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Foreword |

We have made further progress in achieving the Institute’s goal of contributing to an improved understanding of
radionuclide transport in the environment through basic and applied research. We are describing the radionuclide
interactions in ground and surface waters on a molecular level by closely combining laboratory and field experi-
ments with modeling. Our interests focus on the interactions of radionuclides on interfaces between the aqueous
phase and geological materials such as rocks, soil, and minerals, and on the effect of these interactions on
radionuclide transport. We are studying in particular speciation in solution, sorption on geological material,
microbial interaction, and the formation and distribution of colloids.

We are very happy and proud to report two major achievements of the Institute. First, the Rossendorf Beam Line
(ROBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, was officially opened in June
1898 and is now fully operational. ROBL EXAFS measurements with uranium, neptunium and technetium
confirmed the beamline’s superb performance. A collaboration at ROBL was successfully initiated with the Paul
Scherrer Institute (PS}), Switzerland. And second, the Radiochemical Laboratory Building at Rossendorf was
commissioned. Major parts of the Institute have moved to the new laboratories where neptunium was already
successfully handled in the glove boxes.

We accomplished many new scientific results including the synthesis of C-14-labeled humic acid with a specific
radioactivity that is high enough to enable radiometric studies of these substances at environmentally relevant
concentration levels. Two different kinds of colloidal humic acid particles were identified by atomic force micros-
copy and photocorrelation spectroscopy that are in accordance with the random coil model. The influence of
phenolic hydroxyl groups in humic acids on the complexation of U(VI) was studied for the first time by using
designed humic acids with chemically blocked phenolic hydroxyl groups. The. laser-induced photoacoustic
spectroscopy is now fully established and was successfully used to show that a reduction of U(VI) to U(IV) occurs
in the environment under certain conditions.

The Institute organized three large conferences in the past year. The Vortragstagung der Fachgruppe Nuklear-
chemie in der Gesellschaft Deutscher Chemiker (GDCh) (conference of the Nuclear Chemistry Section of the
German Chemical Society) was held at the Technische Universitét Dresden in September, followed by the
Euroconference and NEA Workshop on Speciation, Techniques, and Facilities for Radioactive Materials at
Synchrotron Light Sources at Grenoble, France, in October and the Euroconference on Bacterial-Metal/Radio-
nuclide Interaction: Basic Research and Bioremediation in December in Rossendorf. The conference of the
German Chemical Society is held every four years and both Euroconferences will be organized again by the
Institute in two years.

This past year has also brought some changes to the Institute. Professor Nitsche has pursued a call from the
University of California at Berkeley and the Lawrence Berkeley National Laboratory. Beginning November 1, 1998,
Dr. Bernhard has assumed the role of Acting Director of the Institute. Professor Nitsche would like to take this
opportunity to express his gratitude to all members of the Institute for their excellent work and dedication that made
it possible, in just five years, to establish the Institute as an international player in the field of nuclear and environ-
mental chemisiry. He also would like to wish Dr. Bernhard and the members of the Institute the very best of luck
for the future and he hopes to maintain close ties in form of many future collaborations.

Dr. Bemhard would like to take the opportunity to thank Professor Nitsche on behalf of all members of the Institute
for his excellent and successful scientific work here in Rossendorf. Under his leadership the Institute has made
significant progress in achieving scientific results in the field of Radioecology and getiing an international reputa-
tion. All members of the Institute would like to wish him all the best for his further scientific work. We also would
like to continue our close collaboration in future.

We would like 1o thank the visitors, German and international, for their interest in our research and for their
participation in the Institute's seminars. We would also like to thank our scientific collaborators and the visiting
scientists for coming to Rossendorf in 1998 to share their knowledge and experience with us. We continue to
strongly encourage the collaborations and visits by scientists in the future.

Rossendord, January 1999

[ Yoo o oo b

Prof. Dr. Heino Nitsche PD Dr. Gert Bernhard



Foreword Il

This report describes the work performed and the progress achieved from January , 1998 to June, 1999.
Therefore, this report also contains the contributions of our Annual Report 1998 [Annual Report 1998, Institute of
Radiochemistry, FZR-247 (1999)].

In the last six month, remarkable progress was also achieved with regard to the Institute’s goal to contribute
through basic and applied research to a better understanding of radionuclide migration in the environment.

We have succeeded in elucidating several molecular processes such as the speciation of uranium [U(1V), U(V1)]
and neptunium in solution and the binding of uranium to organic materials, rocks, minerals and microorganisms.

In the field of uranium speciation, the uranium (IV)-phosphate complexation was studied for the first time by laser-
induced photoacoustic spectroscopy. Furthermore, we have investigated the complexation behavior of uranium
(V1) with various organic ligands. These organic compounds are the final products of wood degradation.

We have continued our study of neptunium complex formation in dependence on the oxidation state by X-ray
absorption spectroscopy and laser-induced photoacoustic spectroscopy.

Remarkable progress was achieved in the investigation of uranium sorption onto the rock phyllite. The surface
complexation constants of its main mineralogical constituents were determined by using the "Diffuse Double
Layer (DDL) Model” and the computer code FITEQL. Using the obtained data, the uranium sorption onto phyllite
can be better described.

Microbiological and genetic studies on soil and water samples from uranium mine and mill tailing piles showed that
various Bacillus isolates have a high accumulation rate for uranium and other heavy metals. For the first time we
were able to demonstrate a microdiversity between the strains of Thiobacillus ferrooxidans.

EXAFS investigations have been performed to analyze the coordination of uranium on the surface of various
Bacillus strains. The bond length values were compared with a multitude of uranyl reference compounds. As a first
result, a good agreement was found with the bond lengths of uranyl phosphates.

The Institute would like to thank all friends and organizations who have supported its progress.

Specific projects were financially supported by the Federal Ministry for Education and Research (BMB+F), the
Saxon State Ministry for Science and Art (SMWK), the German Research Community (DFG) and the Commission
of the European Communities.

We would like to thank all visitors and scientific collaborators for their interest in and support of our research,

e A

Dresden, July 1999 PD Dr. Gert Bernhard
Acting Director
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I. SCIENTIFIC CONTRIBUTIONS



Speciation and Migration of Radionuclides



A NEW RADIOCHEMICAL BUILDING FOR THE INSTITUTE OF RADIOCHEMISTRY
- CONSTRUCTIONAL AND RADIATION PROTECTION ASPECTS -

H. Friedrich, G. Bernhard, H. Nitsche

A new building devoted lo radiochemical work was commissioned in 1998. It is home to 24 radiochemical laboratories and
additional 10 rooms for technical service rooms. In accordance to the German Radiation Protection Ordinance (§3) we are
licensed fo handle 135 different radionuclides, including transuranium elements. The alpha-laboratories are equipped with glove
boxes allowing experiments with gram amounts of the actinide elements under ambient or inert gas atmosphere.

