX-

For 10 mg dm-3 HA, TAS is sufficiently large to cause the free energy changetobe negative. 

The amount of europium that desorbs slowly is the majority of the total europium added. For 

fulvic acid, however, the change in free energy depends on the fulvic acid concentration. At 10 

mg dm-3 FA the change in free energy is positive, due to the smaller entropy change. At the 

higher concentration ofF A the change in free energy is negative. 

Activation energies and Entropies 

From the effect of temperature upon the rate constant, it is possible to gain information on the 

size and nature of the activation energy from the dependence of the k upon T using the Arrhenius 

equation: 

~ 

k= AeRT (8) 

where k is the rate constant, Ea is the activation energy, and A is the pre exponential factor. 

Hence, a plot of In k versus 1/T will result in a straight line of slope -Ea/R and intercept In A In 

the case ofthe pH=6.5 data there appears tobe a significant dependence. The plots ofln k versus 

1/T are shown in Figure 2.5 for 10mg dm-3 FA, 60 mg dm-3 FA and 10 mg dm-3 HA. By 
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extrapolation, it is possible to ealeulate a value for ~ although due to the fairly narrow range of 

temperatures over whieh data were taken this value earries a large uneertainty. 

Forafirstorder reaction, the activation energy, .!\S, is related to A via the equation, 

(9) 

The values derived for Ea, A and S are shown in Table 7b. It can be seen that the height of the 

activation barrier is very similar for fulvie and burnie aeid (~ 40 kJ/mol), and is independent of 

fulvie aeid eoneentration. Despite the large uneertainty in the extrapolated value of A both FA 

and HA have a similar activation entropy ~ -250 J/K/mol. This is also similar to the aetivation 

entropy determined by Choppin et al for Th-HA, as diseussed below. 

As can be seen in Figure 2.6, in whieh the results from eaeh duplicate experiment are plotted, K 
does not systematieally depend on temperature at pH=4.5. Rather than an average k3 the result 

from eaeh duplicate is plotted. As can be seen, the experimental seatter does not aecount for the 

observed results. The enthalpie contribution to the activation barrier must be negligible. Henee 

the barrier must b~ entirely entropie in origin. 

Caeheris and Choppin measured the dissoeiation kineties of Th from burnie acid by a Iigand 

exehange technique. Arsenazo m was used as a eompetitive Iigand in plaee of ion exehange resin 

and the concentration of Th-arsenzo was detennined spectrophotometrically. For all pathways, 

inereasing temperature inereased the rate of dissoeiation slightly (ThHA); however, the longer­

lived dissoeiation proeesses were notieeably more sensitive to temperature ehanges than the 
shorter lived proeessed [5]. A similar response was observed for U022+fiA using a similar 

Iigand exehange teehnique [ 6]. 

Activation energies and entropies were obtained by measuring the dissoeiation at 2°C, 25°C and 

400C, for ThHA at pH=4.2. For the faster proeesses the ehange in temperature is within error for 

the ealculation of the rate eonstants and corresponds to an activation energy of less than 6 kJ/mol 

and between -230 and -270 J/mol/K activation entropy. Dissoeiation by the slower processes 

required between 20 and 30kJ/mol activation energy and between -200 and -230J/mol/K. 

activation entropy [5]. 

Caeheris and Choppin suggest that the greater activation energies for the slower pathways are 

consistent with the assignments of the two elasses of binding. Dissoeiation of thorium from a site 

within the eoiled structure ofthe burnie aeid (a slower pathway) would be expected to have larger 
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positive activation energies while dissociation of territorially bound and surface bound thorium 

should have smaller activation energies [ 5]. It is also suggested that the negative values for the 

activation entropy of the dissociation of the surface bound thorium reflect the restructuring of 

water molecules around individual charged groups on the macro ion as the thorium leaves. The 

more negative activation entropies associated with the surface bound thorium ( as compared to 

those for internal binding) may indicate differences in water structure and that of the binding 

groups in the macro ion [5]. 

Forward rate constants 

It is possible to also calculate the forward rate constant from the equilibrium constant and the 
backward rate constant kb (where kb=k3). Table 8 shows tabulated results for kfand kb for these 

Eu resin experiments with analogaus values for Am determined by Schussler et a/ [27] and Co 

determined during transport modelling [10]. 

The effect of 2-(N-Morpho/ino)ethansu/phonic acid (MES) buffer 

It was found that investigating kinetics at pH=6.5 for long equilibration times and contact times 

with the resin were problematic due to pH dritt. Experiments were performed to compare the 

effect of MES on the dissociation kinetics of fulvic and burnie acid. Salutions were prepared of 

fulvic and humic acid (10 mg dm-3) at pH=6.5, buffered with w-3 mol dm-3 MES. Resin was 

also conditioned with w-3 mol dm-3 MES. The results are shown in Table 9. 

The results for humic acid showed that the use of MES buffer decreased the proportion of Eu in 

the strongly retarded site by approximately a third. No significant effect was observed on the rate 

of dissociation due to the addition of MES. The results obtained for fulvic acid were not so 

conclusive and were not performed in duplicate. The proportion of Eu in the strongly retarded 

site appeared to decrease in comparison to the control sample, but not in comparison to the whole 

data set. Also no rate constants could be determined from these data. The results indicate that the 

use of a buffer could interfere with the retention of Eu but further experiments are required to 

confirm this effect. 

Conclusions 

Kinetic modelling has been able to reproduce the behaviour observed in long term desorption 

experiments, and has enabled the determination of activation energies and entropies, and also the 
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free energy change associated with the conversion from the exchangeable to the kinetically 

controlled fractions [I]. 

Mechanistic modelling by Bryan et al has shown that the uptak:e of metals into the exchangeable 

fraction may be explained in terms of the dehydration of the cation and the relaxation of the 

burnie double layer. The model predicts that the reaction is driven almost entirely by the entropy 

changes associated with the loss of water molecules from the cation and the release of cations 

from the double layer. 

The results show that the amount of Eu entering the site undergoing slow dissociation increases 

with increasing equilibration time, increasing pH, increasing fulvic acid concentration., increasing 

Eu concentration and humification (humic acid>fulvic acid). The rate of dissociation decreased 

with increasing pH and increasing fulvic acid concentration. 

The effect oftemperature at pH 4.5 and 6.5 showed large differences in the humic and fulvic acid 
behaviour. This is matched by differences in [Eu]FIX; greater at pH=6.5 than at pH=4.5. The 

physical state ofthe humic substance is likely tobe very different at the two pH values. Adopting 

the penetrable gel model of humic substances the humic would be expected to be much more 

'open' at higher pH [1]. 
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Table 2.1. [Eu ]FIX and k3 determined for different conditions. 
[HS] [Eu]T Equilibrat (Eu]FIX k3 

ion 
time 

mgdm-3 mol dm-3 (days) mol dm-3 (min-1} 

20vC, pH=4.5 

FA/HA concentration 
10 (FA) 1.14E-07 9 5.29E-09 1.50E-05 

60 (FA) 1.14E-07 9 1.99E-08 8.50E-06 

10 (HA) 1.14E-07 9 1.10E-08 1.50E-05 

Equilibration Time 
10 (FA) 1.14E-07 7 5.15E-09 2.80E-05 

10 (FA) 1.14E-07 9 5.29E-09 1.50E-05 

10 (FA) 1.14E-07 26 3.40E-09 6.90E-05 

10 (FA) 1.14E-07 35 5.24E-09 2.17E-05 

10(FA) 1.14E-07 133 8.79E-09 3.10E-05 

Competing cations 
10 (FA) 1.14E-07 7 5.15E-09 2.80E-05 

10 (FA) 1.14E-07 7 5.25E-09 1.10E-05 Ca,Mg 
10 (FA) 1.14E-07 7 5.48E-09 S.OOE-05 AI,Fe 
10 (FA) 1.14E-07 7 5.24E-09 3.30E-05 AI,Fe,Ca, 

Mg 
10 (HA) 1.14E-07 7 1.55E-08 2.90E-05 

10 (HA) 1.14E-07 7 1.41E-08 3.90E-05 AI,Fe,Ca, 
Mg 

Europium concentration 
10 (FA) 1.14E-07 9 5.29E-09 1.50E-05 

10 (FA) 1.28E-06 8 2.58E-08 4.60E-05 

10 (HA) 1.14E-07 9 1.10E-08 1.50E-05 

10 (HA)* 1.31E-07 7.50E-08 6.10E-05 

10 (HA) 6.84E-07 8 5.80E-08 6.62E-05 

10 (HA) 1.28E-06 8 6.79E-08 3.20E-05 

Resin weight 
10 (FA) 1.14E-07 26 3.40E-09 7.20E-05 
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[HS] [Eu]T Equilibrat [Eu) FIX k3 
ion 

time 

mgdm-3 mol dm-3 (days) mol dm-3 (min-1) 

20vC, pH=6.5 

FA/HA concentration 
10 (FA) 1.14E-07 9 3.55E-08 1.30E-05 

60 (FA) 1.14E-07 9 1.03E-07 5.30E-06 

10 (HA) 1.14E-07 9 8.29E-08 1.40E-05 

Equilibration Time 
10 (FA) 1.14E-07 9 3.55E-08 1.30E-05 

10 (FA) 1.14E-07 131 5.23E-08 9.20E-06 

Competing cations 
10 (FA) 1.14E-07 7 3.91E-08 S.OOE-06 

10 (FA) 1.14E-07 7 4.27E-08 6.00E-06 Ca+Mg 
10 (HA) 1.14E-07 7 9.17E-08 1.10E-05 

10 (HA) 1.14E-07 7 9.38E-08 6.30E-06 Ca+ Mg 

Europium Concentration 
10 (FA) 1.14E-07 9 3.55E-08 1.30E-05 

10 (FA) 6.84E-07 8 1.71E-07 1.80E-05 

10 (FA) 1.28E-06 8 2.67E-07 2.00E-05 

10 (HA) 1.14E-07 9 8.29E-08 1.40E-05 

10 (HA) 6.84E-07 8 3.71E-07 1.20E-05 

10 (HA) 1.28E-06 8 5.69E-07 1.00E-05 

Buffer 
10 (HA) 1.14E-07 7 9.25E-08 3.60E-06 NoMES 
10 (HA) 1.14E-07 7 6.30E-08 1.80E-05 MES 
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[HS] [Eu]T Equilibrat (Eu]FIX k3 
ion 

time 
mgdm-3 mol dm-3 (days) mol dm-3 (min-1) 

40°C, pH=4.5 

FA/HA concentration 
60 (FA) 1.14E-07 12 1.65E-08 5.80E-05 
10 (HA) 1.14E-07 8 1.45E-08 1.10E-04 

Equilibration Time 
10 (FA) 1.14E-07 2 2.90E-09 7.20E-05 
10 (FA) 1.14E-07 8 3.36E-09 1.20E-04 
10 (FA) 1.14E-07 12 3.16E-09 8.20E-05 
10 (FA) 1.14E-07 41 4.33E-09 7.80E-05 
10 (FA) 1.14E-07 161 8.33E-09 1.10E-04 

40°C, pH=6.5 

FA/HA concentration 
10 (FA) 1.14E-07 8 3.95E-08 2.70E-05 
60 (FA) 1.14E-07 6 1.10E-07 1.50E-05 
10 (HA) 1.14E-07 6 1.04E-07 3.20E-05 

Equilibration Time 
10 (FA) 1.14E-07 3 3.69E-08 2.90E-05 
10 (FA) 1.14E-07 8 3.95E-08 2.70E-05 
10 (FA) 1.14E-07 64 3.63E-08 3.10E-05 
10 (FA) 1.14E-07 183 4.67E-08 3.80E-05 

Filtering 
10 (FA) 1.14E-07 64 3.63E-08 3.10E-05 
10 (FA) 1.14E-07 64 3.64E-08 3.00E-05 

UF 
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[HS) (Eu]T Equilibrat (Eu)FIX k3 
ion 

time 
mgdm~ moldm~ (days) moldm~ (min-1) 

60°C, pH=4.5 

FA/HA concentration 
10 (FA) 1.14E-07 8 1.70E-09 6.10E-05 
60 (FA) 1.14E-07 8 8.01E-09 4.80E-05 
10 (HA) 1.14E-07 8 1.12E-08 6.10E-05 

Equilibration Time 
10 (FA) 1.14E-07 8 1.70E-09 6.10E-05 
10 (FA) 1.14E-07 15 2.18E-09 4.10E-05 
10 (FA) 1.14E-07 61 3.76E-09 5.30E-05 
10 (FA) 1.14E-07 176 6.84E-09 1.90E-04 

Europium Concentration 
10 (FA) 1.14E-07 8 1.70E-09 6.10E-05 
10 (FA) 6.84E-07 7 8.02E-09 5.90E-05 
10 (FA) 1.28E-06 7 1.74E-08 4.00E-05 
60 (FA) 1.14E-07 8 8.01E-09 4.80E-05 
60 (FA) 6.84E-07 8 4.53E-08 5.70E-05 
60 (FA) 1.28E-06 8 9.94E-08 5.70E-05 
10 (HA) 1.14E-07 8 1.12E-08 6.10E-05 
10 (HA) 1.28E-06 7 7.09E-08 4.90E-05 

60°C, pH=6.5 

FA/HA concentration 
10 (FA) 1.14E-07 9 4.54E-08 1.11E-04 
60 (FA) 1.14E-07 9 1.06E-07 4.10E-05 
10 (HA) 1.14E-07 9 1.03E-07 8.70E-05 
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Table 2.2a. The effect of pH on [Eu ]FIX at different temperatures. 

[HS] (Eu]FIX [Eu]FIX Ratio 
mgdm-3 pH=4.5 pH=6.5 

20°C 

10 (FA) 5.30E-09 3.55E-08 6.71 
60 (FA) 2.00E-08 1.03E-07 5.18 
10 (HA) 1.10E-08 8.29E-08 7.54 
Average 6.47 

40°C 

10 (FA) 3.36E-09 3.95E-08 11.76 
60 (FA) 1.65E-08 1.10E-07 6.67 
10 (HA) 1.45E-08 1.04E-07 7.17 
Average 8.53 

60°C 

10 (FA) 1.70E-09 4.54E-08 26.71 
60 (FA) 8.01E-09 1.06E-07 13.23 
10 (HA) 1.12E-08 1.03E-07 9.2 
Average 16.38 

Table 2.2b. The effect ofpH on k3 (min"1
) at different temperatures. 

[HS] k3 k3 Ratio 
mgdm-3 pH=4.5 pH=6.5 

20°C 

10 (FA) 1.50E-05 1.30E-05 0.87 
60 (FA) 8.50E-06 5.30E-06 0.62 
10 (HA) 1.50E-05 1.40E-05 0.93 
Average 0.81 

40°C 

10 (FA) 1.20E-04 2.70E-05 0.23 
60 (FA) 5.80E-05 1.50E-05 0.26 
10 (HA) 1.10E-04 3.20E-05 0.29 
Average 0.26 

600C 

10 (FA) 6.10E-05 1.11E-04 1.82 
60 (FA) 4.80E-05 4.10E-05 0.85 
10 (HA) 6.10E-05 8.70E-05 1.43 
Average 1.37 
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Table 2.3a. The effect offulvic acid concentration on [Eu]Fix and k3 at pH = 4.5. 

[HS] 20°C 40°C 60°C Average 

mgdm-3 

(Eu] FIX 

10 (FA) 5.30E-09 3.36E-09 1.70E-09 

60 (FA) 2.00E-08 1.65E-08 8.01E-09 

60:10:00 3.76 4.91 4.71 4.46 

k3 

10 (FA) 1.50E-05 1.20E-04 6.10E-05 

60 (FA) 8.50E-06 5.80E-05 4.80E-05 

60:10:00 0.57 0.48 0.79 0.61 

Table 2.3b. The effect offulvic acid concentration on [Eu]FIX and k3 at pH = 6.5. 

[HS] 20°C 40°C 60°C Average 

mgdm-3 

(Eu]FIX 

10 (FA) 3.55E-08 3.95E-08 4.54E-08 

60 (FA) 1.03E-07 1.10E-07 1.06E-07 

60:10:00 2.9 2.78 2.33 2.67 

k3 

10 (FA) 1.30E-05 2.70E-05 1.11E-04 

60 (FA) 5.30E-06 1.50E-05 4.10E-05 

60:10:00 0.41 0.56 0.37 0.44 
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Table 2.4a. A comparison of [Eu]FIX and k3 for HA and FA at pH = 4.5. 

[HS] 20°C 40°C 60°C Average 

mgdm-3 

(Eu]FIX 

10 (FA) 5.30E-09 3.36E-09 1.70E-09 

10 (HA) 1.10E-08 1.45E-08 1.12E-08 

HA: FA 2.08 4.32 6.59 4.33 

k3 

10 (FA) 1.50E-05 1.20E-04 6.10E-05 

10 (HA) 1.50E-05 1.10E-04 6.10E-05 

HA: FA 1 0.92 1 0.97 

Table 2.4b. A comparison of [Eu]FIX and k3 for HA and FA at pH = 4.5. 