This new radiochemical building is designed for studying
the behavior of radionuclides such as uranium, thorium,
neptunium, americium, curium, radium, technetium,
carbon-14 and tritium, which are important for the envi-
ronment and for the life sciences.

The cover picture of this report shows a view on the
radiochemistry building (background) and the office
building complex (front). The laboratory building has 24
radiochemical laboratories and 10 service rooms

(rooms for short-term storage of solid and liquid radioac-
tive waste, and waste water, a room for safely storing
radioactive samples in special safes, a control room with
devices for measuring and signalization of safety and

Fig. 1: Frame structure of the building

radiation protection relevant data, a separate top floor
which houses all equipment for air conditioning, ventila-
tion and filtering). The building is constructed from pre-
fabricated standard room containers. The dimension of
such a container is 3.3 x 6.6 x 8.3 m (height x width x

Fig. 2: Inside a standard laboratory

length). Fig. 1 shows a photograph of this frame con-
struction during the building phase. Laboratories and
service rooms were installed in the first and second
floor, in the third floor all iechnique is located for air

treatment. The ventilation system guarantees an in-
creasing negative pressure gradient from the hall-ways
to the laboratories and from the laboratories 1o the glove
boxes and hoods. The laboratories (Fig. 2) are equipped
with 22 alpha-boxes, laminar-boxes, hoods, dish wash-
ers for cleaning glass-ware, refrigerators, and drying
cupboards. Glove box systems (Fig. 3) are installed for
handling gram amounts of various actinide elements
under air or inert gas conditions. Several boxes are fore-
seen for experiments under special gas atmosphere
(humidity, CO, content). Modem analytic methods are
established in the laboratories. These are nuclear mag-
netic resonance spectroscopy, different methods of

Fig. 3: View on alpha-glove boxes

laser spectroscopy, UV-vis/FTIR-spectroscopy, photon
correlation spectroscopy, field flow fractionation, equip-
ment for elecirochemical measurements, and ulira cen-
trifugation. Modern equipment for a-, B- and, y-spec-
trometry is also available.

All laboratories are connected to a central gas supply
station located outside the building. Up to four different
gases can be used in each laboratory at the same time.
All rooms are located in one controlled area. Radioactiv-
ity and the dose rate of the air are constantly monitored.
The exhaust air is automatically surveyed for tritium,
carbon-14, radioactive iodine, a-, B- and, y-activity in
aerosols. All safety related data are monitored by an
automated survey system.

The entrance system to the building is controlied by an
automated dosimetry system. This ensures a permanent
overview and radiation exposure record for the person-
nel. According to the licence given by the Saxon Minisiry
of Environment in March 1998, we are licensed to han-
dle 135 nuclides with a maximum of activity for each
nuclide of 10" Bq. Concerning the kind and number of
radionuclides, the permission for handling radioactivity
varies for each laboratory.



THE DEPARTMENT OF ANALYTICAL CHEMISTRY

W. Wiesener, D. Birnstein, K.Krogner

The quantitative determination of elements and components is an essential part of many research projects. The methods
available in the Department of Analytical Chemistry are used in close cooperation with the scientists.

Since 1998 the former Central Department of Analytical
Chemistry oft the Research Center Rossendorf is part
of the Institute of Radiochemistry and is involved in the
chemical and physico-chemical characterization of
many different types of samples coming from the Insti-
tutes’s scientific group.

Elemental analyses, especially at trace level, are con-
ducted out by ICP-MS (inductively coupled plasma mass
spectrometry), various techniques of AAS (atomic ab-
sorption spectroscopy) and for some light elements by
combustion followed by ion chromatography (IC), which
is also used for the determination of anions. The sum
parameters for adsorbable organic halogens (AOX) and
total organic carbon (TOC) are mostly the focus of in-
vestigation in environmental samples. Various methods
of thermal analysis and surface determination are also
used.

The samples cover a wide field, e. g. natural waters,
soils, biological and geological materials, substances
and solutions from basic research programs of the Insti-
tute. Various methods of sample digestion and sample
preparation are therefore applied. Besides the major
work for the Institute of Radiochemistry other institutes of
the Forschungszentrum Rossendotf are also assisted
with the analytical methods. Samples from the
Rossendorf territory are investigated if they meet the
requirements of environmental and radiation protection.
The AAS and AOX methods are used for commercial
samples of the Nuclear Engineering and Analytics
Rossendorf (VKTA).

Close interactions exists between the analysts and the
users of the analytical facilities. The requirements for the
specific samples, e. g., the purity of the vessels and the
chemicals used for preparation and often also the re-
sults of the analyses, are discussed. These discussions
result in a better understanding of the problems con-
cerning the scientific tasks and the specific requirements
for the analytical methods.

The variety of samples poses a permanent challenge to
the analysts. The matrices and main components often
interfere in various ways with the determination of minor
components or traces. ICP-MS measurements for ex-
ample, can be impeded by high acid and/or salt causing
not only an overioad of the mass detector, but also inter-
ference with the plasma itself and may form molecule
ions having the same mass as the elements to be deter-
mined. This leads to wrong results by pile up effects.
The influence of the matrix must therefore be corrected,
for example, by the standard addition method. Quality
conirol and quality assurance is carried out by measure-
ments of certified standard materials and participation in
inter-laboratory comparison studies.

in 1998 the following elemental analysis methods were
mainly performed for research projecis of the Institute:

- element determination of isolated humic acids;
- determination of heavy metals in humates;

- determination of heavy metals in geological materials
to investigate their exchange capacity;

- comparison of various humic acids for their complex
forming behavior with uranyl ions and arsenates;

- determination of element composition of calcium
uranyl carbonate related to their different syntheses
and characterization;

- determination of 36 elements in mining related water
samples as a basis for species calculations;

- determination of 16 elements in waters and sepa-
rated colloids from former mines in Saxony;

- determination of uranium and other metals to investi-
gate their interaction with microorganisms.

Other elemental analyses were carried out for the Insti-
tute of Bioinorganic and Radiopharmaceutical Chemis-
try, the Institute of Safety Research, the Institute of lon-
Beam Physics and Material Research, the Nuclear Engi-
neering and Analytics Rossendorf and the Institute of
Analytical Chemistry at Dresden Technical University.

More than 1,600 samples from the Institute of Radio-
chemistry were analyzed for anions (IC) and/or DOC/
TOC, often in close combination with the above-men-
tioned samples for elemental analyses. The analyses
were conducted for the following research projects:

- Colloid organic particles in mining related waters
(SMWK project);

- Characterization of colloid particles in water systems
of former mines in Saxony (DFG project);

- Interaction of radionuclides with anthropogenic and
natural organics;

- Colloid research.

These methods are also used for samples from the
Rossendorf territory (environmental protection).

The analytical results are integrated into scientific publi-
cations, e. g. Radiochimica Acta, J. Phys., Journal of
Applied Bacteriology.



THE NATURAL o-ACTIVITY OF CONCRETE CAUSED BY NATURAL URANIUM AND THORIUM
C. Nebelung, H. Nitsche

The measurement of low contaminations of a-active nuclides in concrete are of interest during the dismantling of nuclear
installations. The contamination levels are close to the level of the concrete’s natural radioactivity. Therefore the determination
of natural radioactivity levels in unconiaminated concrete are measured.

Experimental

Alpha-active nuclides in concrete can be measured by
a-spectrometry after mechanical preparation /1,2/. The
concrete is crushed in two steps. |t is first crushed with
a jaw breaker to 0.1 mm particles and then second wet
milled to 0.1 ym particles. The suspension is sprayed or
poured to thicknesses between 0.5 um to 2 ym onto
steel plates with 200 mm diameter. The samples are
measured in a grid ionization chamber (GIC).

Results

Fig. 1, 2, 3 show the GIC spectra of three uncontami-
nated concretes (columns) and the peakfitting functions
(lines). The measuring time was 20 h and the spectra
are corrected for background. The measured alpha-
activity is due to natural uranium and thorium and their
decay products. The Table shows the activity of differ-
ent nuclides that were detected in three different sam-
ples coming from construction concrete of the radio-
chemistry laboratory in Rossendorf (RCNS), the zero
energy research reactor in Rossendorf (RRR) and the
nuclear power plant in Greifswald (BGlI).

Nuclide specific a-activity Bg/g
RCNS RRR BGl
22Th 0.007 + 0.002 | 0.004 + 0.004 | 0.019 + 0.007
238 0.017 +0.003 | 0.039 + 0.008 | 0.030 + 0.007
20Th 0.019 =+ 0.005 | 0.047 + 0.012 | 0.056 + 0.005
24 /#25Ra [ 0.014 + 0.004 | 0.046 + 0.012 | 0.030 = 0.009
210pg 0.012 + 0.003 | 0.022 + 0.004 | 0.026 + 0.003
28Th 0.004 + 0.004 | 0.002 + 0.002 | 0.026 + 0.001
228N 0.009 + 0.003 | 0.020 + 0.007 0.024 +0.012
2‘Ra 0.012 + 0.002 | 0.006 = 0.004 | 0.020 + 0.005
218pg 0.007 = 0.003 | 0.022 = 0.004 | 0.016 + 0.004
#12j 0.011 £ 0.005 | 0.007 + 0.003 | 0.017 + 0.005
*0Rn 0.012 £ 0.002 | 0.007 = 0.003 | 0.022 = 0.001
216pg 0.015 +0.002 | 0.010 + 0.001 | 0.020 =+ 0.003
24po 0.011 £0.003 | 0.022 + 0.005 | 0.019 + 0.002
212pg 0.011 +0.002 | 0.006 + 0.001 { 0.014 = 0.003
all nuclides]0.162 + 0.020 | 0.261 + 0.023 | 0.339 + 0.018

The overall activity of these three concrete samples
varies by a factor of two. The activity of the "™Th- and
the "'U-decay products are nearly equal in the BGI and
RCNS concrete. For the RRR-concrete most of the
activity is caused by "™U and its decay products. We
have shown to 20 hours measuring fime are sufficient to
determine the a-activity of all nuciides in the concrete by

peak fitting the spectra with a Gaussian function and an
exponential tailing /2/.
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SEPARATION OF CONTAMINATED CONCRETE INTO FINE CEMENT AND ADDED PARTICLES

C. Nebelung, H. Nitsche

We separated contaminated concrete in fine-grained cement particles and coarse grained additive particles and found that
uranium and americium is mostly associated with the fine-grained particles of the concrete.

Experimental

in order to determine to which fraction of concrete radio-
activity binds the most, we treated the surface of con-
crete pieces with radioactive solutions. Two peaces
were treated with #*U (sample No. 1: 0.02 Bq g', sam-
ple No. 2: 2 Bq ¢g*) and two pieces with®' Am (sample
No. 3: 0.225 Bq g and sample No. 4: 0.222 Bq g) two
untreateted concrete pieces (sample no. 5 and 6) were
also used for comparison. The samples were decom-
posed into a fine cement fraction and into coarse
grained particles by two different methods except sam-
ple No. 6 which was not separated. Samples 1,2 and 3
were decomposed by heating to 700°C and then imme-
diately cooled in liquid nitrogen. Samples 4 and 5 were
decomposed by pulsed electrical discharge /1/. The
fine and coarse fraction were separated and prepared
for a-counting. The processing involved grinding to 0.1
mm and wet milling to 0.1 pm-sized particles which
were sprayed thin and evenly onto counting plates of
200 mm diameter. The a-spectra of the samples were
measured with a grid ionization chamber/2/.

Results

The table shows the measured specific activity of sam-
ples 1 to 6. The total activity of the other samples is the
sum of the activities of fine and coarse grained fractions
considering the percentages of the masses. The main
activity of the added actinides was found in the fine frac-
tion of the concrete. The total activity represents the
expected specific activity (added activity + concrete ac-
tivity without contamination).

No added specific activity in Bg g™
actinides [mass content in %]
inBgg’
fine coarse total
1 0.02 0.279+0.020 | 0.131+0.012 | 0.227+0.017
uU-233 [65.1] [34.9] [100]
2 20 2.830+0.061 | 0.729+0.036 | 2.004+0.051
U-233 [60.7] [39.3] [100]
3 0.225 0.56510.044 | 0.226+0.017 | 0.471+0.036
Am-241 [72.3] [27.7] [100]
4 0.222 0.678+0.052 _ _
Am-241 [57,2]
5 _ 0.185+0.012 | 0.205+0.021 | 0.197+0.017
[39.1] [60.9] [100]
6 N _ _ 0.191+0.018
{1001

Fig. 1 shows the a-spectrum of the coarse-grained parti-
cles and fig. 2 of the fine fraction (with the higher Am-
241 peak) of the concrete piece No. 4. Fig. 3 shows a
comparison with the unconiaminated concrete.
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ANALYSIS OF o - SPECTRA OF THIN CONCRETE SAMPLES

C. Nebelung, J. Henniger', G. Mann'
"TU Dresden, Institute of Physics of Radiation Protection

The direct alpha-spectrometry of thin and large-area concrete samples is a fast and accurate method for determining actinides
in concrete during the decommissioning of nuclear installations /1/. The calculation of the a- spectra depends on the structure
of the sample layers and the self-absorption of the a-radiation in these sources. Using the calculated peak shape, it is
possible to fit and deconvolute spectra of an unknown number and amount of actinides up to 0.02 Bq g’ for each nuclide.