[HS] 20oc 40°C 60°C Average 

mgdm-3 

(Eu]FJX 

10 (FA) 3.55E-08 3.95E-08 4.54E-08 

10 (HA) 8.29E-08 1.04E-07 1.03E-07 

HA: FA 2.34 2.63 2.27 2.41 

k3 

10 (FA) 1.30E-05 2.70E-05 1.11E-04 

10 (HA) 1.40E-05 3.20E-05 8.70E-05 

HA: FA 1.08 1.19 0.78 1.02 
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Table 2.5. The effect of changing the total Eu concentration on [Eu]FIX and k3. 

[HS] [Eu]T Temp [Eu]FIX k3 [Eu]FIX Meta I 

mgdm-3 mol dm-3 oc mol dm-3 min-1 I[Eu]T Loading 

pH=4.5 

10 (FA) 1.14E-07 20 5.29E-09 1.50E-05 0.046 2.30E-03 
10 (FA) 1.28E-06 20 2.58E-08 4.60E-05 0.02 2.60E-02 

10 (HA) 1.14E-07 20 1.10E-08 1.50E-05 0.096 2.10E-03 
10 (HA) 6.84E-07 20 5.80E-08 6.62E-05 0.085 1.30E-02 
10 (HA)* 1.31E-07 20 1.44E-08 6.10E-05 0.11 2.40E-03 
10 (HA) 1.28E-06 20 6.79E-08 3.20E-05 0.053 2.40E-02 

10 (FA) 1.14E-07 60 1.70E-09 6.10E-05 0.015 2.30E-03 
10 (FA) 6.84E-07 60 8.02E-09 5.90E-05 0.012 1.40E-02 
10 (FA) 1.28E-06 60 1.74E-08 4.00E-05 0.014 2.60E-02 

60 (FA) 1.14E-07 60 8.01E-09 4.80E-05 0.07 3.80E-04 
60 (FA) 6.84E-07 60 4.53E-08 5.70E-05 0.066 2.30E-03 
60 (FA) 1.28E-06 60 8.23E-08 4.00E-05 0.064 4.30E-03 

10 (HA) 1.14E-07 60 1.12E-08 6.10E-05 0.098 2.10E-03 
10 (HA) 1.28E-06 60 7.09E-08 4.90E-05 0.055 2.40E-02 

pH=6.5 

10 (FA) 1.14E-07 20 3.55E-08 1.30E-05 0.311 2.30E-03 
10 (FA) 6.84E-07 20 1.71E-07 1.80E-05 0.25 1.40E-02 
10 (FA) 1.28E-06 20 2.67E-07 2.00E-05 0.209 2.60E-02 

10 (HA) 1.14E-07 20 8.29E-08 1.40E-05 0.727 2.10E-03 
10 (HA) 6.84E-07 20 3.71E-07 1.20E-05 0.542 1.30E-02 
10 (HA) 1.28E-06 20 5.69E-07 1.00E-05 0.445 2.40E-02 

10 (FA) 1.14E-07 60 2.57E-08 9.50E-05 0.225 2.30E-03 
10 (FA) 1.28E-06 60 1.96E-07 9.80E-05 0.153 2.60E-02 
60 (FA) 1.14E-07 60 7.72E-08 6.80E-08 0.677 3.80E-04 
60 (FA) 6.84E-07 60 3.39E-07 7.10E-05 0.496 2.30E-03 
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Table 2.6. The effect of cations on [Eu]FIX and k3 at 20°C. 

[HS] [Eu]FIX ka Cation 
added 

mgdm-a mol dm-a min-1 

pH=4.5 

10 (FA} 5.15E-09 2.80E-05 

10 (FA} 5.25E-09 1.10E-05 Ca, Mg 
10 (FA} 5.48E-09 5.00E-05 Al, Fe 
10 (FA} 5.24E-09 3.30E-05 Al, Fe, Ca, 

Mg 

10 (HA} 1.55E-08 2.90E-05 

10 (HA} 1.41E-08 3.90E-05 Al, Fe, Ca, 
Mg 

pH=6.5 

10 (FA} 3.91E-08 5.00E-06 

10 (FA} 4.27E-08 6.00E-06 Ca, Mg 

10 (HA} 9.17E-08 1.10E-05 

10 (HA} 9.38E-08 6.30E-06 Ca, Mg 

Table 2.7a. Detennination ofK, L\Gmr. AHKIN and .!\SKIN from [Eu]FIX· 

[HS] K AGKIN AHKIN ASKIN 
mg dm-a kJ/mol kJ/mol JIK/mol 

pH=4.5 

10(FA} 0.05 7.4 -24.2 -107 
60(FA} 0.21 3.8 -19.4 -78 
10(HA} 0.11 5.5 0.24 -18 

pH=6.5 

10(FA} 0.45 2 7.9 20 
60(FA} 9.36 -5.5 7.8 45 
10(HA) 2.67 -2.4 26.1 97 
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Table 2. 7b. Determination ofEa, A, L\SAcT and L\GAcT from kJ. 

[HS] Ea A ?SACT ?GACT 
mgdm~ kJ/mol J/Kimol kJ/mol 

pH=6.5 

10 (FA) 41.7 5.35 -239 70 
60 (FA) 41.5 2.1 -247 72 
10 (HA) 37 0.86 -254 75 

Table 2.8. Sorption and de-sorption rate constants for several metals. 

[HS] kb kf 

mgd~ (S-1) (S-1) 

LBORO pH=4.5 
(Eu) 

10 (FA) 2.50E-07 1.20E-08 

60 (FA) 1.40E-07 3.00E-08 

10 (HA) 2.50E-07 2.70E-08 

pH=6.5 

10 (FA) 2.20E-07 9.80E-08 

60 (FA) 8.80E-08 8.30E-07 

10 (HA) 2.30E-07 6.20E-07 

BGS (Co) 1.30E-06 2.90E-07 

FZK(Am) 1.10E-06 5.90E-07 
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Table 2.9. The effect ofO.OOIM MES buffer on dissociation ofEuHS. 

[HS] Equilibrat [EU) FIX k3 R2 
iontime 

mgdm..a (days) (M) (min-1) 

pH=6.5 

FA concentration 
10 (FA) 9 3.55E-08 1.30E-05 0.91 

Competing cations 
10 (FA) 7 3.91E-08 S.OOE-06 0.61 

10 (FA) 7 4.27E-08 6.00E-06 Ca+Mg 0.91 

Buffer 
10 (FA) 7 5.13E-08 NoMES 

10 (FA) 7 3.88E-08 MES 

HA concentration 
10 (HA) 9 8.29E-08 1.40E-05 0.97 

Competing cations 
10 (HA) 7 9.17E-08 1.10E-05 0.79 

10 (HA) 7 9.38E-08 6.30E-06 Ca+Mg 0.72 

Buffer 
10 (HA) 7 9.25E-08 3.60E-06 NoMES 0.5 
10 (HA) 7 6.30E-08 1.80E-05 MES 0.9 
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Figure 2.11n[EuF A]t I [EuF A]t9l versus time for long resin contact times (pH = 4.5, T = 20°C) 
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pH=4.5 
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Figure 2.2 The effect of equihbration time on [Eu]m 
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Figure 2.3. The tempemture dependence oflog ß at pH = 4.5. 
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Figure 2.4. The temperature dependence oflog ß at pH = 6.5. 

286 



10 mg dm-3 FA 

-12 
0. 

.:.:: -14 
c 

-16 -
------s-----~R~

2 

= 0.92 
8 ~ 

-18 

2.9 3.1 3.3 3.5 

1 000/T (K-1
) 

10 mg dm-3 HA 

-12 
R2 = 0.99 

-14 .. 
.:.:: 0 
c 

-16 
.. -

-18 

2.9 3.1 3.3 3.5 
1 000/T (K-1) 

Figure 2.5. Determination of activation barrier at pH = 6.5 

287 



10 mg dm..a FA 

-12 -r---------------------, 
0 

~ -14 

.E -16 
----~---------------------

0 

-18 +------..,....------..,.....--------! 
2.9 3.1 3.3 ·3.5 

60 mg dm-3 FA 

-12 -r----------------------. 
~ -14 ____ e ________ ~-------------
c 

-16 0 

-18 -+------.,------...,-------1 
2.9 3.1 3.3 3.5 

10 mg dm-3 HA 

-12 

~ -14 
0 

~----~---------------------
c 

-16 - 0 

-18 

2.9 3.1 3.3 3.5 

1000/T (K-1
) 

Figme 2.6 Determination of Activation BaiTier at pH = 4.5 

288 



Annex 15 

Investigations of Mixed Complexes 

(P. Warwick, A. Hall, S.J. King and N. Bryan (LBORO and RMC-E)) 

289 



290 



3rd Technical Progress Report 

EC Project: 

Effects of burnie substances on the migration of radionuclides: 

complexation and transport of actinides. 

Project No.: F14W-CT96-0027 

LU Contribution to Task 2 

Investigation of mixed complexes 

P. Warwick\ A. Hall1
, S. J. King1 and N. Bryan2

. 

January 2000 

1. DepartmentofChemistry, Loughborough University, Loughborough, Leics. LEll 3TU, UK. 

2. Department of Chemistry, University of Manchester, Oxford Road, Manchester Ml3 9PL, UK. 

291 



292 



Investigation of mixed complexes 
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Summary. 

Zetapotential measurements were performed on HA. before and after reaction with Eu in the presence and absence of 

excess carbonate, under alkaline conditions. The aim was to establish whether complexation resulted in a loss or gain 

of negative charge. 

The magnitude of the negative zetapotential in the NaHCÜJ system decreased in direct cantrast to the predicted 

increase in negative charge due to EuHA(CÜJ)z"2formation Unexpected.ly in the NaCI system, where mixed 

carbonate complexation was impossible, the same decrease in zetapotential was observed. The observations raise 

questions regarding the correctness of the reported stoichiometly andlor log ß value of the mixed complex. 

Introduction. 

Metal ions (M) react with burnie acids (HA) to form complexes (MHA). The general reaction can 

be represented as 

M+HA<::>MHA 

However under certain conditions several workers have reported the formation of mixed 

complexes involving HA and other ligands such as Olf and C03-2 [1, 2, 3]. For example Maes et 

al [3] postulated that the temary complex EuHA(C03)2 forms under alkaHne conditions in the 

presence of excess carbonate Viz:-

( Charges are ignored at this stage.) 

Assuming metal ionsbind predominantly at carboxyl sites on the HA molecules binary and 

temary interactions will generate different localised electrical charges. For example the net 
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charge at a site where EuHA(C03)2 has formed due to the combination of a Single coo- function, 

one Eu3+ ion and 2 C03"2 ionswill be -2. Whereas one Eu3+ ion combined with a Single coo­
confers a local +2 charge. Therefore Zetapotential measurements were performed on HA, before 

and after reaction with Eu in the presence and absence of excess carbonate, under alkaline 

conditions. The aim being simply to establish whether complexation resulted in a loss or gain of 

negative charge and thereby to provide evidence for or against the existence ofEuHA(C03)2. 

However a number of assumptions were necessary. Firstly the non-availability of a rigorous 

mathematical relationship between surface charge and zetapotential [4] was deemed nottobe a 

prob lern, since only relative and not absolute changes required tobe determined. Secondly HA 

molecules, with molecular dimensions of around 1nm, are generally regarded as being too small 

for successful zetapotential measurements. However in this study credible values were observed. 

Association ofHA molecules was inferred. Association is an accepted HA phenomenon [6] and 

during electrophoresis, the resulting metastable flocculated HA species [7] would be capable of 

producing the light scattering effects needed to deduce mobilities and hence zetapotentials. 

Therefore the technique as employed in the Malvem Instruments Zetamaster [5], was successful. 

Finally the postulated agglomeration was assumed not to affect the underlying relationship 

between charge density and zetapotential. 

Experimental. 

Aldrich NaHA (0.05 g) was dissolved in deionised H20 (I .0 dm3) and adjusted to pH = 9.0 to 

give a 50 mg dm"3 stock solution. 

AR Eu(N03)3.SH20 (0.4282g) was dissolved in deionised H20 (100cm3) to give a 1.0 x 10"2 M 

stock solution. 

AR NaHC03 (1.6796g) was dissolved in deionised H20 (1 00cm3) and adjusted to pH = 9.0 to 

provide a 2. 0 X 1 0"1 M stock solution. 

AR NaCl solution (0.5845g) was dissolved in H20 (100cm3) and adjusted to pH = 9.0 to provide 

a 2.0 X 10"1 M stock SOlution. 

These stock solutions were used to prepare the mixtures specified in Table 5. The mixtures were 

prepared with and without Eu (1 x 10~, in either 0.1 M NaHC03 or 0.1M NaCl. HA was 

present at a concentration of20 mg dm-3 and small amounts ofNaOH were added to adjust the 
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final pH values to 9.0. The mixtures were equilibrated for two weeks at room temperature. 

Afterwards the HA Zetapotentials were determined using a Malvern Instruments' Zetamaster [5]. 

Results and discussion. 

The width of the diffuse part of the electrical double layer surrounding charged particles varies 

with ionic strength [4]. Hence Zetapotentials which are considered tobe located at the shear plane 

also vary. For example in water, containing a very small amount ofNaOH, the zetapotential of a 

20.0 mg dm"3 solutionwas determined tobe -43.3 (+5.1) mV, whereas in 0.1 M NaCl at pH = 

9.0, the potential was -32.9 (+7.4) mV. Therefore all the measurements were carried out under 

constant ionic strength conditions in either 0.1 M NaHC03 or 0.1 M NaCl. 

As noted above formation ofEuHA(COJ)z-2 from HA should Iead to an increase in the magnitude 

ofthe negative charge. The anticipated increase was calculated by predicting the speciation ofEu 

in NaHC03 and NaCl containing solutions, using Maes et al's [3] log ß value of 16.5 for 

EuHA(C03)z-2 and the PHREEQE speciation code [8]. For completeness Maes et al's log ß value 

of 18 (-10 PHREEQE format) for EuHA(OH)z0 was also included. The resulting predictions for 

the species of interest are given in Tables 1 and 2. 

The HA-COOH groups (represented as HA") were assumed to be fully dissociated, since the 

experiments were conducted at pH = 9.0. In the NaHC03 system 49% were predicted to react 

with Eu to form the mixed carbonato complex. EuHA(OH)z 0 formation was not significant. In 

the NaCl system Eu(OHh precipitation was predicted, along with 42% EuHA +2 and 6% 

EuHA(OH)z 0 fonnation. In both systems 51% of free HA- remained. It may be noted that the 

quoted concentrations were obtained in molalities, however they can be treated as molarities, 

since the differences are not significant. 

In order to compare the results with an accepted modelling approach, not incorporating mixed 

HA carbonate complexes, the speciation was also predicted using PHREEQEV (9]. PHREEQEV 

contains an implementation ofTipping's humic acid Model V [10] and therefore does include 

mixed hydroxo species i.e. in this case EuHA(OHt. Also the approach has been used 
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successfully by the authors in previous metal burnie acid studies [11]. The predictions obtained in 

this study are given in Tables 3 and 4. It must be noted that convergence problems encountered 

using PHREEQEV, when attempting to equilibrate the system with Eu(Offh, did not affect the 

outcome ofthe study, either in tenns ofthe inferences or the conclusions. The resulting Iack of a 

precise quantitative description ofthe system simply highlighted limitations with regard to the 

current implementation ofModel V within PHREEQE. 

The species information was then used to calculate the HA charge in each situation. The 

predicted charges are listed alongside the measured Zetapotentials in Table 5. For the reader's 

convenience certain features ofthe anticipated and observed behaviour are conceptualised in 

Figure I. It will be noted from Table 5 that the experimental precision was poor. Nevertheless 

due to the large number of observations involved (>20) the quoted averages are believed to be 

reliable i.e. accurate. 

The results may be summarised as follows:-

(i) The magnitude ofthe negative zetapotential exhibited by the HA in the NaHC03 system 

decreased on addition of Eu, 

(ii) The zetapotential decreased in the NaHC(h and NaCI systems to the same extent. 

(iii) A brown coloured precipitate was produced in the NaCI system but not in the NaHC03 

system. 

With regard to the change in the magnitude ofthe negative zetapotential upon addition ofEu, 

neither model predicted the observed 19% decrease in the NaHC03 system. Model V predicted 

no change in the negative charge, whilst the mixed complex approach predicted a 51% increase 

(Table 5). Model V indicated that the HA dissociation was approximately 66%. Consequently the 

assumption of complete HA dissociation in the mixed Iigand approach probably contributed to an 

overestimate of mixed complex fonnation. However a 33% reduction in COOH dissociation 

would not have obscured an increase in negative charge resulting from EuHA(C03)2-2 fonnation. 
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In the NaHC03 system, Model V predicted virtually 100% Eu(C03)2- formation and therefore 

complete solubility as observed. However formation ofEu(CÜ3)2- alone would not have affected 

the zetapotential and the zetapotential decrease certainly indicated some interaction between HA 

and Eu. The mixed Iigand approach predicted 51% Eu(C03)2- and 49"/o EuHA(CÜ3)2-2 but this 

would have increased the magnitude ofthe negative zetapotential. Also the solubility oftbis 

amount of mixed complex is an open question. In the NaCI system both models predicted 

substantial amounts ofEu(OH)3 precipitation. Unfortunately neither model incorporates a 

solubility product for EuHA. Clearly there was no possibility of mixed carbonate complexation in 

the NaCl system. However the re-suspended particulates displayed the same zetapotential as the 

colloidal HA in the Eu - NaHC03 system. If the precipitate in the Na Cl system was as predicted 

i.e. Eu(OH)J and not simply EuHA, then co-precipitation ofHA can be inferred due to the brown 

colour of the precipitate and the loss of colour from the solution phase. This sorbed HA carried 

bound Eu, so it is postulated that the surface exhibited the same charge density as the colloidal 

agglomerates in the NaHC03 system. 