The a-spectra of concrete samples of thicknesses be-
tween 0.62 and 5.0 pym differ from “massless” samples
after electrodeposition.
We used two methods to analyze the a-spectra:
1. Peak fitting with self-defined functions
This method is based on measuremeni of standard
concretes with added actinides. The peak shape, the
self-absorption and the effectivity of the a-spectrometer
(the grid ionization chamber) are determined depending
on the thickness of the layer. The peak shape is a
combined Gaussian (at the high energy side of the
peak) and exponential curve (towards low energies) /1/.
2. WINKRUM - a program using the calculation of the
radiation transport
These calculations consider a geometrical model of the
layers in agreement with the particle size distribution,
the packing density in the dried layer, the specific den-
sity, the thickness of the layer, the spectrometer param-
eter and the actinide energy. The calculations are per-
formed with the multi-purpose radiation transport model
2/
Results
The figures show measured (Fig. 1) and calculated o-
spectra (Fig. 2) of a 50 mg standard concrete. The
samples of a diameter of 20 cm and various masses
were measured for 20 h in the grid ionization chamber.
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Calculation of the thin-layer spectra by the peak-fitting
method shows good agreement with the doted activities
or the results by chemical analysis (Tab. 1).

. Doted Chem. .
Nuclide activity /3/ | analysis /3/ Peak fitting |WINKRUM
S'Np 16.4 16.6 15.3
23 18.3 17.9 17.4 82.7 36.2
21Am 9.0 9.2 9.1
28py 6.0 6.1 5.8 14.9 13.7

Tab. 1: Specific a-activity in Bq g

The calculation with WINKRUM (Fig. 3) yields a higher
activity for the peak at lower energies caused by a rela-
tively high zero efiect in this range. Peak shapes calcu-
lated by WINKRUM agree better with the measured o-
peaks than the calculaion using the self-defined peak
fitting curves. Further developments of the program
WINKRUM are planned to consider the zero effect and
the actual calibration of the spectra.
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Fig. 3: a-spectrum calculated by the program WINKRUM
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TAILING WATER HELMSDORF: pH TITRATION AND DETERMINATION OF SOLUTION SPECIES
G.Geipel, M. Rutsch, G. Bernhard, H. Nitsche

The tailing water Helmsdorf was studied by Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) to validate the
different uranium species at several pH values. In the pH range below 6.0, an increase of the fluorescence intensity was found.
Deconvolution of these spectra showed that the predominant species are in agreement with newer speciation calculations

including the uranyl arsenate species.

Uranium mill tailings play an important role in the as-
sessment of environmental contaminations from ura-
nium mining and ore processing activities. The tailing
water has a pH of about 9.6. A substantial change of the
pH due to dilution by rain water will not occur because of
the large volume of tailing water. However the relatively
small amounts of seepage water can easily undergo pH
changes due to changing of environment. Thus,
changes in speciation will occur when the pH of the tail-
ing water decreases. This speciation change is subject
of our studies.

We used the tailing water and added perchioric acid to
adjust the pH to the desired value. The solution was
always adjusted to a constant volume. The pH was
measured with a glass electrode (Ingold) and a pH me-
ter (WCW Weinheim).
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Fig. 1: Fiuorescence Spectra of tailing water as function of pH

We studied the pH range from 1.5 to 9.6. Fig 1 shows
the fluorescence spectra obtained with the TRLFS
setup, that was described earlier /1/. The fluorescence
intensity increases with decreasing pH and shows a
structure which is significant for most uranyl species.

We were able to deconvolute the measured spectra by
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Fig. 2: Deconvolution of the fluorescence spectrum of the tail-
ing water at pH 4.43

Mﬂ

using the data from model solutions containing only one
anion /1,2,3/. Fig. 2 shows the deconvolution at pH 4.43.
We determine itwo main species UO,HPO,,,, and
UO,HAsQO,,,,, and two minor species UQO,S0,,,, and
UO,(SO,).".

When we lower the pH to 1.5, the measured spectrum
changes only very little and the intensity decreases
slightly. The deconvolution of this spectrum shows an
important change in the composition of the different
uranyl species. The main fluorescence intensity is now
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Fig. 3: Deconvolution of the fluorescence spectrum of the tail-
ing water at pH 1.5

caused by the two sulfate species UO,S0,,,, and
UO,(S0,),” which cannot be deconvoluted by their
spectral properties /2/. A deconvolution is only possible
if one can include the fluorescence lifetimes of the ura-
nyl species. This was impossible because substances
are present in the tailing water, that quench the fluores-
cence of the different uranyl species. The other deter-
mined uranyl species at pH 1.5 are UO,[H,AsO,* and
UQ,[H,ASO, L, Because these two species show very
intensive fiuorescence properties, it is possible to detect
them even in such small amounts as predicted by the
speciation calculation. In summary we find very good
qualitative agreement between the measured fluores-
cence spectra at different pH values and speciation
calculations including the uranyl arsenate complex for-
mation.

A quantitative analysis of the uranyl species is at this
time still impossible due to quenching. Further studies
are planned to estimate the influence of quenchers on
the fluorescence of uranyl species.
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY
OF URANIUM MINERALS - PART I: EARTH ALKALINE URANYL PHOSPHATES

G.Geipel, G.Bernhard, H. Nitsche

The fluorescence properties of the minerals saleeite, autunite and uranocircite were studied by TRLFS. The fluorescence
lifetimes increase in this series. Changes in the main fluorescence emission bands beiween saleeite and the other two minerals
were also observed. This can possibly explained with the difference crystal lattice parameters of these minerals.

The minerals saleeite {Mg(UO,PO,), - 10 H,0], autuniie
[Ca(UOPO,),- 10 H,0] and uranocircite [ Ba(UO,PO,), - 8
H,0] are alkaline earth uranyl phosphates /1/. These
minerals differ only in the alkaline earth cation and in the
number of crystal waters. Saleeite (the mineral contain-
ing Mg) came from Capeterra, Italy, autunite (the Ca
mineral) and uranocircite {(the Ba mineral) were from
Saxony, Germany. All these minerals were on loan from
the Mineral Collection of the Mining Academy Freiberg,
Germany.

The fluorescence lifetimes increase from saleeite (2.2
+0.2 ps) to autunite (5.1 +0.3 ps) and to uranocircite
(30.5 +1.0 ps). This increase of the lifetime may have
two causes. First, the fluorescence lifetime is strongly
influenced by the structure and quality of the crystal
lattice. Monocrystalline minerals such as liebigite show
very long fluorescence lifetimes of more than 300 ps.
Second, the crystal water in the minerals acts as a
quencher of the fluorescence. The number of crystal
water molecules per unit decreases from ten in autunite
to eight in uranocircite. A less quenching can therefore
be expected. We assume that the sixfold lifetime in-
crease between autunite and uranocircite is due to this
decrease in water.

The main fluorescence emission bands are listed in
Tab. 1.

Mineral Fluorescence emission bands / nm

saleeite | 500.9 | 522.1 | 545.8 | 571.6 | 600.5

autunite | 504.1 | 524.2 | 547.9 | 574.1 | 604.7
uranocircife 503.1 | 524.1 | 548.0 | 574.0 | 604.8

Tab. 1: Fluorescence emission bands of alkaline earth uranyl
phosphate minerals

We found a wavelength shift of about 2.2 nm between
saleeite and autunite. The differences between autunite
and uranocircite are very small. This spectra look very
similar. Only the relative intensity of the first fluores-
cence emission is much more intensive in saleeite than
in autunite.

We calculated the wave numbers of the vibration in the
ground state from the band spacing of these three min-
erals.

The data for saleeite, autunite and uranocircite are
828 cm™, 825 cm™ and 820 cm. From these data, we
can calculate the relative axial U-O distance. A slight
increase of about 0.01 A in the U-O distance from
saleeite o uranocircite. This effect is is due to the in-
crease in the atomic radius of the alkaline earth metal
bound in the minerals.
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Fig. 1: Fluorescence spectrum of saleeite

1,5x10 -

u.

21,0107

5,0x10°

Intensity f A

0,0 .

550
Wavelength / nm
Fig. 2: Fluorescence spectrum of autunite

T
450 500

2,0x107 . - : T

1,5%107

1,0x107

Intensity / A.U.

5,0%10° -

0,0

450 500 550
Whavelength f nm

Fig. 3: Fluorescence spectrum of uranocircite
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY
OF URANIUM MINERALS - PART il: URANYL ARSENATES

G.Geipel, M. Rutsch, G.Bernhard, H. Nitsche

The Helmsdorf tailing waler forms various uranyl arsenate complexes at pH 5. Such arsenates can also be found as minerals.
Fluorescence measurements of lroegerite, novacekite and abernathyite showed a good agreement between the main

fluorescence emission bands.

We used the same equipment as in the other fluores-
cence studies of minerals. We applied only low laser
energies to the solid samples (< 300 pJ per pulse) to
avoid any damage to the minerals structure. Thus all the
laser energy was absorbed by the sample and the ac-
tual laser power could only be measured before appli-
cation to the sample using a simple quartz beam splitter.
This beam splitter divides the laser beam power into one
10% beam which is directed to the power meter, and
one 90% beam which is applied to the mineral. No visi-
ble change was observed in all minerals during the
measuring time.

Fluorescence spectroscopic studies of a pH titration
between about 3.0 and 5.5 of the Helmsdorf tailing wa-
ter identified uranyl arsenate /1,2/. The fluorescence
properties of several uranyl arsenate minerals were
used as major species in this pH range to characterize
the uncharged uranyl species.

From the Mineral Collection of the Mining Academy
Freiberg obtained several minerals containing the uranyl
arsenate group. These minerals were: troegerite
(HJ[UO/AsQ,], - 8H,0), novacekite (Mg[lUO,/AsO,], - 10
H;0), abernathyite (KJUO/AsO,], - 8H,0). The fluores-
cence properties of a fourth mineral of this group,
zeunerite (Cu[UO/AsQ,], -10H,0), were studied and the
results are described together with other copper-con-
taining minerals /3/. The troegerite was from Schnee-
berg, Germany, the novacekite from Brumado, Brasilia,
and the abernathyite from Riveral Lodere, France.

Fig. 1 to Fig. 3 show the fluorescence spectra of these
minerals. The main fluorescence emission bands are
listed in Tab. 1. Slight differences were found between
the main fluorescence emission bands. These differ-
ences are caused by the different second cation, hydro-
gen, magnesium and potassium. The differences are
less than three nanometers for the three most intensive
emission bands. The agreement between the troegerite
and the uranyl arsenate is very good.

Mineral Fluorescence emission bands / nm
iroegerite 501.6 524.4 548.1 572.4
novacekite 502.8 523.1 546.3 | 571.7
abernathyite 503.1 526.3 | 549.2 | 576.0
UO,(HAsO,)aq. 504 525 547
Tab. 1: Main fluorescence emission bands of uranyl arsenate
minerals

The fitted fluorescence lifetime for the mineral troege-
rite was 126 + 12 ns. Values in this range were also
found for the chemical analogue UO,(HAsO,)(aq.) /1/.
For novacekite, we calculated a fluorescence lifetime of
5.2 + 0.4 ps. This mineral shows also a second shorter
lifetime of 560 + 50 ns, which we have not yet assigned.
The fluorescence intensity of abernathyite is not very
high. Also, the spectra show more noise than the other
fluorescenice spectra. The lifetime of this mineral is very

short, in the range of a few nanoseconds. For this rea-
son the error for the fitted fluorescence lifetime is rela-
tively high. A value for this lifetime is therefore omitted.
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY
OF URANIUM MINERALS - PART lil: COPPER IN URANYL MINERALS

G.Geipel, M. Rutsch, G.Bernhard, H. Nitsche

Additional cations such as copper, lead and iron in uranium minerals have an important influence on their fluorescence
properties. The fluorescence properties of three copper-containing minerals are discussed as examples for fluorescence

measurements of about 100 uranium minerals.

In a series of studies of various uranium minerals, we
measured the fluorescence properties of several
copper-containing minerais. These minerals are mem-
bers of various groups accordancing to their chemical
composition.

We compared voglite (Ca,Cu[UO,(CO,)], - 6 H,O) from
Jachymov, Czech Republic with a series of other uranyl
carbonate minerals such as liebigite (Ca,[UO,(CO,)1; -
10 H,0), and we found very intensive fluorescence prop-
erties with sharp emission bands connected with long
fluorescence lifetimes of several hundreds of microsec-
onds. Voglite did not show such fluorescence properties.
As shown in Fig.1, a broad emission was measured: a
simple peak fit resulted in maxima at 520 nm and 542
nm. The fitted fluorescence lifetime is 360 + 20 ns. This
lifetime is about 1000 times shorter than for liebigite.