Concluding remarks. 

Neither the mixed Iigand approach nor PHREEQEV predictions are compatible with the observed 

zetapotential changes. At the very least the results suggest a reappraisal of the postulated 

EuHA(C03)2 complex. Bither the mixed HA carbonate stoichiometry, the log ß value or both are 

incorrect. The similarity of the zetapotential decrease in the NaHC03 and NaCI systems strongly 

suggests that an equal but limited amount ofEu HA interaction occurred in both cases. The 

decrease rather than an increase indicates that the HA charge was partially neutralised. Possibly 

mixed hydroxo complexes were formed in both systems. However if mixed EuHA(OH)x species 

were involved, it follows that neither model currently employs the correct parameters for these 

species. 
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Table 1. Predicted concentrations of selected Eu and HA species in 0.1 M NaHC03 solution at 

pH 9.0, using PHREEQE [5] and Maes at al's log ß values (see text) for mixed Iigand complexes. 

Species Concentration 

/(mol kg-1
) 

HA" 5.102 X 10"' 

EuHA(COJ)t~ 4.898 X 10"' 

EuHA(OH}z0 1.277 X 10_, 

Eu(C03)2" 5.099 X 10"' 

Table 2. Predicted concentrations ofEu and HA species in 0.1 M NaCl solution at pH 9.0, using 

PHREEQE [5] and Maes at al's log ß value for the EuHA(OHh 0species. 

Species Concentration 

/(mol kg-1
) 

HA" 5.131 X 10"' 

Eu(OHt~ 7.535 X 10"11 

Eu(OH)2+ 1.062 X 10"11 

Eu(OH)3 1.585 X 10", 

EuHA+~ 4.251 X 10"' 

EuHA(OH)2° 6.186 X 10-b 

Eu(OH)J precipitate 5.086 X 10"' 
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Table 3. Predicted concentrations ofimportant Eu and HA species in 0.1 M NaHC03 solution at 

pH 9.0, using PHREEQEV [9]. 

Species Concentration 

/(mol kg-1
) 

HA- 7.697 X 10-' 

HAH 2.203 X 10-' 

EuHA+2 7.215 X 10-ll 

EuHA(OHt 1.749 X 10-ll 

Eu(C03)2- 9.998 X 10-' 

Table 4. Predicted concentrations ofimportant Eu and HA species in 0.1 M NaCl solution at pH 

9. 0, using PHREEQEV [9]. 

Species Concentration* 

/(mol kg-1
) 

HA- 6.847 X 10-5 

HAH 3.799 X 10-5 

EuHA+~ 2.440 X 10-9 

EuHA(OHt 2.339 X 10-9 

Eu(OH)3 precipitate 7.055 X 10-5 

*The values are approximate due to convergence problems and a slight reduction in pH, when 

equilibrating the solution with the Eu(OH)3 solid phase. 
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Table 5. Predicted charges and measured zetapotentials ofHA (20mg dm-3
), in the presence and 

absence ofEu (1 x 10~ and carbonate (O.lM) or NaCl (O.IM), at pH = 9.0. 

Model V Mixed complex Zetapotential 

System charge predictions charge predictions 

/(mol g-1
) /(mol g-1

) /(mV) 

HA+NaHC01 -3.85 x w-3 -5.0 x w-j -30.9 (±7.3) 

HA+ NaHC01 + Eu (ITI) -3.85 x w-j -7.6 x w-j -25.2 (±2.5) 

HA+NaCl -3.82 x w-J -5.0 x w-J -32.9 (±7.4) 

HA+ NaCl + Eu(ID) -1.04 x w-3 + 1.8 x w-3 -25.5 (±3.8) 
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Figure 1. A schematic representation (not to scale) ofthe changes in electrical potential upon 

approaching pure HA, EuHA and EuHA(C03)2 surfaces, facilitating a visual comparison 

between the anticipated Zetapotentials (l;) and the observed zetapotential (X) at the shear plane. 
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Summary. 

The effects of HA and silica colloids on Eu transport, through sand, were investigated at LU, by means ofbatch and 

column experiments during the parallel CARESS project. The Eu recoveries and elution profiles were used by 

Partner 9 to aid development and testing of a 1-d transport model. 

lntroduction. 

The EC funded CARESS project (1996- 1999) addressed the questions, ''Do colloids have 

critical impact upon the transport and retention of radionuclides in the geosphere?" and if they 

do, ''how should radionuclides associated with mobile colloids be treated in performance 

assessment calculations?" 

The influence of organic colloids (HA) on the transport properties of inorganic iron and silica 

colloids was investigated at LU, by means ofbatch and column experiments. The silica I HA 

column results were used by Partner 9 in the development of an HA transport model. A full 

account ofthe experiments can be found in the CARESS Iiterature [1]. However for the reader's 

convenience essential details ofthe relevant column experiments are repeated here. 

Experimental. 

A glass column was slurry packed with -1 OOg of pure sand (BDH), rinsed beforehand with 

O.OlM NaCI04 to remove fines. The homogeneity and porosity ofthe column was determined 

using tritiated water (HTO) injections, in 0.1M NaCl04. The HTO acted as a conservative tracer. 

Having verified the behaviour of the column the following sequence of mobile phases, all at pH = 

6.5, were pumped through the column. Minimal interuptions to the flow (-10 cm3 hour1
) 

occurred at each changeover. 

First mobile phase: 0.01M NaCI04 containing 500 mg dm-3 SiOz colloid. 
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Second mobile phase: O.OIM NaCI04 containing 500 mg dm"3 Si02 colloid and 10"8M Eu 

solution, with a radioactive tracer quantity of 152Eu (y emitter, t1n = 12.5 years) added. 

Third mobile phase: O.OIM NaCI04 containing 500 mg dm"3 Si02 colloid. 

Fourth mobile phase: 0.01M NaCl04. 

Each phase was continued for sufficient time, usually several days, for equilibrium conditions to 

become established. 

The whole experiment was repeated twice using mobile phases containing 1 x 1 0"7M and 1 x 1 o· 
6MEu. 

The eluates were fraction collected and the Eu recovery monitared by measuring the y activity of 

each :fraction. 

Todetermine the effect ofHA, parallel experiments were conducted but HA (10 mg dm-3
) was 

included in each mobile phase, including the pre-conditioning NaCl04 solution. The sand was 

thereby pre-coated with HA. 

The complete elution proflies are presented in the original report but the equilibrium Eu 

recoveries (I 00 x [Eu ]e~uatti[Eu ]input) observed durlog the Eu elution phases, in the presence and 

absence ofHA, are listed in Table 1. A control experiment was also performed in which the silica 

colloids and HA were omitted. No Eu was detected in the eluate during the Eu elution phase in 

the absence ofHA and silica colloids. 

Discussion of results. 

The dramatic effect ofHA can be seen by inspecting Table 1. In the presence ofHA the Eu 

recoveries and elution proflies indicated that mobile EuHA formation dominated. 

References. 

[1] CARESS report in preparation (2000). 
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Table 1. Effect ofHA (10 mg dm-3
) on Eu elution from sand columns (diameter 2.6 cm; length 

13- 14 cm), in the presence ofsilica colloids (500 mg dm-3), in NaCl04 (0.01M) solution, at pH 

= 6.5, flowing at 10 cm3 hou(1
. 

Eu concentration Conditions Percentage recovery 

[Eu ]input I (M) ( 100 x [Eu ]eiuatd'[Eu ]input) 

1.0 x 10-!S HAabsent -so 
1.0 X 10-!S HApresent -100 

1.0 X 10-' HAabsent -40 

1.0 X 10-' HApresent -100 

1.0 X 10-6 HAabsent -25 

1.0 X 10-6 HApresent -100 
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1. INTRODUCTION 

Recently, models have been developed that can describe the behaviour ofhumic substances and 

radionuclides in laboratory column experiments (Bryan et al 1999; Warwiek et al 2000). 

Previously, the results of these experiments could not be modelled satisfactorily using the 

existing local equilibrium assumption, or Kd, codes. The major modelling advance, therefore, 

has been the realisation that the humic/radionuclide complex behaviour is dominated by 

kinetics and rate constants, and not by equilibria and stability constants. lt has already been 

shown that the chemical kinetics observed in the laboratory may have serious implications for 

the transpoft of metallic pollutants in the environment (Bryan et al 1999b ). 

However, there arestill significant areas ofuncertainty. For example, there is evidence that the 

desorption rate constants observed in the laboratory may not be the same as those observed in 

the environment (Geckeis et al 1999). In fact, there is evidence that desorption may be 

significantly slower in metal-humate samples which have been allowed to age for long periods 

of time. Clearly, this observation will have implications for future performance assessment 

studies. In addition, there is still uneertainty about the effect of burnie sorption to mineral 

surfaees: i.e., do humic substanees, and their complexes, move as conservative tracers in the 

environment, or are they retarded by sorption to mineral surfaees? It has been demonstrated 

that burnie kinetics have implieations for field seale migration sturlies (Bryan et al 1999b). 

However, ealculations that include ehemieal kineties are computationally expensive, and henee, 

should be avoided if at all possible. Also, all current eodes used for Performance Assessment 

(P.A.) are 'equilibrium only', and therefore, to include kineties would not be immediately 

feasible. Therefore, although it has been shown that ehemieal kineties have an important effect, 

it is important to identify exaetly when it is neeessary to include them explicitly in mathematieal 

ealeulations. 

In this work, the importance of the relationship between ehemieal rate constants, and the 

residenee time of the complex in the water eolumn has been studied. Rules have been 

developed that prediet when, and in what manner, burnie ehemieal kineties must be ineluded in 

field seale studies. In addition a nurober of approximation methods have been developed, whieh 

allow an estimate of the effeet of kineties, but without the need to include them explieitly. In 

317 



addition, the effects of various uncertainties and variables have been investigated. Finally, the 

implications of slow, or even pseudo-irreversible, natural kinetics have been studied. 

2. UP-SCALING ISSUES 

In P.A. studies conducted so far, burnies have either been completely ignored, or have been 

included at the most basic Ievel, for example with very ~imple, local equilibrium, 'Kd-type' 

parameters. This is primarily because the controlling reactions and processes were not 

properly understood. FoHowing recent advances, the next stage is to produce a set of 

instructions, which would enable burniestobe included effectively in a P.A. exercise. 

One important aspect is to appreciate the problems which the recent mechanistic and column 

modeHing work (Bryan et al 1999a; Bryan 1998; Schussler et al 1998; Schussler et al 1999) 

has presented to performance assessors. P.A. studies are for the most part carried out using 

Kd values to describe the sorption of radionuclides to surfaces. However, it has been 

demonstrated that burnie reactions are often very slow, and hence there is bound to be some 

incompatibility with a local equilibrium assumption approach. ModeHing work has shown that 

rate constants are the most effective way to describe burnie behaviour in laboratory 

experiments ( e.g. Bryan et al 1999a). However, the use of rate constants is expensive in terms 

of computing time, and so wherever possible performance assessors will want to use equilibria 

to describe these reactions. More than this, all current P .A. models are based solely upon 

equilibria. Therefore, one major contribution would be to determine the Iimits of the validity 

of an approach based upon equilibria. In a previous study (Bryan et al 1999b ), it has been 

suggested that one rnight still be able to use a simple Kd code, defining a 'best Kd' to use. 

However, it was found that such an approach was of limited use, since the best Kd was very 

sensitive to system conditions; flow rate, column length, time of simulation etc. 

In ordertobe useful to P.A. studies, it is not sufficient merely to produce a modeland a set of 

parameters, which can describe column experiments. It is necessary to explore the specific 

implications, which this model has for the field scale rnigration of radionuclides. lt fact, it is not 

even sufficient to develop a model that is capable of including chernical kinetics in field scale 

problems. It is also important to consider when it is absolutely necessary to use that model, and 
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when a reasonable result may be achieved with a simpler, quicker model. Finally, it is 

important to estimate the uncertainties in the final prediction, and attempt to rninirnise them. 

Central to this whole process is the conceptual model of metal-humate interactions, which has 

been developed from laboratory modelling studies. In this model (see Figure 1), hutnies have a 

range of metal binding modes ranging from instantly exchangeable to very kinetically hindered, 

pseudo irreversible. The figure shows the burnie having a series of interconnected, successively 

more kinetically hindered, metal binding sites. Which of the sites any given metal ends up in 

will depend upon the chernistry of the metal and the equilibration time. Current evidence 

suggests that occupation of the non-exchangeable metal binding sites is highest for metals of 

high valency, e.g. Th, and that metals become progressively more 'fixed' within the burnie 

structure as equilibration time proceeds. Although, the system is clearly complex, there are 

many aspects which allow generalisation. For example, although different metals show 

different degrees of fixation within the humic, and also some small differences in desorption 

rate constants, thus far, they may all be described with the same conceptual model. Therefore, 

the methodology is common to allmetals (and burnie substances also). 

IMFIX2 I···· 
HUMICACID 

kn 
............. IM I 
••••••••••i FIXN! 

FIGURE 1: CONCEPTUAL MODEL OF HUMIC ACID 

This model is deceptively simple. However, to calculate the occupancy of each box with time 

is actually mathematically complex and computationally expensive. It would be very difficult 

to include such a model into a P .A. code. Therefore, one task is to examine the conceptual 

model above and to determine how it could be simplified, without the introduction of 

significant inaccuracy. 
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The most obvious avenue for simplification lies in examining the values of the rate constants. 

The distinction between equilibrium and kinetic reactions is always artificial, since it depends 

upon the time scale of the observation: a reaction which is 'equilibrium' over periods of hours, 

may weil be slow on the time scale ofseconds. Fora given set ofphysical conditions, e.g. flow 

rate, distance travelled and total time of interest, it should be possible to reduce the series of 

reactions in the conceptual model to just three groups: 

( 1) Those reactions which are su:fficiently fast to be treated as equilibria. 

(2) Those which are su:fficiently slow that they effectively do not take place. 

(3) Those reactions which can only accurately be described via the use ofrate equations. 

This will be true regardless of the number of binding sites in the series, and will also hold true 

if the binding sites are not in series, as shown in the figure. At this point it is important to 

appreciate that we have a special concern, because we are developing a methodology for P .A.. 

Scenarios (1) and (2) above advocate the use of an approximation to obtain a reasonable 

estimate: such approximations are common in science. However, there is a special requirement 

in P.A. studies that any approximations must Iead to conservative estimates, i.e., they must 

over-estimate radionuclide migration. 

3. UNCERTAINTIES 

In a preliminary study into the implications ofhumic kinetics for P.A. (Bryan et al1999b), two 

areas of potential uncertainty were identifi.ed: the initial state of the metal-humate complex at 

the upper boundary, and the humic sorption reaction. 

Although more is now known about the behaviour of humics towards radionuclides, one 

significant area of uncertainty has been the interaction of the humic substances with the mineral 

surface. In the past, this area has been given less attention, since, in the case of an equilibrium 

description of metal binding, it has little effect upon the outcome of the prediction. However, 

if a metal is hidden inside the humic structure, then for transpoft purposes it will behave like a 

humic, and hence it becomes much more important to know how the humic will behave. In the 

case of the BGS columns, the humic, and its complexes, were retarded by sorption, and this 
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behaviour was deseribed with an equilibrium eonstant. However, the situation in those eolumn 

experiments was arti:fieial, sinee the solid pbase was not pre-equilibrated witb tbe burnie 

eoneentration used in the experiment. Of eourse, in tbe environment, all of tbe surfaees sbould 

be in equilibrium witb the ambient eoneentration of burnie material. The main area of 

uneertainty is tbe nature of the interaetion. Is it an equilibrium reaetion? Onee the surfaee has 

reaebed maximum sorption, is any further burnie material ignored, or does it replaee material 

already on the surfaee? This distinetion is potentially important, sinee it will make the 

differenee between the kinetieally bindered nuelide being retarded, or being transported 

effeetively as a eonservative traeer. There is eurrently insuffieient evidenee to indieate whieh of 

these will be the ease in the environment. However, a reeent study using the kld model to 

simulate a large set of eolumn experiments that used natural paeking material fully equilibrated 

with the burnie eoneentration used in the experiments, showed no evidenee of burnie 

retardation by sorption. To assume no hurnie Sorption produees a eonservative predietion. 

Sinee we have direet evidenee that in experiments using natural solid phases and in situ 

groundwater, there was no retardation, we must assume, until there is eonelusive evidenee to 

tbe eontrary, that, in tbe environment, hurnies will not be retarded. 

Another important faetor is the initial state ofthe burnie/radionuclide eomplex, i.e., what is tbe 

initial oeeupaney of eaeh of the metal binding sites? When modelling a eolumn experiment, 

this information is provided by the pre-equilibration time. In a P .A. exereise, this will not be 

easy to estimate, but will have a large influenee on the final predietion. lt will depend erueially 

upon whether or not humie substanees are able to penetrate into the near field and earry 

radionuelides out into the far :field. Or, will radionuelides only eneounter burnies at the 

boundary of the near and far :fields~ tbe 'loeal field'? This is potentially one of the largest 

sourees of uneertainty. In this ease, unfortunately, there is no new evidenee. Previous 

ealeulations (Bryan et al 1999b) have shown tbat the maximum migration is observed in the 

ease where the non-exebangeable burnie binding sites are fully oeeupied. The effeet of this 

uneertainty is diseussed later. 

A further, new souree of uneertainty, whieh needs to be eonsidered, is the magnitude of tbe 

rate eonstants. There is now no doubt that the behaviour of these systems are heavily 

influeneed by ehemieal kineties, and we have a eoneeptual model of metal-humate interaetions 
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(Figure 1). However, there is now uncertainty about the absolute magnitude of the rate 

constants that would be observed in the environment. Desorption experiments carried out at 

FZK-INE (Geckeis et al 1999) have idicated that the desorption rate constants for certain 

fractions of humate-bound metal are an order of magnitude slower than those observed in 

artificial systems. More than that, there is also evidence that some of the metal may be 

'pseudo-irreversibly' bound, at least on practicable laboratory timescales (years). The 

importance of humic chemical kinetics has only been recognised for a very short time, and 

clearly, there is a great deal of work that still needs to be done to determine which rate 

constants will be observed in post-closure Scenarios. In time, studies may be able to provide 

the magnitudes of the environmental rate constants, and therefore, a methodology has been 

developed that is independent of the magnitude of the rate constants. Until such evidence is 

available, in order to achieve a conservative approximation, one should assume 'pseudo­

irreversible' behaviour in field scale calculations. It would have been possible to develop a 

methodology based wholly upon the assumption that humic substances bind metals pseudo­

irreversibly: indeed, that would have been very easy. However, such a procedure would only 

have been useful until the correct magnitude of the natural desorption rate constants were 

identified. Therefore, we have developed a methodology that treats chemical kinetics explicitly, 

and does not depend upon the magnitude of the rate constants. At present, the only numbers, 

which we have to work with, are those observed in Iab systems, coupled with the observation 

that some desorption rate constants for natural systems are an order of magnitude slower. 

Therefore, the calculations discussed below are based upon these 'Iab' and 'natural' rate 

constants. 

There will of course be other sources of uncertainty, for example, the temperature of the 

system, which will a:ffect the magnitude of any rate and equilibrium constants. In addition, 

there will be all of the other 'non-humic' uncertainties (hydrology etc.). However, these are 

beyond the scope oftbis study, and will not be considered here. 
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Surface 

Ks= l.OE7; KHA,s= 10.0; KEq= 5.0E8; kF 0.029; kb= 0.041 

[HAEq]=l mmol/g; [HAFIX]=0.31 mmol/g; [S]=0.1 

FIGURE 2: SYSTEM USED TO MODEL COLUMN EXPERIMENTS 

4. PREVIOUS WORK 

Previous work (Bryan et al 1999b) has shown the effect of burnie kinetics on field scale 

migration studies. These calculations were performed using the system of equations and 

parameters shown in Figure 2. These were obtained directly from the modeHing of the BGS 

columns (Bryan et al 1999a). Note, like all calculations discussed in this work, they were 

performed using the k1D transpoft code (Bryan et al 1999a; Schussler et al 1999). Figure 3 

shows the results obtained using the column experiment parameters, for a hypothetical 1OOm 

column, a 1x10"5 ms·1 flow rate, a total simulation time of 5xl06 s, and assuming that the 

kinetically bindered site, MFIX, is in equilibrium with the exchangeable, MEq , at the upper 

boundary. 
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FIGURE 3: [COJ PROFILE OBTAINED USING BGS MODELLING PARAMETERS 

([Colo=lxl0-10 M) 

From Figure 3, the two distinct types of Co behaviour are clearly discernible. The Co held in 

the exchangeable site is very easily removed by the sand. This is responsible for the sharp fall 

in the Co concentration at short distances. Hence, the vast majority of the metal has not 

moved past the top ofthe column (note the log scale in Figure 3). However, it is clear that the 

non-exchangeable metal fraction has been transported much further down the column: this is 

responsible for the long shallow curve in the profile at medium to long distances. For the 

purposes of their migration, it is possible to treat the two fractions as essentially independent, 

once they are exposed to the sand surface. Similar behaviour is obtained if parameters for 

other column experiments or metals are used. 

In addition, a series of calculations were performed keeping all other parameters constant, but 

varying the values of kr and kb, whilst keeping the ratio between them constant. Figure 4 

shows the profiles obtained: the 'true' behaviour, that achieved with the column experiment 

derived parameters, is shown as a line. 
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FIGURE 4: EFFECT OF CHANGING DESORPTION CONSTANT ON THE CO 

PROFD.-E 

As expected, as the rate constant, kb, for the desorption reaction increases, the extent of Co 

migration decreases, and as h falls the behaviour seems to tend to some limit. Note that the 

true value ( 0. 041) produces virtually identical behaviour to that with kb=O. 001. 

It is clear that, as kb increases, the non-exchangeable Co behaves increasingly like the 

exchangeable. Indeed, for h > 100, the kinetic Co appears to behave very much like the 

exchangeable fraction. Conversely, as kb decreases, its behaviour tends towards that of the 

humic itself. 

The calculations were repeated, but with the non-exchangeable site empty at the upper 

boundary. The results are shown in Figure 5. There is, in general, less migration than for the 

initial case (Figure 4). However, whereas before, the change in the profilewas fairly simple, 

this time it is much more complex. The maximum migration is obtained for ~=1.0. This is 

because both the forward and backward rate constants increase and decrease together. 

Initially, as kb falls from 100 the rate of desorption falls, and the kinetic Co is able to travel 

slightly further. However, as h continues to fall, so does the forward reaction rate, and hence 

the Co finds it increasingly di:ffi.cult to get into the bindered site. The profile is a result of a 

balance between these two, producing a maximum migration for ~=1. 
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FIGURE 5: CO PROFILES OBTAINED WITH KINETICALLY BINDERED SITE 

EMPTY AT THE UPPER BOUNDARY 

A coroplete description of these calculations roay be found in Bryan et a1 (1999b ). The roain 

conclusion is that humic chemical kinetics roay have a very significant effect upon the 

migration of radionuclides in the environment. Having established this fact, the next stage is to 

investigate when it is necessary to include thero explicitly in roatheroatical calculations. 

5. DAMKOHLERNUMBERS 

Damkohler nurobers were used by Jennings and Kirkner (1984) to examine sorption kinetics 

during column experiroents. The Damkohler nurober for a systero, D, is defined by, 

D = 

where, L is the length ofthe column, k is the chemical (first order) rate constant, and VH is the 

flow rate. The Damkohler nurober for a systero is a dimensionless parameter, which roay be 

used to judge the iropact of chemical kinetics. Jennings and Kirkner (1984) used thero to 

decide at what point a slow surface sorption reaction could not be approximated by an 

equilibriuro assumption. They developed a set of rules, 
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D > 100: Equilibrium gives an excellent approximation 

100 > D > 10: Equilibrium gives a reasonable approximation 

1 0 > D > 1 : Equilibrium gives a poor approximation 

D < 1: Equilibrium approximation cannot be used. 

Now, the situation here is slightly different. Firstly, the slow kinetic reaction tak:es place within 

a solution phase colloid,. and not at the solid surface. As a result, we must redefine one of the 

variables slightly: for our systems, VH must be the effective velocity of the burnie colloid 

through the water column, including the effects of any sorption or pore exclusion etc. Note, in 

all subsequent sections, unless otherwise stated, the rate constant used to define Damkohler 

numbers in this work is the desorption rate constant, kb (Figure 2). Secondly, the work of 

Jennings and Kirkner was not directed at P.A. with its requirement for conservative 

approximations. Therefore, what may have been satisfactory there, may require caution here. 

The most significant result of Jennings and Kirkner was the discovery that systems with a 

single kinetic reaction and with the same 'D-number' show the same behaviour, regardless of 

the particular physical conditions. In this work, we have defined a second dimensionless 

number, T, 

T = 

where, t is the total elapsed (simulation) time. The combination of D and T numbers are 

sufficient to define uniquely the behaviour of our systems. Any system with the same D and T 

numbers will show the same profile along a column. Note: the term 'column' here is used to 

define the distance over which any calculation is based, whether that is in the laboratory (real 

column) or the field (hypothetical column). Figure 6 shows the calculated distribution of metal 

from a non-exchangeable site, plotted as the ratio compared to the concentration at the upper 

boundary, ignoring the contribution from the exchangeable site, for a range ofD numbers, and 

for T=O. 5. These results are independent of column length, flow rate, chemical concentrations 

etc. 
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FIGURE 6: EFFECT OF DAMKOHLER NUMBERS ON MIGRATION (T=0.5) 

This dimensionless approach works for these systems for 2 reasons. Firstly, the non­

exchangeable metal fraction is isolated from all other chemical interactions. In fact, the only 

chemical reaction open to it is the desorption step, defined by kt,. Secondly, the forward and 

backward rate constants, kb and kr, have approximately the same magnitude (Bryan et al 

1999a). Hence, approximately the same D-number would be obtained if either rate constant 

were used to define D. 

Jennings and Kirkner (1984) have defined their own set ofrules for the use oflocal equilibrium 

assumption models. However, these arenot directly applicable to our own case. To define a 

set of operating instructions, we must consider the 3 seenarios described in section 2, i.e., 2 

limiting behaviours and the intermediate. When the desorption reaction is fast, i.e. D-number 

large, then the behaviour tends towards that of an equilibrium. Therefore, as D increases, an 

equilibrium approximationwill become increasingly realistic. At the other extreme, as the rate 

constant deceases, and the D-number falls, the rate of desorption falls, and we may eventually 

assume that it does not take place. This is illustrated in Figure 6: as D increases, the profile 
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does tend to some Iimit, i. e. an equilibrium assumption, and as D falls, it tends towards the 

conservative tracer. Therefore, when considering approximations to our conceptual model, we 

must take account ofthese types ofbehaviour. 

Jennings and Kirkner (1984) propose a sliding scale for the applicability of the equilibrium 

approach (see above). However, it is clear already that we will need to define two separate 

Iimits. Therefore, for the purposes of this study we have defined single values of D to define 

these limits: i.e., 50 and 1/50. If D is greater than 50, then an equilibrium approach may be 

considered, whilst if it less than 1/50, then it may be possible to assume that the reaction does 

not take place. Of course, any such Iimits will be subjective, and the correct Iimits will depend 

upon the acceptable margin of error. This issue will be discussed further below. 

6. APPROXIMATIONS 

6.1 Eguilibrium 

Of all of the approximations, the equilibrium assumption model is the simplest to use, since this 

is the approach used in all current field scale models. One simply replaces the rate constants 

and rate equations with equilibria, i. e. assume that all desorption from the humic occurs 

instantaneously. 

There is one major problern with the equilbrium approach: it is not conservative. The main 

influence of humic kinetics is to increase migration. Therefore, any approximation that assumes 

that kinetics do not exist, must be non-conservative. Figure 7 shows an example based upon 

the rate constants derived from Am columns (Schussler et al 1999). The D-number for this 

calculation is 30,000, which is well into the region where one would expect an equilibrium 

assumption to be valid. However, even in this case, the equilibrium assumption has 

underestimated the extent of migration, and as D decreased, the effect would become 

progressively more pronounced. lt is possible that the difference between the exact and 

approximate value is not significant. That would depend upon the magnitude of the upper 

boundary concentration of Am. In terms of the total Am, the difference between the two plots 

is certainly small, representing less than a 1% error. However, that error is highest at the 

leading edge of the plume, which is the most important region in terms of P .A. How much of a 
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problern this would be in the case of a real P .A. exercise would depend upon the individual 

circumstances. It is clear that care must be taken when using an equilibrium approximation. 
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FIGURE 7: EQUILffiRIUM ASSUMPTION, Am PARAMETERS, D=30,000 

6.2 Decoupled approximation 

60 

After local equilibrium, the other limiting case is to assume that the desorption reaction does 

not take place. Therefore, an approximation based upon this limiting case would ignore the 

existence of the desorption reaction. That is, the two humic metal fractions are 'decoupled'. In 

terms of geochemical modelling, two master species are defined for the radionuclide. The first 

represents the exchangeable fractions, i.e., using the nomenclature of Figure 2, MEq, Ms Maq 

plus any other solution phase complexes, precipitates etc. These would interact with each other 

in exactly the same way as for the exact calculation. The second would represent the non­

exchangeable fraction only, i.e., MFJX. No interaction between the two is permitted during the 

calculations. The result is that the metal trapperl within the humic is assumed to be isolated 

completely from the solution chemistry, and is transported with exactly the same characteristics 

as the humic colloid. In other words, the metal is pseudo-irreversibly bound by the humic. The 

advantage of this system is that it is inherently conservative, since it does not allow any 

retardation due to sorption. 
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Figure 8 shows the application of the decoupled approximation to the BGS Co columns. 

Because oftheir short length, these lab experiments have very low D-numbers; 0.004-0.0004 

depending upon the flow rate. The figure shows that the decoupled approximation provides an 
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excellent estimate of the exact solution, and also of the true behaviour of the (humic bound) 

Co. 

6.3 Dimensionless approximation 

The equilibrium and decoupled approaches can provide approximations to the exact solution 

for systems with either very large, or very small numbers. However, they cannot be used at 

intermediate values of D (50 > D > 0.02). In fact, there is no simple approximation method 

that may be used in this region. However, there is one alternative, which can provide an 

estimate of migration, without the need to perform a full calculation. As discussed above 

(section 5), systems with the same D and T numbers are expected to behave in the same way. 

Therefore, the result of a calculation for a given pair of D and T numbers will serve as an 

estimate for another with the same values, even if the real physical parameters are completely 

different. Figure 9 shows an example of this approach. The modelling system and parameters 

used to model the BGS Co column experiments were used in an exact calculation where the 

upper boundary concentration of the bindered site was zero (i.e. one of the plots in Figure 5: 

kb=0.041). The resulting pro:file is shown as points in Figure 9. An approximationwas obtained 

by using a different set of physical parameters that had the same D and T numbers, but still 

using the set of equations shown in Figure 2. The results of the approximation are shown as a 

full line in Figure 9. This result suggests that it should be possible to use this method to 

provide estimates of exact solutions. 

This first example has used an estimate based upon the same set of equations as the exact 

calculation. However, that is not strictly necessary. As a further test, the dimensionless 

approximation approach was used to obtain estimates for some of the FZK-INE column 

experiments. These columns have already been successfully modelled using the klD!KICAM 

approach (Schussler et al 1999). This time a set ofvery simple calculations were made based 

upon a column oflength Im and area 1m2 and a flow rate of 1 m day"1
. Two chemical species, 

A and B, and one chemical reaction were included: 

A k 8 

The upper boundary concentrations were, [A]o=l and [B]o=O. The value ofthe firstorderrate 

constant, k, was varied so that the D nurober of the approximation calculation was the same as 

that of the column experiment. The calculations were performed over the same range of T 

332 



values as the experiment. Figure 10 shows an example for a column experiment with D=0.04. 

The real experimental data are shown as points, whilst the approximation is shown as a line. It 

is clear from the figure that, despite the fact that the approximation calculation was based on a 

column with completely different physical and chemical characteristics, it has still produced a 

surprisingly good fit to the data. Similar result were obtained for a number of different column 

experiments (data not shown). 

0.012 

0.010 

0.008 

0 
() 0.006 
ü 

0.004 

0.002 

0.000 

0.8 0.9 

• 

Volume Ratio (V Np) 

--A PffiOXIMA TION 

• EXPERIMENTAL 

• 
1.1 1.2 

FIGURE 10: DIMENSIONLESS APPROXIMATION TO FZK Am COLUMN, D=0.04 

At first sight, the fact that this approach works at all seems amazing. However, the success 

may be explained as follows. In the column experiments, despite the complexity of the system, 

there is only one important process/reaction, which determines the amount of Am in the 

effluent, i.e. the desorption ofthe Am from the humic colloid. Other chemical processes play a 

part. For example, as Am desorbs from the humic, it is immediately sorbed by the surface. 