We conclude that copper quenches the fluorescence
properties of uranyl minerais.

Also metazeunerite (Cu[UO/AsO,, -8H,0) from Majuba
Hill, USA, did not show any fluorescence properties.
This confirmed our assumption on the quenching infiu-
ence of copper because other uranyl arsenates such as
troegerite and novaceckite /1/ show fluorescence prop-
erties.

It was therefore surprising that the copper uranyl phos-
phates show relatively good fluorescence spectra. Fig. 2
and Fig. 3 show the fluorescence spectra of torbernite
and metatorbernite. The chemical composition of these
minerals is Cu[UO,/PO,], - 8H,0, which is similar to
zeunerite and metazeunerite where phosphorus has
been replaced by arsenic. The torbernite came from
Johanngeorgenstadt, Germany, and the metator-bemite
was found in St. Symphorien, France. The main fluores-
cence emission bands for torbernite are 502.4 nm,
524.5 nm, 548.0 nm and 573.7 nm. For metatorbernite
the peak fitting algorithm resulted in emission maxima at
502.4 nm, 524.6 nm, 547.7 nm and 573.9 nm. The fitted
lifetimes are 0.7 ps and 8.5 ps, respectively. Comparing
these data with data from alkaline earth uranyl phos-
phates, good agreement with the fluorescence maxima
of autunite and urano-circite can be ascertained. Only
the first emission band at about 502 nm is biue shifted
by about 1 nm.

The measurements are still continuing and a more de-
tailed description of the fluorescence properties of ura-
nyl minerals will be given upon completion of the study.
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CRYSTAL STRUCTURE OF COPPER URANYL ARSENATE: I. META-ZEUNERITE

C. Hennig, G. Reck’, J. Sieler?

'Bundesanstalt fiir Materialforschung und Materialpriifung, D-12489 Berlin

2 Universitét Leipzig, Institut filr Anorganische Chemie, D-04103 Leipzig

The crystal struciure of meta-zeunerite has been re-determined, The uranyl arsenate layers are linked by an inner-layer and

an outer-layer axial uranyl oxygen atom and are bridged by square planar coordinated copper atoms.

X-ray diffraction measurements showed that a crystal, Mineral Meta-Zeunerite Zeunerite
which was considered as meta-zeunerite in a previous
EXAFS investigation /1/, is an intergrown mineral of CulUQASQ,], | CulUD.AsO,]L
zeunetrite and meta-zeunerite. Formula 8H,0 ? 12 ng )
Zeunerite is the fully hydrated phase, meta-zeunerite(l)
is the next lower hydration state, and meta-zeunerite(ll) Space group | P4/nmm (129) | | 4/mmm (139)
is in the lowest hydration state (not found occurring alA] 7.058(1) 7.1635(7)
naturally). The EXAFS measurements have shown
strong differences in the average bond lengths in com- c[A] 8.666(2) 20.851(2)
parison to literature data /2/ (Tab. 1). Z VAT 1.431.7(2) 2. 1070.0(2)
bond | bond length bond length Dx [Ma/m? 3.044 407
type RXD /2/ EXAFS 71/ (Mg/m1 : 3.40
Toah g fmm’] 25.031 19.255
U-O,, 178 A 179 A, U L,-EXAFS F(000) 455 990
U-O,, 218 A 228 A, UL,-EXAFS 26,,,, 52 46.83”
As-O,, 177 A 1.68 A, As K-EXAFS reﬂhcollgacted 2335 2055
refl. unique
CuO | 214A | 1.95A CuK-EXAFS i 2 27
Tab. 2: Crystal and experimental data.

Tab. 1: Bond length comparison for zeunerite/metazeunerite

To clarify this structural problem, single-crystal analy-
ses were carried out. In the result of these measure-
ments it was found that the natural material is very
complex which may be one of the reasons for the inac-
curate structural data of meta-zeunerite given in the
literature. The unit cell data measured by Hanic /2/ are
a=7.10(5) A and c=17.70(4) A and the proposed space
group is P 4,/nmc. Later, Ross et al. /3/ repeated the
lattice-constant analysis and found a=7.12(5) A and
c=17.45(4) A. They found a reflexion condition of
hkO:h+k=2n, which is evident for a 4/m Laue symmetry
and the proposed space group is P4/n, the same as in
meta-torbernite, what makes it possible, that meta-
zeunerite and meta-torbemite are isostructural. We
determined the lattice constants of a=7.058 A and
¢=8.666 A and the space group P4/nmm (Tab. 2). X-ray
WeiBenberg photographs of a very small crystal shows
two types of intensity reflections. One type consists of
very sharp reflections whereas the reflections of the
second type are strongly broadened. The sharp reflec-
tions belong to zeunerite, the broad ones origin from
meta-zeunerite. Meta-zeunerite and zeunerite crystal-
lize in two structurally related groups.

From the chemical point of view the main difference of
both minerals is the water content. The significant
structural features in both crystal structures are
two-dimensional layers of distorted UO; octahedra,
which are connected monodentately by AsO, tetrahe-
dra. Perpendicular to the layers, two symmetry inde-
pendent axial uranyl oxygen atoms (O,,) are arranged
having different bond lengths. The distance between
two [UO,AsQ,] layers amounts to 8.666 A. They are
linked together by (Cu(H,0),)** cations.

10

e,
.«v"‘

Fig. 1: Projection of a segment from the meta-zeunerite
structure near at the [110] direction.
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CRYSTAL STRUCTURE OF COPPER URANYL ARSENATE: ll. ZEUNERITE

G. Reck', C. Hennig, W. Kraus'
'Bundesanstalt fiir Materialforschung und Materialpriifung, D-12489 Betlin

The crystal structure of zeunerite was determined for the first time. The uranyl arsenate sheets are linked by two inner-laysr
and two outer-layer axial uranyl oxygen atoms and are bridged by square planar and fivefold coordinaied copper atoms.

The crystal structure of zeunerite hitherto has not been
determined. Merely the unit cell data were determined
until now to a=7.18 A and c=21.06 A /1/. The present
study indicates unit cell data, which are in good agree-
ment with these values (see previous contribution).

In contrast to meta-zeunarite adjacent [UO,AsO,] layers
are related by a translation vector [1/2 1/2 1/2}, whereby
two uranyl arsenate layers are bridged with (Cu(H,0),)*
units via two inner-layer oxygen atoms giving a long
distance of 8.94 A and about two outer-layer oxygen
atoms giving a short distance of 4.93 A (Fig.1). This
arrangement of the uranyl arsenate layers leads to an
increase of the uranyl arsenate layer distance to
10.426 A and to a doubling of the ¢ lattice constant in
comparison to meta-zeunerite.

Fig. 1: Projection of a segment from the zeunerite structure
near at the [110] direction.

The interlayer is built up by two different copper polyhe-
dra: in the first one the copper is square planar coordi-
nated by water molecules, in the second one four water
molecules and an inner-layer oxygen atom form a tet-
ragonal pyramid.

The long distance between the inner-layer oxygen at-
oms is bridged by two groups of the fivefold coordinated
copper atoms, whereas the outer-layer oxygen atoms
are bridged by the copper atom with the square plane
coordinated water molecules. Whereas the water mole-
cules fully occupy their positions, the occupation of the

"

copper positions is different. The distance between the
copper atom and each of the square coordinated water
molecule represented by Cui-04 is 1.92 A, similar to
the bond length of the interlayer copper coordination
center in meta-zeunerite. In comparison, the bond
length of the fivefold coordinated copper atoms is lon-
ger (Cu2-05: 2.08 A and Cu2-O1: 1.99 A). Meta-tor-
bernite, the copper uranyl phosphate analogous min-
eral, shows a Cu-O bond length of 1.91 A /2/. Because
of the low copper occupation only few water molecules
belonging to the tetragonal pyramid are connected with
copper at a distance of 2.075 A. The average of this
occupation factor weighted distances is in good agree-
ment with the bond length of 1.95 A of the EXAFS mea-
surements on the Cu K edge (previous contribution,
Tab. 1). The arsenic-oxygen distance (As-O3) within
the arsenate tetrahedra is with 1.649 A equivalent to the
data measured by EXAFS.
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DETERMINATION OF THE SPECIATION OF URANIUM IN PLANT SAMPLES BY
TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY (TRLFS)

A.Glnther, G.Bernhard, G.Geipel, V.Brendler, H.Nitsche

The influence of the chemical speciation of radionuclides on the transfer factors in the soil/plant systems are important
parameters for risk assessment for the rehabilitation and remediation of contaminated soils. Time-resolved laser-induced
fluorescence spectroscopy (TRLFS) can be used to experimentally determine the chemical speciation of uranium in plant

samples

Experiments and Results

Various plants (e.g. blue and yellow lupins, dandelion,
lamb’s lettuce, buckwheat) were grown in an agricul-
tural test field (Tharandt/Hartha) and in the laboratory
on naturally and artificially contaminated soils to obtain
samples for speciation measurements.

To increase the uptake of uranium compounds by the
plant root and to determine the uranium speciation, soil
cultures (dandelion, lamb’s lettuce, lupin) were con-
verted to hydroponics. The plant roots were exposed to
either 10°M uranium solution or 10*M uranium/nutrient
solutions. Additionally, uranium solution was injected
into selected roots. These experimental conditions do
not represent the natural living conditions of the plants.
The most important results are demonstrated with a
selected example where a hydroponics plant (lamb’s
lettuce) was grown in 102M UO,(NO,), solution and in
addition injected into the roots of the plant.
Thermodynamic calculations of the uranium speciation
in the initial solutions were performed with EQ 3/6 /1/,
using the NEA data bank /2/. Various uranium species
were offered to the plants. In a 102M UO,(NO,), solu-
tion at pH 3.55, 72% of the uranium occurs as UO*
species, 16% as (UQ,),(OH),* species and 9% as
(UO,),(OH)* species. The maxima of the main emis-
sion bands in the fluorescence spectrum lie therefore at
495, 516 and 541nm (Tab 1). However, our measure-
ments showed peaks of the uranyl hydroxides. These
peaks superimpose the bands of the free uranyl ion
because of their higher fluorescence intensity.

The fresh plant samples were thoroughly washed with
water and cut into small pieces and subjected to laser
fluorescence measurements. Good fluorescence spec-
tra of the root and shoot axis samples were recorded.
Furthermore, uranium species were also identified in
leaf samples.
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Fig. 1: Time-resolved laser-induced fluorescence spectrum
of an uranium containing, fresh base of leaf-sample
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As shown in Fig. 1 and Tab.1 of the selected example,
the maxima of the three main bands in the fluorescence
spectra of the fresh plant samples are near 499 to 502
nm, 521 to 528 nm and 543 to 549 nm. After drying and
pulverizing of the fresh samples, the positions of the
bands in the fluorescence spectra change only insignifi-
cantly. In some cases, however, a decrease of the
starting fluorescence intensity was observed. During
drying process, the solvating envelope of the individual
uranium species changes and can be connected with
the change of the fluorescence characteristics and a
decrease of the fluorescence intensity. The visible
emission bands in the fluorescence spectra of fresh
plant samples are generally shifted to higher wave-
lengths in comparison with those of the initial solution.
A change of the uranium speciation is therefore very
probable.

As the guenching influences of the plants’ compounds
on the uranium species cannot be quantified, an analy-
sis of the experimentally determined fluorescence life-
times is not yet possible.

The position of the fluorescence bands in the spectrum
is similar 1o the spectra of fluorescent uranyl carbo-
nates. At the moment, however, it is not possible to
assign these fluorescence bands to known species.
Considering the chemical build-up and metabolism of
the plants /3/, the formation of uranyl carbonate species
and of complexes with organic compounds is imagin-
able in the pH range from 6 to 8.

Initial solution 495.3 516.2 541.2
plant - root 501.2 523.2 543.0
not injected

shoot axis | 501.3 528.0 549.0

plant - root 500.2 5222 547.7
injected with -

initial solution shoot axis 4994 520.7 545.3

base of leaf| 502.2 524.3 546.8

Tab.1: Wavelength (nm) of main peaks in the TRLFS-spec-
trum of uranium-containing hydroponics plant sam-
ples
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COMPLEX FORMATION IN THE SYSTEM URANIUM(IV) - PHOSPHATE
STUDIED BY UV-Vis SPECTROSCOPY

G. Geipel, G. Bemhard,

A study of the complex formation of uranium (IV) in the phosphate system at uranium concentrations of 5.10*M in strongly
acid solution was carried out. The absorption spectra show two isosbestic points at 661.4 nm and 669.4 nm. The first
formation constant at an ionic strength of 0.5 M was calculated to be log k= 5.18.

In the literature /1/ only few data are reported about the
complex formation of uranium(lV) in the phosphate
system.