However, the precise magnitude ofthe interaction constant between the Am and the surface is 

not critical, provided of course that it is high enough to remove all exchangeable Am from 

solution. Therefore, the only process determining how much Am appears in the effluent is the 

desorption step from the humic. That is why it is possible to achieve a good approximation 

with our simple, one reaction system: because only one significant real chemical reaction has a 

significant effect upon the real result. 
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These results suggest that the dimensionless approach to approximation might prove to be 

useful. The big advantage of the approach is that, although it was developed to fill the gap 

between the equilibrium and decoupled approximations, it is in factvalid at all values ofD. It is 

of course much more cumbersome to use than the two limiting cases, and hence, by choice one 

would still probably use it only in the region where D>SO, or D<0.02. 

lt might be possible to construct a database of profiles that could be used to provide a quick 

estimate of the impact of metal-humate interactions without the need for a full calculation 

including chemical kinetics. Figure 11 shows an example of database calculations. Figure 11 a 

shows calculations at constant D (=1) for T ranging from 1 to10, whilst Figure llb shows 

calculations at constant T (=10) for D ranging from 0.05 to 100. To obtain an estimate, one 

would merely need to calculate the D and T values, corresponding to the case study, and then 

consult the plot whose D and T values most closely matched. 
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6.4 Ranges of validity 

We now have three methods for obtaining estimates to the exact solution, and we can define 

their limits ofvalidity. The equilibrium approach should only be used for systems with D >50. 

However, this method will always underestimate migration, and should be treated with care. In 

the region 50 > D > 0.02, only the dimensionless approach will give an accurate 

approximation, although it may be used at all values ofD. Finally, for D < 0.02, the decoupled 

approach gives the best approximation. The decoupled approach is inherently conservative, 

since it will always overestimate migration. 
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We have had to define our ranges in terms of D, because the magnitude of the first order 

desorption rate constant, k, observed in the environment is uncertain. At present, we have two 

possible values for k. That observed in 'artificial', man-made systems, and that, an order of 

magnitude slower, observed in some studies of 'natural' systems. Over and above this, there is 

also the possibility that some natural systems display even slower rates. Therefore, at present, 

it is not possible to make concrete predictions about whether or not humic kinetics will be 
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important for field studies with a particular length and tlow rate. Only when the true, in situ 

rates have been identified will that be possible. In the meantime, of course, the only 

conservative approach is to assume that the binding is pseudo-irreversible, i.e., the decoupled 

method, which will provide a conservative estimate. However, such estimates may represent 

gross over -estimates, since they will assume that the humic bound metal effectively moves as a 

conservative tracer. This clearly has implications for P.A. studies, and further research is 

needed to provide concrete values for these rate constants. 

When these values have been obtained, it will be possible to define regions where different 

approaches will be valid. Figure 12 shows an example of this concept based on values of k 

from laboratory experiments, and also initial sturlies on natural materials. 

7. SENSITIVITY 

There are a large nurober of possible uncertainties in field scale migration studies. It is an 

essential part of any study such as this to identify them, and also to determine the sensitivity of 

the final result to them. Great advances have been made in our understanding of humic 

substances and their interaction with metals. However, with this increased knowledge has 

come new areas of uncertainty. In particular, the discovery of the importance of kinetics has 

lead to new areas of uncertainty. Most of the important uncertainties concem the •kinetic• 

aspects of the system. This is not surprising, since humic kinetics can potentially Iead to the 

transport of metal fractions as conservative tracers. We will deal with each of the areas of 

uncertainty in turn. 

7.1 Temperature 

Temperature has long been identified as a potential sorce ofuncertainty in calculations. A great 

deal of effort has been spent, measuring and collating reaction enthalpies in order to take 

account of temperature effects. In the case of kinetic reactions, the important parameter is the 

activation energy. In fact the activation energy of the desroption step is known only for the 

Eu/humic acid system (King et a1 1999, Bryan et a1 1999a). This value has been used, along 

with lab rate constants derived from batch experiments, in a series of calculations to investigate 

the effect of temperature. Calculations were performed in the region from 20 - 60°C, since this 
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was the range studied in the Iab. Hence, we may be confident of the results. Figure 13 shows 

typical results, for a simulated field scale study. 

A problern when investigating the effect of uncertainties upon our system is that, unlike 

equilibrium systems, the effect of any uncertainty in either the rate constants, or in the amount 

of metal in the non-exchangeable site, will depend very strongly upon the flow rate of the 

system. For this reason, it is not possible to make clear-cut, generalised decisions about the 

importance of variables. The inter-relation of uncertainty and flow rate is discussed later 

(section 7.5). A distance of 100m and a flow rate of 5xl0-5 ms-1 were used. This rate was 

chosen, because the desorptionrate constant at 40°C is ~ 5x10-7 s-1
, giving D=l. At this D 

value, the system will be most sensitive to variations in the rate constant. Hence, the 

differences shown here will represent a maximum expected influence. 
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FIGURE 13: EFFECT OF TEMPERATURE. 

The figure shows that, as the temperature increases, the metal migrates less, because the 

desorptionrate constant increases with temperature. However, the difference between the two 

plots is relatively small, despite the fact that the temperature difference is large ( 40°C), and 

that this system is expected to be most sensitive. Hence, the calculations suggest that 

temperature will probably not be a major uncertainty. 
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7.2 Rate constants 

Although laboratory systems are now weH understood and characterised, there is still 

significant uncertainty about the magnitude of desorption rate constant that will be observed in 

the environment. The problern is that we have very little data for natural systems, other than 

the observation that they are probably significantly different. Preliminary experiments have 

shown that some of the desorption rates observed in natural systems are an order of magnitude 

slower than those in the lab. However, this probably represents a best-case scenario, since 

there is also evidence, for even slower desorption of some metal fractions. In fact, the 

desorption is so slow in some cases that it has not been possible to measure the rate constant in 

the time scale of this project. The problern is that P .A. calculation must be conservative, and as 

rate constants decrease, migration increases. Therefore, since these desorption reactions 

cannot be assigned values, because they are too slow, we must for the moment assume that 

they do not take place, i.e., that they are •irreversibly bound•. Of course, in reality, true 

irreversibility does not exist, and reaction rates never actually equal zero. However, while there 

is no defined lower limit, we must assume that the metal remains locked inside the humic, once 

it has been transferred to the non-exchangeable site. 

Clearly, further research is needed to determine natural rate constants. However, we may still 

demonstrate the likely effect of the differences between Iab and natural systems, by 

investigating the difference in behaviour between calculations using Iab rate constants, and 

those using rates an order of magnitude slower (remember, preliminary experiments have 

already found natural systems with these sort of rates). Figure 14 shows the results of a series 

of predictions made for Am based upon Iab rate and surface interaction constants determined 

from column experiments (Schussler et al 1999) and •natural• rate constants an order of 

magnitude slower. The total distance ofthe simulationwas 300m, the flow rate was 1x10"6 ms· 
1 (D=300 w.r.t. lab rate), the simulationtime was 100 years, and the exchangeable and non­

exchangeable sites were in equilibrium at the upper boundary. 4 separate predictions are 

shown: the first assumes no humic to be present; the second uses an equilibrium 

approximation; the third uses the lab rate constants; the fourth uses the •natural• ones. As 

expected, the 3 predictions that assume the presence of humic show more migration than the 

other. Also as expected, the equilibrium assumption plot shows less then those including 
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kinetics. In fact, the equilibrium plot is not very different from the no humic plot. Therefore, if 

all the reactions were equilibria, then humics would not be expected to be a significant factor. 

However, the main point is that there is a significant difference between the predictions using 

the lab and the natural rate constants. Figure 15 shows an identical set of calculations based 

upon data for tetravalent actinide ions (labelled Pu). 
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FIGURE 14: EFFECT OF UNCERTAINTY IN RATE CONSTANTS FORAm 

Once again, the same general effects are observed. However, this time the difference between 

the lab and natural predictions is even higher. In fact, the model predicts significant 

breakthrough at the end of the 300m column within 100 years. This result has potentially 

serious implications, because these natural rate constants used in the calculation probably 

represent a best possible case scenario. We have evidence that at least some natural rate 

constants are even slower than this. 

Figures 14 and 15 clearly demonstrate the importance of the uncertainty in the rate constants. 

In fact, it currently dominates over all other uncertainties. 
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FIGURE 15: EFFECT OF UNCERTAINTY IN RATE CONSTANTS FOR Pu 

7.3 Pre-eguilibration time 

In column experiments, the pre-equilibration time prior to injection is well defined, and hence, 

it is possible to predict the amount of metal that will enter the column bound in the non­

exchangeable form. However, in P.A.-type calculations it is very poorly defined. We do not 

know at present whether metals will emerge from the near-field already complexed to humic 

substances, or whether humic substances will be significant only after the metal has entered the 

far field. This area was identified as a potential source of uncertainty in earlier, preliminary 

sturlies (Bryan et al 1999b ). To investigate the effect, calculations were performed using the 

same parameters as for figure 14, but this time for the lab and natural cases, two sets of 

calculations were performed, the first with the exchangeable and non-exchangeable fractions in 

equilibrium (non-exchangeable site 'full'), i.e. the same as in figure 14, and the secend with the 

non-exchangeable site empty at the upper boundary. The results are shown in figure 16. 

The calculations show that the effect of this uncertainty depends upon the magnitude of the 

rate constants. For the lab rate constants, there is virtually no difference between the two 

situations, whereas for the natural system, there is. Ironically, the uncertainty in the magnitude 

of the rate constants means that we cannot be certain of the effect of this other uncertainty. 
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Given that the 'natural calculations' represent a more realistic representation of the real system, 

the results do suggest that, once the true rate constants have been de:fined, this uncertainty may 

become very signi:ficant. 
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7.4 Eguilibrium parameters 

350 

Although aspects of these systems require a kinetic description, there are other parameters that 

necessarily do not. For example, the interaction of the metal, both with the solid surface, and 

with the humic exchangeable site, which are treated here with equilibrium constants. The 

effects of variations in these parameters have been studied, and the results have been found to 

be surprisingly insensitive. Figure 17 shows typical results of test calculations: once again the 

'natural' system was used as the base case (plotted as symbols). A second calculation was 

performed, this time with the surface interaction constant (Ks, :figure 2) increased by a factor of 

ten, whilst the non-exchangeable constant (K.Eq, figure 2) was kept constant. In a simple 

equilibrium-only calculation, this change would have had a signi:ficant effect. However, the 

:figure shows that, in this case, there is almost no difference. Hence, we can see that 
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uncertainties in the equilibrium parameters are not expected to be significant compared to the 

uncertainties in the rate constants, and in the source term. 

1.0E+03 

1.0E+02 

1.0E+01 

1.0E+OO 
~ 

8 
Q 1.0E-01 
'E 
::s 

1.0E-02 

1.0E-03 

1.0E-04 

1.0E-05 

0 so 100 150 200 

Distance (m) 

250 

o BASECASE 

--TEST 

300 350 

FIGURE 17: SENSITIVITY OF RESULT TO EQUILffiRIUM PARAMETERS 

7.5 Effect offlow rates on sensitivity 

One of the most significant problems introduced by chemical kinetics is that flow rate becomes 

a critical parameter. Not only will tl.ow rate be a factor in the amount of migration, but it will 

also affect the sensitivity ofthe result to different parameters: i.e., an uncertainty that has very 

little impact at one flow rate may well become significant at a different rate. Because of the 

uncertainty in the magnitude of the natural rate constants, it is hard to mak.e concrete 

predictions about the exact impact of tl.ow rates. However, it is possible to demonstrate the 

likely effects. 

Calculations were performed for best and worst case scenarios. The best-case scenario used 

the fastest measured rate constant for any metal, assumed that the non-exchangeable site was 

empty at the upper boundary and that the temperature was 60°C. The worst case used the 

slowest measured rate, assumed that the non-exchangeable site was in equilibrium with the 

exchangeable at the upper boundary, and used a temperature of 20°C. Two sets of calculations 
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were performed over a distanee of 100m for two different flow rates; lxl0-4 and lxl0-6 ms-1
. 

The results (T=0.5) are shown in Figures 18 and 19. 
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FIGURE 18: BESTAND WORST CASE SCENARIOS FOR VH = lxl0-4 ms-1, T = 0.5. 

The faet that there is a signifieant differenee between the best and worst ease seenarios is not 

surprising: that is expeeted. However, the most signifieant result here is that the differenee 

between the best and worst ease seenarios depends upon the flow rate, and is greatest for the 

slower (probably more realistie) flow rate. Here, we have ehosen overallbestand worst ease 

seenarios for all metals, based on eurrent data, and therefore, the effeet shown here is the 

maximum eurrently expeeted. That said, similar, ifless pronouneed, behaviour will be observed 

for any sensitivity study where either the coneentration or the desorption rate eonstant of the 

non-exehangeable site are affeeted. 
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8. CONCLUSIONS 

This report has focussed mainly upon sources of uncertainty, and those areas where we still 

have insufficient data. However, it is important not to loose sight of the !arge amount of 

progress that has been made over . the last few years. Three years ago Iabaratory column 

experiments could not be modelled, and the important processes controlling the behaviour of 

the system were not known. We were still using simple equilibrium transport codes to attempt 

to reproduce the observed behaviour, and failing. We can now model column experiments, and 

more than that, for the first time we have a model that can explain both batch and column 

experiments using the same parameters. We know that burnie kinetics are vitally important in 

controlling the behaviour of metal-humate interactions. The problern is that this new 

understanding has lead to new questions and new uncertainties. However, the new 

uncertainties are different in character to the previous ones. The most important difference is 

that we can now identify precisely what parameters are not sufficiently well defined, whereas 

before, we simply did not understand how the system worked. 
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More research is required in order to reduce the remaining uncertainty. In particular, it is 

crucial that the true values ofthe rate constants observed in the environment are determined. In 

the mean time, the only conservative approach is to assume that the non-exchangeable metal is 

irreversibly sorbed. When the true rate constants have been positively identified, we have 

presented a methodology that will be able to take them into account. 

At present, the uncertainty in the rate constants is dominating the system. However, when that 

is resolved, the uncertainty in the source term will probably start to dominate. It will be more 

diffi.cult to remove this area ofuncertainty, because it is likely to vary from case to case. 

The general conclusion of this work is that burnie substances are expected to have a significant 

impact upon the transport of actinides, fission products and other toxic metals in the 

environment. 
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Abstract 

The influence of burnie substances on the interaction between europium and selected mineral 
surfaces has been investigated at neutral pH (6-7). The minerals included were y-alumina, in the 
form of boemite, kaolinite, in its sodium form, and goethite. lt appeared that in all cases the 
presence of burnie substances in solution significantly reduced the sorption of europium to the 
mineral surfaces. The investigations comprise the temary mineral (S) - burnie substances (HS) -
europium (Eu) system and three different starting conditions, i.e. the reaction systems HA-Eu+ 
S, HA-S +Eu and Eu-S +HA, respectively, were studied. lt tumed out that the amount of 
europium bound to each mineral surfaces at equilibrium is independent of the starting conditions, 
i.e. identical equilibrium situations are reached. However, the equilibrium situation apparently is 
reached somewhat more slowly in the case of boemite compared to kaolinite and goethite. 

Introduction 

Humic substances interact with polyvalent metal ions and organic pollutants thereby altering the 
migration and sorption properties of the ions and pollutants (Carlsen, 1989, 1992; Randall et al., 
1996). In addition the interaction between burnie substances and mineral surfaces may also play a 
crucial role in determining the fate of pollutants in e.g. the soiVground water system due to 
significant changes in surface characteristics as a consequence of the surface coating with organic 
material (Haas and Horowitz, 1986; Keoleian and Curl, 1989; Takahashi et al., 1996; 
Kretzschmar et al., 1997, Takahashi et al., 1999). The sorption of metal ions to mineral surfaces 
has been described in numerous reports (cf. Bo and Carlsen, 1981). In the case of europium these 
interactions can be described by the reactions summarized in Fig. 1, where HS denoted burnie 
substances, Eu is europium ions and ~ a binding site on a mineral surface. The above equations 
represent a complex chemical system and in order to simplify this system, usually, only one or a 
maximum of two of the above equations are experimentally investigated at a time. 
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1 : ~ + HS <=> ~ -HS 

2: ~ + Eu <=> ~ -Eu 
3: HS + Eu <=> HS/Eu 

4: ~ + HS/Eu <=> ~ -HS/Eu 

5: ~ -HS + Eu <=> ~ -HS/Eu 

6: ~-Eu+ HS <=> ~ + HS/Eu 

7: ~ -HS/Eu + HS <=> ~ -HS + HS/Eu 

8: ~ -HS/Eu + Hs• <=> ~ -Hs• + HS/Eu 

Figure 1: Reactions involved in the ternary system. Mineral surface {~). Humic Substances (HS) 
and Europium ions (Eu) 

Wehave previously studied the interaction between burnie acids and various minerals (Carlsen et 
al., 1995a, 1995b, 1999; Lassen et al., 1996). In the present paper we report on the reactions 4, 5 
and 6 (Fig. 1), in all cases, however, HS is present in excess corresponding to the natural situa­
tion. 

Experimental 

The study have included 3 mineral, i.e. y.alumina, Na-kaolinite and goethite. Characterization of 
the mineralswas performed by X-ray diffraction using a Siemens D5000 diffractometer. 

y-alumina (Al20 3) was purchased from Hopkin and Williams Ltd, UK ("CAMAG M.F.C., 100-
250 mesh), and used without further purification. 

Based on diffractometry the 1alumina was characterized as boemite (y-alumina monohydrate: 
AIOOH). The sample investigated contained probably minor amounts of an amorphous material 
as indicated by a relative high background in the diffractometric investigation. 

The specific surface area ofthe y-alumina used was found tobe 144 m2/g. 

Preparation of Na-kaolinite: 
Kaolinite on Na-form was prepared by washing kaolinite with 1M NaCl for 1 hour. The kaolinite 
was subsequently isolated by centrifugation and washed with 10-3 M NaCl 4 x 1 h corresponding 

354 



to equilibrium (i.e. no change in the aqueous concentration), isolated by centrifugation and filtra­
tion. The final product was air-dried and stored in a closed container. 

Based on diffractometry the identity of Na-kaolinite was verified. Based on the diffractometric 
study it appeared that tbe sample investigated contained minor amounts of a mica mineral, 
probably muscovite (white mica). 

The specific surface area of the Na-kaolinite used was found tobe 6 m2/g. 

Pieparation of goethite: 
A solution of 1 M Fe(N03) 3 was added 5 M KOH (ratio 1: 1.8) under stirring. The solution was 
diluted approximately 5 times with water and left for a minimum of 60 b at 70°C. During this 
period ferrihydrite was converted to goethite. The precipitate was isolated by centrifugation and 
wasbed witb water until tbe supematant was colorless. Tbe goethite was isolated by 
centrifugation and air dried. Tbe final product was the pulverized and stored in a closed 
container. 

Based on diffractometry the identity of the synthesized goethite was verified. The sample investi­
gated appeared to be virtually pure goethite. 

The specific surface area of the goethite used was found tobe 34 m2/g. 

Humic acid solutions: 
Stocksolution of burnie acids: 1.000 mg/L burnie acids (obtained assodiumsalt form Aldricb 
Co.) were dissolved in water and filtered througb a 0.45 J.liil filter. pH was adjusted to a pH of 6.4 
with 0.1 M HCl. 

Humic acid solutions, in the appropriate concentrations, were made by dilution of the stock solu­
tion of the burnie acid in 0.01 M NaCl, pH 6. 

Tbe concentrations in the burnie acid solutions were determined by electronic absorption spectro­
scopy at 400 nm. 

Europium solutions: 
Europium was applied as Europium nitrate (Merck). The variations in europium concentrations 
were followed, using 1521154Eu spiked solutions (in saturated sodium cbloride ), by ycounting 
(Kontron MR252 Automatie Gamma Counting System; Counting: 1 min.; 90-1500 ke V). 
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Sorption isotherms for burnie substances to the mineral surfaces in the presence of europium 
Humic acid solutions, in the concentrations of 0, 20, 40, 100, 200 400, and 600 mg/L, were 
brought into contact with 25 mg of the mineral in 5 mL aqueous solution (the concentrations of 
400 and 600 mg/L were only applied in the case of goethite). The mixtures were left for 6 days. 
Subsequently 0.1 mL 5.24 x 10-4M Eu in 1.1 M NaCI were added and the rnixtures was left for 
further 24 h followed by centrifugation, the eventual HS concentration in solution being 
determined. The concentration of HS sorbed to the mineral surface was determined by 
subtraction. 

Sorption isotherms for europium to the mineral surfaces 
Total Eu concentrations of 5, 10, 49, 204, and 979 J.IM, respectively were brought into contact 
with 25 mg of the mineral in 5.1 mL 0.01 M NaCI, pH 6. The mixtures were shaken for 24 h or 
35 days, respectively, followed by centrifugation, the eventual Eu concentration in solution being 
determined. The concentration of Eu sorbed to the mineral surface was determined by 
subtraction. 

Europium sorption in the temary system 
The sorption of europium to the solid material was studied in three different approaches, corre­
sponding to different starting conditions as reflected in the reactions 4, 5, and 6, respectively 
(Fig. 1). Common for all three cases were a rnixing of 0.1 mL 1.1 M NaCI exhibiting a Eu 
concentration of 5.24 x 10-4M and 25 mg ofthe minerals and concentrations ofhumic substances 
of 0, 20, 40, 100, 400, and 600 mg/L, respectively, in 5 mL, the resulting Eu and Na 
concentrations being 10.27 JJM, and 0.03 M, respectively. 

Reaction 4: Mineral interaction with pre-equilibrated HS-Eu mixtures. 
Eu and HS in various concentrations were left for 8 d. The mineral was added, the mixture being 
further shaken for 24h or 5 d, respectively, followed by centrifugation. The resulting Eu concen­
tration in the supematant was determined. 

Reaction 5: Europiumsorption to pre-equilibrated mineral-HS mixtures. 
Mineral and HS in various concentrations were shaked for 6 days or more. Eu was added, the 
mixture being further shaken for 24h or 5 d, respectively, followed by centrifugation. The 
resulting Eu concentration in the supematant was determined. In the case of boemite prolonged 
experiments (40 days) were also carried out in order to obtain equilibrium. 

Reaction 6: HS sorption to pre-equilibrated mineral-Eu mixtures. 
Mineral and Eu were shaked for 24h. HS in various concentrations were added, the mixture being 
further shaken for 24h or 5 d, respectively, followed by centrifugation. The resulting Eu concen­
tration in the supematant was determined. The resulting Eu concentration in the supematant was 
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determined. In the case of boemite prolonged experiments (40 days) were also carried out in 
order to obtain equilibrium. 

Results and Discussion 

The sorption of humic substances (Aldrich Humic acid) and europium (lll) to the three mineral 
surfaces was studied. Thus the minerals were left into contact with solutions of humic acids for 7 
days whereas the mineral-europium interactions were monitored following 24 h or 35 days of 
contact, respectively. In Figures 2 - 4 the resulting sorption isotherms are depicted. 

The sorption of humic substances to the minerals has previously been studied (Lassen et al., 
1996; Carlsen et al., 1999). The overall picture developed in the present study are in agreement 
with those obtained in our previous investigations. Thus, the presence of europium only caused 
minor changes in the HA sorption. 
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Figure 2: Humic acids sorption isotherms to kaolinite, goethite and boemite in the presence of 
europium following 7 days contact time. 
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Figure 3: Europium sorption isotherms to kaolinite, goethite and boemite following 24 h contact 
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Figure 4: Europium sorption isotherms to kaolinite, goethite and boemite following 35 days 
contact time. 
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It is immediately seen that in the case of goethite and boemite the equilibrium situations were 
virtually reached following 24 h of contact time, whereas an approximate increase in europium 
sorption to kaolinite was noted following 35 days of contact time compared to a contact time of 
24 h, only. In the temary systems contacts times for the single systems for 24 h and 5 days, 
respectively, and in the case of boemite in addition 40 days, before measuring the eventual 
europium concentrations in the supematants. In the following the single ternary systems, 
corresponding to reactions 4, 5 and 6 (cf. Fig. 1), are treated separately for each mineral. 

Kaolinite 

In Table 1 the percentage of Eu(ID) sorbed to kaolinite are shown for the reaction system HA-Eu 
+ S (reaction 4), HA-S +Eu (reaction 5) and Eu-S +HA (reaction 6), respectively. 

lt is immediately noted that the equilibrium situation in all three cases virtually is reached 
following 24 h contact time as only minor increase in the amount of sorbed Eu(ITI) was noted 
following 5 days contact time. 1t is further noted that the amount of Eu(Ill) in solution at 
equilibrium appears virtually independent of the actual starting conditions. 

Table 1 a: Percentage of Eu(lll) sorbed following 24 h contact time with kaolinite as function of 
Humic Acid concentratlon ( /L) mg 

[HA] HA-Eu+S HA-S+Eu Eu-S+HA 
0 93.4 93.4 93.4 
20 92.0 93.8 90.6 
40 40.7 48.5 46.7 
100 17.5 16.8 

Table 1 b: Percentage of Eu(lll) sorbed following 5 days contact time with kaolinite as function of 
Humic Acid concentration (mg/L) 

[HA] HA-Eu+S HA-S+Eu Eu-S+HA 
0 93.4 93.4 
20 96.5 95.7 
40 46.4 51.8 49.3 
100 18.4 18.1 18.4 

Goethite 

In Table 2 the percentage of Eu(ID) sorbed to goethite are shown for the reaction system HA-Eu 
+ S (reaction 4), HA-S +Eu (reaction 5) and Eu-S +HA (reaction 6), respectively. 
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Table 2a: Percentage of Eu(lll) sorbed following 24 h contact time with goethite as function of 
H . A "d t . ( /L) um1c Cl concen rat1on mg, 

[HA] HA-Eu+S HA-S+Eu Eu-S+HA 
0 99.9 99.9 99.9 
20 99.7 99.5 99.9 
400 84.9 79.4 85.9 
600 67.3 61.4 71.7 

Table 2b: Percentage of Eu(lll) sorbed following 5 days contact time with goethite as function of 
. ( I ) Humic Acid concentrat1on mg L 

[HA] HA-Eu+S HA-S+Eu Eu-S+HA 
0 99.9 99.9 
20 100 99.8 99.8 
~00 88.6 80.5 87.3 
600 71.1 62.9 71.6 

As was the case with kaolinite (vide infra) it appears that the equilibrium Situation in all three 
cases virtually is reached following 24 h contact time, although a slight increased sorption was 
noted following 5 days contact time in the HA-Eu+ S (reaction 4) reaction system, probably 
reflecting the decreased affinity, measured as J.Imollm2

, for sorption of Eu(III) to goethite 
compared to kaolinite (cf. Fig. 2 and 3) and thus the ability to compete with the humic acids for 
the europium. Likewise it is noted that the amount of Eu(ID) in solution at equilibrium appears 
virtually independent of the actual starting conditions. 

Boemite 

In Table 3 the percentage of Eu(ID) sorbed to boemite are shown for the reaction system HA-Eu 
+ S (reaction 4), HA-S +Eu (reaction 5) and Eu-S +HA (reaction 6), respectively. 

Table 3a: Percentage of Eu(lll) sorbed following 24 h contact time with boemite as function of 
. A "d t f ( /L) Hum1c Cl concen ra 1on mg, 

[HA] HA-Eu+S HA-S+Eu Eu-S+HA 
0 99.9 99.9 99.9 
20 73.0 99.8 91.9 
[40 62.2 71.5 85.0 
100 43.2 44.3 77.2 
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Table 3b: Percentaga of Eu(lll) sorbed following 5 days contact time with boemite as function of 
H . A 'd t t' ( /L) UffiiC Cl concen ra 1on mg, 

[HA] HA-Eu+S HA-S+Eu Eu-S+HA 
0 99.9 99.9 
20 95.6 98.8 
40 85.3 83.0 89.9 
100 62.7 62.0 73.9 

In the case of boemite it is noted that in the cases of HA-Eu+ S (reaction 4) and HA-S +Eu 
(reaction 5) a distinctly increased sorption prevails following 5 days contact time compared to 24 
b contact time, wbereas in the case of the Eu-S + HA system, this effect was not be found. It 
further appears, assuming identical equilibrium Situations independent of the starting conditions, 
as noted in the case of kaolinite and goethite, that the two mentioned systems (reactions 4 and 5) 
the equilibrium situation is not reacbed completely even after 5 days contact time, wbereas 
equilibrium was noted following 40 days contact time. 

In order to explain these observations we turn to the sorption isotherms (Fig.'s 2- 4). First of all 
it can be noted that both in the case of HA sorption and Eu(ill) sorption the affmity, measured as 
function of specific surface area, of boemite is significantly lower than is the case for kaolinite 
and goethite. Consequently the elimination of Eu from the strong HA-Eu complex (Carlsen, 
1989) by the boemite surface (reaction 4) will be kinetically unfavorable. In the case of reaction 
5, i.e. the HA-S + Eu system, the reason may be sougbt for in the fact that probably the sorption 
of HA and Eu(III) to the surface involves the same sites, such as S-OH. Thus, the Eu will sorb 

only slowly due to the Iack of available free sites. On the other band in the case of reaction 6, i.e. 
the Eu-S + HA system, the formation of the strong Eu-HA complexes can be expected to control 

the reaction rate, thus leading to a rapidly reacbed equilibrium situation. 

Conclusions 

Based on the above described investigations the following main conclusions can be drawn: 

1° The presence of burnie substances in solution significantly reduces the sorption of europium to 
the mineral surfaces. 

2° The amount of europium bound to the mineral surfaces involved in the present study at equili­
brium is independent of the starting conditions, i.e. reactions 4, 5 and 6 Iead to identical equili­

brium situations. 
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3° The equilibrium situation apparently is reached more slowly in the case of boemite compared 
to kaolinite and goethite. 
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Annex 19 

152Eu Migration Experiments with Different Sediments and Flow-Velocities 
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Objectives 

The objectives are to detennine the humate mediated migration behavior of lanthanide and 
actinide ions in non-tenacious loose sediments of variable grain size. For this purpose, columns 
experiments are carried out with different sediments and groundwater flow-velocities. Prior to 
performing migration experiments, columns were conditioned with groundwater over several 
months (Klotz, 1999). All migration experiments of 152Eu have been carried out with the humic 
rich Gorleben groundwater Gohy 2227. 

Experimental 

Five columns with non-tenacious loose sediments of varying grain size from Lower Saxony 
(Gorleben) and Bavaria (Domach and Oberpfalz) were prepared and installed in an inert gas 
box (Klotz and Wolf, 1998). Properties of these columns are described in Klotz (1999). The 
152Eu migration experiments were carried out at different flow velocities (filter velocities v r) of 
approx. 0.008 to 0.88 m/d The 152Eu spiked humate solution (0.37 MBq) were conditioned 
for at least three months prior to migration experiments. Preconditioning was done for six 
weeks with a synthetic groundwater, followed by conditioning for 37 weeks with the 
Gorleben groundwater Gohy 2227 (flow velocities vr about 2xl04 cm/s = 0.2 m/d). Tracer 
experiments (tritiated water) were used to monitor the hydrological properties during condi­
tioning (Klotz 1999) . 

Results and Discussion 

The migration results are presented in Table 1 and include also the migration experiment carried 
out with a flow velocity Cvr) of approx. 0.20 m/d (Klotz, 1999). The results show that Eu 
humate is transported more or less without retardation (mean retardation factors 0.95 to 1.08). 
The recovery as a measure of the physical migration of the Eu humate particles decrease with 
lower flow velocity or higher residence time of 152Eu in the column, respectively. If the 152Eu 
recovery is plotted vs. the 152Eu residence time in the columns (Fig. 1 ), it is shown that after a 
fast decrease within the first hours a relatively slow decrease in 152Eu recovery follows (fast and 
slow kinetics ). A good approximation of the measured data is possible with a kinetic model ( cf. 
Schüßler et al. 1998 and Geckeiset al. 1999) assuming two first order reactions with fast and 
slow kinetics for the loss of 152Eu from the solution (eq. 1). 

152Eu recovery [%] = F1 exp(-K1 t) + F2 exp(-~ t) (1) 

In this equation F 1 and F 2 are two estimated fractions of the Eu-humate colloids (given in %) 

which dissociate with two different reaction rates K1 and K2 (given in h-1
). The estimated 

parameters for some different column experiments are summarized in Table 2. The results of 
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the estimations show, that all data of the column experiments can not be modelled with one set 

of parameters but with individual parameters for each column experiment. The minor fractions 

F 1 (19 to 32 %) react with much higher reaction rates than the major fractions F 2 (68 to 81 %) 

and the reaction rates K 1 are more than one order of magnitude higher than the reaction rates 

~- This behavior can be explained by the Kinetically Controlled A vailability Model (Schüßler 

et al. 1998) together with an influence of the sediment type and surface on the kinetic parame­

ters. 

Table 1: Results of 152Eu migration experiments in columns with different sediments and 
flow velocities (filter velocities v1) carried out with the humic rich groundwater Gohy 
2227 

Column 1 2 3 4 5 vr (rnld) 

No.: 

Sediments 

Origin Domach/ Gerieben/ Gerieben/ Gerieben/ Oberpfalz/ 
Bavaria Lower Lower Lower Bavaria 

Saxony Saxony Saxony 

Type Sandy Fine sandl Finesand Medium Course 
pebbles/ II course sand sand 

gmvel I 

1s2Eu 85.5 82.9 83.1 83.1 91.9 0.88 
recovery 82.9 77.8 78.8 82.4 82.8 0.20 

(%) 75.3 74.2 >63.2* 79.3 79.8 0.04 
67.3 68.9 65.6 >62.7* 74.1 0.008 

Retardation 0.94 0.97 0.98 1.01 0.97 0.88 
factor 0.94 0.96 0.97 1.00 1.03 0.20 

1.07 1.02 1.06 1.08 1.13 0.04 
0.83 0.96 0.92 0.95 1.18 0.008 

Mean value 0.95 0.98 0.98 1.01 1.08 

* These data can be given only as minimum values due to possible losses durlog 152Eu injection 
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Fig. 1: 152Eu recovery vs. 152Eu residence time in different columns. 

Table 2: Estimated kinetic model parameters for some migration experiments. 

Column 1 2 5 10m 

No./Type: column 

Sediments 

Origin Domach/ Gorleben/ Oberpfalz/ Gorleben/ 
Bavaria Lower Bavaria Lower 

Saxony Saxony 

Type Sandy Fine sandl Course Finesand 
pebbles/ sand m 

gravel 

F1 [%] 23 24 19 32 

F2 [%] 77 76 81 68 

K1 [h-1] 0.88 0.31 0.15 0.09 

K2 [h-1] 0.0011 0.0002 0.0002 0.0006 
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Part 1: lntroduction and Summary of Characteristic Properties of Natural Humic 

SubstaDces 

(P .J. Hooker (BGS)) 

lntroduction 

The objeetive of the projeet is to provide the scientifie basis, models and eodes for predietive 
modeling of the impaet of humie eolloid mediated aetinide transport on the long-term safety 
of radioaetive waste disposal and eontaminated sites. For this purpose, a large number of 
designed and near-natural systems are investigated in order to provide input data and proeess 
understanding. In this eontext, eharaeterization of material used and adequate doeumentation 
of relevant properties is required. Charaeterization data are given in various eontributions 
within this and the two foregoing teehnieal progress reports of the projeet, as weH as in 
numerous publieations resulting from the projeet aetivities. In these individual eontributions 
not all eharaeterization data are given. Furthermore, these data are seattered over a large 
number of papers. Therefore, in this section a summary of seleeted important data is given for 
humie substanees and sediments/minerals used within the projeet. Below a summary of 
important eharaeteristie data for natural humie and fulvie aeids are diseussed. In seetion 2, 
principle eomponent analysis of eight natural humie substanees by NERI is given. In part 3, 
eharaeteristie data of natural and synthetie humie substanees and minerallsediment material 
by FZR-IfR are presented. Finally, in part 4, the generation and eharaeteristie properties of 
siliea gel eovalently eoated with humie acid and specifie funetional groups are found. 

Natural Humic Substances 

Most of the basie properties were measured by more than one method. Although the use of 
different methods was eneouraged, it was also important that some properties were 
determined on all the relevant humie materials using the same method. 

Within the projeet, aqueous fulvie and humie aeids were sampled and prepared from two new 
sites, namely the "Kleiner Kraniehsee" Bog in Saxony, Germany, and the Derwent Reservoir, 
Derbyshire, UK. In addition, other site-speeifie burnie and fulvie acids from the Gorleben 
groundwater Gohy-573 were used. Furthermore, purified Aldrieh burnie aeid was used for 
different investigations and serves as a referenee. 

The fundamental properties of the burnie and fulvie aeids sampled and studied under this 
projeet were determined. These included eiemental eompositions, traee impurities and the 
proton exehange eapacities of the earboxylie aeid and phenolie groups (Higgo et al. 1998; 
Sehrneide et al. 1998). The FZR group also eharaeterised the Derwent Reservoir fulvie aeid, 
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the Kranichsee fulvic and burnie acids and the Ald.rich burnie acid by means of FTIR 
spectroscopy and capillary zone electrophoresis (Schmeide et al. 1999). 

Results 

Tables 1 to 3 summarize the eiemental compositions, trace impurities and proton exchange 
capacities of the burnie and fulvic acids. Data for burnie material from Gorleben and Aldrich 
burnie acid are included in these Tables (Kim et al. 1990). The data show some significant 
variations. These reflect the very different origins of the burnie substances; the Derwent and 
Kranichsee materials were taken from surface waters whereas the Gorleben organics were 
collected from deep groundwater. See summary discussions in Buckau (1998) and Buckau 
(1999) for comments on the methods and results. 

Important parameters are the size distribution and molecular weights. Both the U.V. Scanning 
Ultracentrifugation method (carried out by Nick Bryan at Manchester University) and the 
Flow-Field Flow Fractionation (Flow-FFF) method (carried out by Ngo Manh Thang and H. 
Geckeis at FZKIINE) gave similar results for the Derwent fulvic acid. The derived size­
average value of - 4000 Dalton, relative to calibration standards used, for the Derwent FA is 
within the range expected for fulvic acids (see Higgo et al. 1998). Both techniques showed a 
wide size distribution of molecular size for the Derwent FA. This feature of size dispersion 
was also observed for the Gorleben fulvic acid (Gohy-573-FA) and burnie acid (Gohy-573-
HA) using gel permeation chromatography (Kim et al. 1990). The number-average molecular 
size of Gohy-573-FA (9400 Dalton), and Gohy-573-HA (9100 Dalton), were significantly 
higher than the Derwent FA value (2200 Dalton), reflecting differences in reference 
calibration Standards. 

Table 1. Eiemental compositions 

Element ~ulvic ~vic Fulvic ~ulvic IHumic IHumic lfumic lfumic IHmnie 
iDerwent ~anichsee ßohy-573 ~iterature IKranichsee ßohy-573 Wd.rich IAidrich ILiterature 
~ f+- * * + * * r+- * 

~ (wt%) f49.1 ~8.8 ~7.2 ~0-50 49.9 ~6.3 ~5.2 ~8.7 50-60 
[II '1.2 ~.6 f4.9 f4-6 3.5 f4.52 ~48 ~_.3 4-6 

~ 0.6 0.6 1.14 1-3 1.8 1.69 0.32 0.8 2-6 
~ 0.32 0.5 1.44 0-2 0.5 1.73 ~.33 4.1 0-2 
p 45.8 39.1 ß5.4 4±50 ~3.4 35.8 37.64 24.8 30-35 

IH!C 1.02 0.63 1.02 1.02 P.84 0.98 0.97 p.67 0.94 
PIC 0.69 0.60 p.46 ().51 Q.so 0.48 0.51 0.32 p.so 
4> Data from H1ggo et al. (1998); + Data from Sehrneide et al. (1998); * Data from Kim et al. (1990). 
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Table 2. Impurities (mglkg or ppm) 

Fulvic IFuivic IFuivic ~umic [Humic llumic Humic Humic 
Derwent iKranichsee Pohy-573 iKranichsee Pohy-573 Wdrich Aldrich Aldrich 
Reservoir fi- * fi- * furified Purified Unpurified 
cj> ft * * 

Na 36.1 10095 2196 1670 19.0 226 270 75 116 
K <12 701 324 36 
Ca <12 487 437 708 22.6 611 31.7 9 931 
Mg <24 87 44 35 4.0 19 5.6 698 
Al 61.3 41 149 39.3 93 35 2950 
Si 18.0 290 1196 656 68 137 15 3 333 
Fe 168 296 52.9 1 018 277 863 360 12207 
Co <2.4 0.24 2.5 0.33 2.5 
Ce 0.06 0.1 1.1 4.1 23.0 
Eu <0.12 0.01 0.05 0.24 0.66 
:fh 0.17 Not detected 0.23 2 7.4 1 1.53 2.0 
ru 0.05 2 4 2.2 1 0.23 0.65 
"'Data from Htggo et al. (1998); + Data from Schmetde et al. (1998).; * Data from Kim et al. (1990). 

Table 3. Proton exchange capaeitles of functional groups 

METHOD TOTAL Carboxylic Phenolic 
meq/g meq/g meq/g 

FUL VIC ACIDS 
~erwentFA cj> [l'itration and curve fitting 8.1 5.0 ß.1a 
~anichsee FA + ~a-acetate 6.05 
IK.ranichsee FA + !Radiometrie 8.82 ~.98 4.84 
Kranichsee FA + [l'itration ~.60 
Gohy-573FA * [ritration ~.70 

HUMICACIDS 
Kranichsee HA + Ba(OHh & Ca-acetate 10.17 f4.20 5.97 3 

Kranichsee HA + Radiometrie 7.75 ~.88 3.87 
Kranichsee HA + Titration f4.83 
Gohy-573HA * Ba(OHh & Ca-acetate ~.61 f4.75 1.86 3 

Gohy-573HA * Titration 5.38 
t\.J.drich HA * Ba(OHh & Ca-acetate ~.06 4.80 ~.26 3 

~drichHA * Titration 5.43 
~drichHA + Ba(OHh & Ca-acetate ~.12 4.41 ~.71 a 

~ldrichHA + Radiometrie ~.4 3.9 ~.4 
~ldrichHA + ;ritration 5.06 
• Calculated from the difference between the Totaland Carboxylic values. "'Data from Higgo et al. (1998). 
+ Data from Sehrneide et al. (1998). * Data from Kim et al. (1990). 
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Part 2: Characterization of Humic SubstaDces at NERI 
(L. Carlsen, M. Thomson and P. Lassen) 

The following information can be found in more detail in: 

M. Thomsen, S. Dobel, P. Lassen, L. Carlsen, B.B. Mogensen, and P.-E. Hansen, 
Investigation of the Complex Formation between Esfenvalerate and Dissolved Hurnic 
Matter of different Origin, Subrnitted. 

The origin of the eight burnie substances investigated is given in Table 1. A principle 
component analysis is conducted, based on data obtained by UV-VIS spectroscopy, size 
exclusion chromatography, 13C-NMR and eiemental analysis (Figs. 1-4). 

Table 1. Typesand origin of the Hurnic Substances used in this study. 
Humic Substances Names Origin 
BurnieAcid 

Puri:fied Aldrich HA Commercial 
Kranichsee HA From the raised bog, Kleiner Kranichsee, Saxony 
Gohy-573-HA(H)ll From groundwater in Gorleben 

Fulvic acid DE72 From Derwent Reservoir, Derbyshire, UK 
FA-surface -

Hurnic substances AldrichHA Commercial 
Gohy-573-HS-(H)ll From groundwater in Gorleben 
water pond HS From an artificial water pond at NERI, Roskilde 

The first principal components t1 and p1 

•Polarity descriptors: 
High contents of substituted aliphatics (amino groups, carbohyd.rates), carboxylic acidsfester 
groups and ketonic/aldehyde carbons, as weil as %0 and the (N+O)/C ratio are characteristic 
for burnie substances with high t1 scores (water pond HS, FA-surface, and Gohy-573-Hll). 

• Aromaticity: 
High aromaticity is quantified through the original variables: 272 nm absorptivity, 
aromatic/phenolic carbons, and %C. These descriptors are characteristic for burnie substances 
with high negative score values (Gohy-573-HAll, Purified Aldrich HA and Kranichsee HA). 
The E2/E3 values, i.e. the absorbance at 250 nm divided by the absorbance at 365 nm, as weil 
as the WC ratio have high positive loading values, i.e., are inversely related to the other 
aromaticity descriptors, further underlining decreased aromaticity of the fulvic acids with 
respect to the burnie acids. 
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• Average molecular weight: 
The E4/E6 ratio, i.e. the absorbance at 465 nm divided by the absorbance at 665 nm, is 
assumed to quantify the size distribution of the burnie substances, i.e., is inversely related to 
the average MW. Its high positive loading value is in agreement with an average MW of 
fulvic acids significantly smaller than the average MW of burnie acids. 

The descriptor A(top2) is the area of the low molecular weight peak in the size exclusion 
chromatogram. On the face of it the low molecular size fraction should be more predominant 
for fulvic acids than for burnie acids. However, the systematic variation in the area of the 
integrated low molecular weight peaks, are best described by the variation of the 272 nm 
absorbances of the burnie substances. 

The second principal components ~ and p2 

• Aliphatics: 
The high loading of the unsubstituted aliphatic carbon descriptor in p2 reflects high aliphatic 
contents of the fulvis acid FA-surface. HA Aldrich has the lowest content of aliphatic 
structures, in agreement with the well-known high aromatic content of this burnie substance. 

The most significant original variables of p3 are %N and the ketonic and aldehyde C 
descriptors. The third latent variable shows that DE72 and Kranichsee has the lowest content 
of nitrogen, and the DEP72 differ from the rest of the burnie substances by a significantly 
higher content of aldehyde/ketonic groups. 
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Figure 1. Scoreplot (~ versus t 1) ofthe burnie substances. 
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Figure 2. Load.ing plot ( P2 versus p1) for the humic substances explaining 40% and 18% of 
the total X-variance, respectively. 
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Figure 4. Loading plot ( p3 versus p1) for the burnie substanees, the third latent variable 
explaining 22% ofthe total X-varianee. 
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Part 3: Characterization of Natural and Synthetic Humic Substances, Rock Material 
and Minerals at FZR-IfR 
(K. Schmeide) 

lf not otherwise stated, then data given to Kranichsee humic and fulvic acid and Aldrich 
humic acid are from: 

Sehrneide K., Zänker H., Reise K.R., and Nitsche, R. (1998) Isolation and Characterization 
of Aquatic Humic Substances from the Bog 'Kleiner Kranichsee'. In: FZKA 6124, 
Wissenschaftliche Berichte, (G. Buckau, ed.). Forschungszentrum Karlsruhe, 161. 

Sehrneide K., Zänker R., Rüttig G., Reise K.R., and Bernhard G. (1999) Complexation of 
Aquatic Rumic Substances from the Bog 'Kleiner Kranichsee' with Uranium (VI). In: 
FZKA 6324, Wissenschaftliche Berichte, (G. Buckau, ed.). Forschungszentrum 
Karlsruhe, 177. 

and data for 14C-M1 are from: 

Pompe S., Bubner M., Sehrneide K., Reise K.H., Bemhard G., and Nitsche H. (2000) 
Influence of Rumic Acids on the Migration Behavior of Radioactive and Non­
Radioactive Substances under Conditions Close to Nature. Synthesis, Radiometrie 
Determination of Functional Groups, Complexation. Report: FZR-290, Wissenschaft­
lich-Technische Berichte, Rorschungszentrum Rossendorf. 

Kranichsee humic acid (HA) and fulvic acid (FA) were isolated from the mountain bog 
"Kleiner Kranichsee" near Johanngeorgenstadt. The isolation procedure is described in 
Sehrneide et al. 1998. The Kranichsee humic substances were primarily used for studies of the 
complexation with uranyl ions and for batch sorption experiments where the influence of 
humic acid on the uranium sorption onto the rockmaterial phyllitewas studied. The commer­
cially available natural HA from Aldrich (Steinheim, Germany) was purified according to 
Kim and Buckau (1988) and used for comparison. Furthermore, a 14C-labeled synthetic humic 
acid type M1 C4C-M1) was used. It is synthesized from xylose, phenylalanine, and [2-
14C]glycine (Bubner et al. 1998) and has a specific activity of 59 MBq/g. Its concentration in 
solution can be easily determined by liquid scintillation counting (LSC). Furthermore, it is 
possible to determine directly the uptake of the 14C-labeled humic acid onto rock materials by 
LSC measurements after combustion of the samples. Therefore, this 14C-M1 was used for 
kinetic experiments investigating the sorption of uranium and humic acid onto rock materials 
and minerals. 

All humic acids were comprehensively characterized by different analytical methods. 
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I. Naturaland Synthetic Humic Substances 

I.a Ash and Moisture Content 

Thermoanalysis was used to determine the ash and moisture contents of burnie substances 

(Table 1) (TG/DTA thermoanalyzer STA 92, Setaram, Lyon, France). 

Table 1: Moisture and ash content in Kranichsee HA and FA, Aldrich HA and 14C-M1 

determined by thermoanalysis 

Sampie Kranichsee Kranichsee Aldrich 
HA FA HAa 

Moisture content [%] 7.8 6.4 7.95 
(up to l10°C) 
Ash content [%] 3.1b 2.0 0.5 
(up to 800°C) 

a Aldrich burnie acid, purified according to Kim and Buckau (1988). 
b The oxidation residue is of brown color, similar to Fe20 3• 

l.b Eiemental Composition 

14C-M1 

2.8 

0.7 

Carbon, hydrogen, nitrogen and sulfur were analyzed by an eiemental analyzer (Model 
CHNS-932, Leco, St. Joseph, MI, USA). The eiemental composition of the burnie substances 

is normalized to an ash- and moisture-free basis (100% organic components). The oxygen 

content is calculated from the difference to 100 % (Table 2). 

Table 2: Eiemental composition of Kranichsee HA and FA, Aldrich HA and 14C-M 1 in 

comparison to Iiterature data 

Element a Kranichsee Aldrich 14C-M1 Literature d Kranichsee Literature d 

[%] HA HA HA FA FA 

c 49.9 ±0.3 58.7 ±0.6 63.9 ±0.7 50-60 48.8 ±0.06 40-50 
Hb 3.5 ±0.4 3.3 ± 0.1 4.8 ± 0.3 4-6 2.6 ± 0.1 4-6 

N 1.8 ± 0.1 0.8 ± 0.1 5.3 ± 0.1 2-6 0.6±0.005 1-3 

s 0.5 ± 0.01 4.1 ±0.03 - 0-2 0.5±0.02 0-2 
oc 33.4 ± 0.3 24.8±0.6 22.5 ±0.5 30-35 39.1 ± 0.1 44-50 

HIC 0.84 0.67 0.90 0.94±0.12 0.63 1.02± 0.11 

0/C 0.50 0.32 0.26 0.50±0.03 0.60 0.51 ± 0.10 
• Calculated on an ash- and moisture-free bas1s (100 % organic components); b Corrected for water content of 
samples; c Calculated as difference to 100 %; d according to Stevenson (1982) 

386 



The Kranichsee burnie substances have a similar carbon and sulfur content. The hydrogen and 
especially the nitrogen content of the Kranichsee FA are lower than those of Kranichsee HA. 
A Iower nitrogen content of fulvic acids compared to that of corresponding burnie acids is 
also reported in the Iiterature (Aiken et al. 1985; Rhee 1992). 

The Kranichsee FA has a higher oxygen content than the Kranichsee HA and thus, a higher 
0/C atornic ratio. These values are typical of those compiied in the Iiterature (Stevenson 
1982; Kim et al. 1995). 

The Aidrich HA has a somewhat different eiemental composition than the Kranichsee burnie 
substances which can be attributed to its different origin. 

Tabie 2 also shows that the eiemental compositions of the anaiyzed burnie substances are 
simiiar to the average eiemental compositions of burnie substances given in the literature. 

The eiemental composition of 14C-M1 is also close to the average Iiterature values. 14C-M1 
does not contain suifur since suifur-free amino acids were used. The carbon and nitrogen 
content is higher and the oxygen content is slightly Iower than those of Kranichsee HA and 
AidrichHA. 

I.c Major Jnorganic Constituents 

Inorganic constituents of burnie substances were determined by atomic absorption 
spectrometry (AAS) and by inductiveiy coupied piasma mass spectrometry (ICP-MS). The 
Iow concentrations of inorganic components, listed in Tabie 3, show that the Kranichsee 
burnie substances were successfuliy purified. 

J.d Functional Groups 

The proton exchange capacity is determined by different methods. They are: 

Barium hydroxide method: The total proton exchange capacity (as sum of carboxylic and 
phenolic groups) is determined as the barium exchange capacity in alkaline medium (pH 
> 13). (Schnitzer and Khan 1972; Aiken et al. 1985) 
Calcium acetate method: The number of carboxylic groups is determined as the calcium 
exchange capacity in neutral medium (Schnitzer and Khan 1972; Aiken et al. 1985). 
The phenolic groups, as a measure of weak acidic groups, are calculated from the 
difference between the total acidity and the carboxylic group content. 
Direct titration: The content of proton exchanging functional groups that are deprotonated 
at the tuming point of the titration curve in the neutral pH range (Aiken et al. 1985). The 
values fall between the carboxylic group capacities determined by the calcium acetate 
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method and the total proton exchange capacities. lt is assumed that mainly the carboxylic 
groups and a small part of phenolic groups (acidic OH groups) are determined by this 
method. 
Radiometrie method: The carboxylic, phenolic OH and ester groups are determined 
radiometrically by methylation with [14C]-diazomethane according to the scheme shown 
in Figure 1 (Bubner and Heise 1994). 

The results of the different methods are summarized in Table 4. 

Table 3: Major inorganic components of Kranichsee HA and FA, Aldrich HA and 14C-M1 

determined by ICP-MS and AAS-F 

Element Kranichsee Kranichsee Aldrich 14C-M1 
HA FA HA 

[ppm] [ppm] [ppm] [ppm] 

Na 1670 ± 20 10095 ±268 226± 14 2451 ± 698 
Mg 35 ± 12. 87±2 19±3 206 ± 104 

Al 149 ± 21 41 ± 11 93 ± 18 204 ± 179 

K 324±40 701 ± 28 36± 15 

Ca 708 ±367 487 ± 130 611 ± 124 886± 604 

Cr 9±1 7±0.5 32±0.5 

Si 1780 ±467 786 ± 131 372± 61 205 ± 128 

Fe 1018 ± 30 296±20 863 ±40 <250 

Zn 16±4 40±27 n.d. 

Th 2±0.2 n.d. 1 ±0.1 

u 4±0.3 2±0.3 1 ±0.2 

n.d.: not detected 

According to the radiometric analysis, the total acidity and the carboxylic group content of the 
Kranichsee FA are only slightly higher than those of the Kranichsee HA. However, the 
carboxylic group content of the Kranichsee FA determined by Ca-exchange (6.05 meq/g) is 
much higher than the carboxylic group content determined radiometrically (3.98 meq/g). It is 
also higher than the proton exchange capacity determined by direct titration (5.6 meq/g). lt 
can be assumed that the carboxylic group content of the FA determined by Ca-exchange is too 
high. One reason could be an incomplete filtration of FA during the calcium acetate method 
because it may contain acidic OH groups (Stevenson 1982) or other acidic protons that could 
also take part in the Ca exchange. 
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Figure 1: Determination of functional groups of burnie substances by methylation 
with [14C]diazomethane (*C = 14C) (Bubner and Reise 1994) 

The Aldrich burnie acid contains more COOH and fewer phenolic OH groups than the 
Kranichsee HA. 

The amount of functional groups, and especially the amount of carboxylic groups, determined 
for 14C-M1 is lower than that of the natural burnie acids. 

I.e Capillary Zone Electrophoresis 

Kranichsee HA and FA, Aldrich HA and Dervent FA were studied by capillary zone 
electrophoresis (P/ACE 2050 Beckman Instruments, Palo Alto, CA, USA). Theseparation 
conditions of the measurements were: 

Buffer: 40 mM Na2HP04, 20 mM H3B03, pH 8.17; temperature 30 °C; Separation voltage 15 
kV, I: 84 JlA; detection 214 nm; 15 s injection by means of pressure; fused silica capillary, 57 
cm totallength, 50 cm effective length, 75 Jlm inner diameter. 

In Fig. 2, the electropherograms of the burnie substances are shown. The peak shapes of the 
different burnie substances are sirnilar but there are differences in their rnigration time and in 
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their UV absorption. The Ionger migration time of the Kranichsee FA compared to that of 
Kranichsee HA is caused by its smaller molecular size and its somewhat higher nurober of 
dissociated functional groups. This con.frrms the results of the functional group determination. 
That means, the Ionger migration time of Kranichsee FA is caused by its higher charge-to-size 
ratio. Furthermore, the FA shows a slightly higher UV absorption. 

Table 4: Functional groups of.Kranichsee HA and FA, Aldrich HA and 14C-M1 

Determination HumicAcid COOH+ COOH Phenolic OH 
method Phenolic OH 

[meq/g] 

Barium Kranichsee HA 10.17 ± 0.5 

hydroxide Kranichsee FA 

method AldrichHA 7.12 ± 0.25 

Calcium Kranichsee HA 4.20±0.17 5.97± 0.39 a 

acetate Kranichsee FA 6.05 ±0.31 

method AldrichHA 4.41 ± 0.11 2.71 ± 0.34 a 

14C-M1 1.34 ± 0.05 

Radiometrie Kranichsee HA 7.75 ±0.35 3.88 ± 0.41 3.87 ± 0.52 

method Kranichsee FA 8.82± 0.48 3.98 ±0.25 4.84±0.65 

AldrichHA 7.4 ±0.4 3.9 ±0.1 3.4 ± 0.4 
14C-M1 2.4 ± 0.1 

Direct Kranichsee HA 4.83 ± 0.18 
Titration b Kranichsee FA 5.60 ± 0.12 

Aldrich HA 5.06±0.17 
14C-M1 1.69 ± 0.10 

• Calculated from the difference of total acidity (barium hydroxide method) and carboxylic group content 
(calcium acetate method). 

b Proton Exchange Capacity 

Aldrich HA exhibits both a Ionger migration time and a higher UV absorption intensity than 
the Kranichsee HA. This can also be attributed to a higher charge-to-size ratio. Presuming that 
both HA' s have comparable molecular masses, a different amount of charge carriers must 
exist. According to the calcium acetate and the radiometric method, the COOH-content of 
Aldrich HA is higher than that of Kranichsee HA. Thus, the Ionger migration time of the 
Aldrich HA is caused by a larger amount of charge carriers. The higher UV absorption 
intensity could be caused by a greater number of UV-active groups (chromophores, such as 
conjugated double bonds, aromatic rings, phenolic functional groups). 

Comparing both fulvic acids, it becomes obvious that the peak: of Derwent FA is broader than 
that of Kranichsee FA. This can be attributed to a larger distribution of the charge-to-size ratio 
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of Derwent FA. Thus, the molecule fraction of the Kranichsee FA is more homogeneous than 
that of Derwent FA. Furthermore, the migration time of Derwent FA is slightly larger 
indicating a somewhat smaller molecular size and/or a higher amount of charge carriers due to 
a higher COOH content. The latter is confmned by COOH determinations. 
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Derwent Reservoir FA 

Cl) 
..0 
<( 4.0x10-3 
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0.0 

0 5 10 15 20 25 30 

Migration Time [min] 

Figure 2: Electropherograms of Kranichsee HA and FA, Aldrich HA and Derwent HA. 
Buffer: 40 mM N~HP04, 20 mM H3B03, pH 8.I7. 

From the electropherogram of the synthetic burnie acid type MI (not shown here) it is 
concluded that MI is more homogeneous (smaller charge-to-size ratio distribution) than the 
natural burnie acids. The shorter rnigration time of MI is explained by a smaller charge-to­
size ratio caused by a larger molecular size and a smaller number of dissociated functional 
groups. This corresponds to the lower total amount of functional groups as shown in Tab. 4. 
The larger molecular size of MI compared to Aldrich HA was also determined by size 
exclusion chromatography. 

l.f IR Spectroscopy 

The results of IR spectroscopy of Kranichsee HA and FA, Aldrich HA and Derwent FA (Fig. 
3) are discussed in detail in Sehrneide et al. I999. The IR absorption bands of MI (not shown) 
are characteristic of natural burnie acids. However, MI has a greater amount of mono­
substituted aromatic carbon structures than the natural burnie acids. These structural elements 

391 



are caused by the use of phenylalanine as precursor. The lower content of carboxylic groups 
of Ml is also visible in the IR spectra. 

1723 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber [cm-1
] 

Figure 3: IR spectra ofKranichsee HA (K-HA), Kranichsee FA (K-FA) and 
Derwent FA (D-F A) compared to Aldrich HA (A-HA) 

II. Rock Materials and Minerals 

The following overview of the characterization of rock materials and minerals used for 
steady-state sorption and kinetic sorption experiments is extracted from: 

Schmeide, K., Pompe, S., Bubner, M., Heise, K.H., Bernhard, G., and Nitsche, H. (2000) 
Uranium(VI) Sorption onto Phyllite and Selected Minerals in the Presence of Humic 
Acid, Radiochim. Acta. in press. 

The rock material phyllite, and the minerals quartz, chlorite, muscovite, albite and ferrihydrite 
were used for sorption experiments. 

The light-colored phyllite was obtained from the uranium mine 'Schlema-Alberoda' near Aue 
in Western Saxony, Germany. It was collected at a depth of 540 m. The phyllite is composed 
of 48 vol.% quartz, 25 vol.% chlorite, 20 vol.% muscovite, 5 vol.% albite, and 2 vol.% 
brownish opaqueous material, identified as Ti- and Fe-oxides (Arnold et al. 1998). 
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Quartz (Si02) was a commercially available fine-grained quartz (Merck, p.a.). Muscovite 
(KA12[(0H)iSi3Al010]), chlorite ((Mg,Fe)3[(0H)i(Al,Si)40 10]-(Mg,Fe,Al)3(0H)6) and albite 
(Na[A1Si30 8]) were obtained as geological specimen. The 63 to 200 f.1I11 grain size fractions of 
the solids were applied for sorption experiments. The chlorite fraction was smaller than 40 
f.liil. The specific surface areas, determined by the BET method, are 0.2 m2 /g for quartz, 0.2 
m2/g for albite, 1.4 m2/g for muscovite, 1.6 m2/g for chlorite and 4.0 m2/g for phyllite. A more 
detailed characterization ofthe minerals is given elsewhere (Arnold et al. 1998). 

Ferrihydrite (Fe20 3 • H20 (Dzombak and Morel 1990)) was precipitated from 1·1 o-3 M iron(III) 
nitrate solution by slowly raising the pH to 7 (Comell and Schwertmann 1996). This 
suspension was aged for 60 min before the pH was lowered to 5 and the ionic strength was 
adjusted to 0.1 M NaC104• The specific surface area offerrihydrite is 600 m2/g (Dzombak and 
Morel1990). 
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Part 4: 

Silica Gel Coated with Humic Acid and Speciflc Functional Groups at GERMETRAD 
(C. Barbot and J. Pieri) 

Humic acid coated silica gel is generated by covalent binding of purified Aldrich humic acid 
on activated epoxy silica. This system may be used to mirnie the interaction of actinides with 
surface bound humic acid. For the purpose of studying the actinide humate interaction, this 
system also allows for easy Separation between humic bound and free ions. Different organic 
substances are also attached to silica gel by covalent binding in order to study the interaction 
of different surface bound functional groups with actinide ions. 

The coating process consists of two major steps, namely: 
-silanization of the silica surface by reacting with glycidoxypropyltrimethoxysilane 
-nucleophilic acid of the phenolic groups on epoxy silica groups. 

Synthesis of humic gels 

Humic acids puri.fication 

Humic acids, purchased from Aldrich on the form Na+ have been purified by the method of 
Kim [1]: 

Humic acid is dissolved in 0.1 M NaOH and 0.2 g/g HA NaF in order to remove the 
silicates. The mixture is reacted 10 min and the pH is decreased to pH 7 with 6 M HCI, to 
prevent humic acid from degeneration by oxidation in contact with air oxygen. 
Humic acid is precipitated at pH 1, by acidification with 6 M HCI, and the supematant is 
removed after centrifugation at 10 000 g for 30 min. 
Humic acid is redissolved in 0.1 M NaOH and precipitated again (pH 1). 
After three cycles of precipitation!redissolution, humic acid is washed with several times 
0.1 M HCL 
The purified and protonated humic acid is freeze-dried. 

Epoxy activation of silica 

Silica Sorbsil C500 40/60H, BET surface 320 m2/g, pore volume 1.5 mL, is used as support 
for grafting glycidoxypropyltrimethoxysilane. After covalent binding, the epoxy gel is washed 
with organic solvents. 

Humic acids grafting procedure on silica 

Humic acid is washed with distilled water and dried. 
In a Petri dish, epoxy silica is covered by humic acids solution dissolved in an organic 
solvent and dried at ambient temperature for at least 60 h. 
Humic gel thus obtained is washed with 0.1 M Tris and slightly acidic distilled water to 
remove physically adsorbed HA. 
This grafting procedure is repeated once again. 
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Characterization of the coated phases 

Elementary analysis is performed at CNRS Vemaison. 
I.R spectra are conducted on a IRTF Nicolet 510, detector DTGS window KBr, separatrice 
Ge/KBr, assisted by NICIR program for Mac. Spectra are recorded at a resolution of 2 cm-1

, 

averaging 200 scans. 

BET surface was measured on ASAP 2010. 

The proton excbange capacity of the burnie gel is examined by pH titration with 0.1 M NaOH. 
Tbe titration is performed with a Metrohm 726 titrator system. Prior to the titration, tbe 
electrode is calibrated with pH 4, 7 and 10 buffer. In a 100 mL vessel, burnie gel is added to 
50 mL 0.1 M NaC104• The vessel is sealed and Ar is bubbled into the solution for 1 bour prior 
to equilibration. The 0.1 M NaOH titrant is added in 0.05 mL increments every 10 minutes. 

Original Aldrich HA 
(Na form) 

4000 

Purified Aldrich HA 
(H+ form) 

3000 2000 1000 
Wavenumber (cm-1) 

Fig 1: IR spectra of non-purified Aldrich humic acids on the form Na+(dashed line) 
and purified humic acids (solid line) 
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Characterization of humic gel 

The elementary composition (C: 54.24 %, H: 4.9 %, N: 0.7 %) and IR spectra (Fig. 1) of the 

purified burnie acid show that purification was successful (cf. Kim 1998). 

Two burnie gels with different burnie acid surface coating density were obtained (6.75 and 
12.9 mg HA/g resin). 

The pure silica original material has a BET surface of 320 m2/g. After silanization as well as 
burnie coating, the BET surface is 91-93 m2/g. 
The proton exchange capacity (PEC) of the two burnie gels was measured by potentiometric 

pH titration. From the frrst derivative of the titration curve, average values of PEC are found 
tobe 2.90 10"2 meq/g and 7.12 10"2 meq/g gel, for the 6.75 and 12.9 mgHA/g gel, respectively. 

Synthesis of selected molecules on silica gel: 

Silica gel coated with selected molecules were prepared to mirnie different functional groups 

expected to be important for burnie acid metal ion interaction. These gels are schematically 
described in Fig. 2 and some important properties are given in Table 1. An amino silica is 

reductively alkylated with an excess of glutaraldehyde. The use of cyanoborohydride reduces 

the intermediate Schiff base and then the product is reacted with the small molecules by the 
way of their amino groups for coupling. 

SilicaGel ' Bridge Active Surtace Groups 

-Si ,: 

I\· ~ 0 o o:- S• - (CH2b - NH - (CH2)4 ~H ~ II OH 
1/ . ' 

--Si :. 

p-aminophenol 

I 
tyramine 

zNH- CH - CH2- COOH 
. I 

aspartic acid 

COOH 

Fig. 2: Silica gels with specific functional group coating (GERMETRAD). 
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Table 1 : Properlies of silica gels with specific functional group coating (GERMETRAD). 

~ 
Aminophenol Tyramine Aspartic acid 

BET Surface area ( m2/ g) 263 227 282 

Carbon content in coating (%) 15.3 16.3 14.7 

Surface coating (mg/g gel) 76.1-106 109-151 85.7-119 

Moleeule surface density (JLmol/m2 ) 1.55-1.83 1.76-2.07 1.43-1.69 
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