The first studies in this system were carried out by con-
ventional UV-Vis spectroscopy to gain experience con-
cerning the spectroscopic properties of uranium(IV).
Fig. 1 shows the UV-Vis spectra of uranium (IV) as
functions of the total phosphate concentration in the
solution. The solutions contain 0.5 M HCIO,. Precipita-
tion occurs at total phosphate concentrations exceeding
1.5-10° M.
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Fig. 1: UV-Vis Spectra of Uranium(lV) in phosphate media

The spectra shown in Fig. 1 are corrected to zero in the
wavelength range below 610 nm and above 690 nm.
Two isosbestic points were clearly detected at
661.4 nm and 669.4 nm. Using a Gaussian fitting algo-
rithm, absorption maxima at 629.9 nm, 649.9 nm and
671.9 nm were calculated for uranium(iV).

Absorption maxima of the uranium phosphate com-
plex(es) were found to be at 626.0 nm, 640.1 nm, 655.9
nm and 667.8 nm.

At the isosbestic points the absorption coefficients are
the same for all species involved in the complex forma-
tion. Using this condition as a starting point, we can
derive a system of equations describing the measured
absorption at various wavelengths as a function of the
species concentrations in the solution. It was impossi-
ble to arrive at a satisfactory solution to the equations
with a two species mechanism (uranium(lV) and a ura-
nium phosphate complex). A better solution was ob-
tained when we introduced a third species. The result of
the resolved system of equations is shown in Fig. 2.
The species distribution is depicted as a function of the
total phosphate concentration in the solution. At low
phosphate concentrations uranium(lV) is the main spe-
cies in the solution. At about 4-10* M phosphate a first
uranium(lV)-phosphate complex reaches its maximum
in the species distribution. With increasing phosphate
concentration in the solution a second uranium phos-
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phate complex becomes the dominant species in the
solution.
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Fig. 2: Calculated species distribution of Uranium(lV) in
phosphate media

Under strongly acid conditions such as 0.5 M HCIO,
the phosphoric acid only dissociates according to

H,PO, < H,PO,/+H logK,=-2.14 (1)
and we assume the first complex formation reaction is
U* +H,PO, « UH,PO* 2)

With the calculated concentrations for the individual
species we derive a formation constant for reaction (2)
of log K, = 5.18 + 0.45 at an ionic strength of 0.5 M.
The second complex formation reaction is assumed to
be

U* +2H,PO, « U(H,PO,)* (3)

For this complex formation reaction we derive a forma-
tion constant of log K, = 11.6 = 2.2, using the existing
measurements.

To validate the calculated formation constants and the
mechanism of complex formation reactions we mea-
sure the absorption spectra in the system uranium(iV) -
phosphate at various concentrations of perchloric acid
at a constant ionic strength. For these studies the ionic
strength was assumed to be 1 M. Calculations are in
progress.

Due to precipitation the experimental conditions are
very limited. Studies of this system using LIPAS are in
progress to reach lower uranium concentrations and
also a decreased the acid concentration.
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INCREASE IN THE IONIC STRENGTH OF URANYL CONTAINING SOLUTIONS
G.Geipel, M. Rutsch, G. Bernhard, H. Nitsche

The influence of high concentrations of perchloric and sulfuric acid on the fluorescence properiies of the uranyl ions was
studied. Due to the decreasing water concentration of the solutions, an increase in the fluorescence lifetime was found for both
media. Deconvolution and peak fitting of the perchloric medium showed no evidence for complex formation between urany!

and perchlorate ions.

It was recently discussed /1/ that time-resolved fluores-
cence spectroscopy of uranyl and uranylspecies in
agueous solution may be hampered by the quenching
properties of the water molecule. Because sodium per-
chlorate is frequently used as an ionic strength adjuster
it was also important to study the influence of the per-
chlorate ion on the uranyl fluorescence.

Fig. 1 shows the increase in fluorescence lifetime as a
function of increasing perchloric acid concentration. A
linear dependence was found. At very high concentra-
tions of perchloric acid no further decrease of the fluo-
rescence lifetime occurred within the error limits. The
same studies were repeated with sulfuric ions, because
nearly water-free conditions can be reached in this me-
dium. The measurements were begun with a 2 M solu-
tion of H,SO, because only the trisulfato complex exists
as the major species in solution /2/. The fluorescence
lifetime increased with increasing concentration of sul-

furic acid.

160 4
140 -

120

100 4
80

60 4

Fluorescence lifetime / s

40
20 -

10 12

C I'M

HCIo,
Fig. 1: Fluorescence lifetime of uranyl as function of concen-
tration of perchloric acid

To compare the two measurements, we calculated the
resulting water concentration each solution from the
concentration of the acid and the density of the solution.
The fluorescence lifetimes of both series nearly linearly
dependent on the water concentration. The results of
both series were fitted with the same equation parame-
ters ( Fig. 2 ). Showing that the fluorescence lifetime of
these uranyl systems is mainly influenced by the
guenching of the water molecule. Taking the Stern-
Volimer mechanism as a basis for this effect, we calcu-
late a quenching constant for the water molecule /3/
accordingly to the following equation.

Ty
22 =1+ 'cM*kQM*[Q] ¢}
o
The quenching constant was in:
sulfuric acid  kgy = 6.3 x 10° mol's™

perchloric acid kgy= 7.2 x 10° mol's™.
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Fig. 2: Fluorescence lifetime of uranyl as function of calcu-
lated water concentration in perchloric and sulfuric
acid

To investigate a possible complex formation between

the uranyl and perchlorate ions, we siudied the emis-

sion properties of the main fluorescence emission

bands. All fluorescence lifetimes were found to follow a

monoexponential decay mechanism and deconvolution

of the specira did not show any evidence of the forma-
tion of new emission bands. Fig. 3 shows the fitted
wavelength of the third emission band as a function of
the concentration of perchloric acid. The wavelength
shift is smaller than 1 nm. This is significant evidence
that no complex formation between uranyl and perchior-
ate ions occurs up to 11 M HCIO,.
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Fig. 3: Wavelength of the third emission band of uranyl ion
as function of perchloric acid concentration
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VALIDATION OF THE COMPLEX FORMATION BETWEEN Ca*, UO,* AND CO,> USING EDTA TO
ADJUST THE Ca** CONCENTRATION

G. Geipel, G. Bernhard, H. Nitsche

The complex formation constant between calcium, uranyl and carbonate ions was reported in the last annual report /1/. To
validate this formation constant against other complex formation reactions we used EDTA to adjust the concentration of free
calcium jons in the solution. We included the complex formation between Ca* and EDTA in the calculation of the complex
formation constant for Ca,JUO,(CO,) .., we obtained log 5, = 26.5 + 0.3. The slope was found to be 1.66x 0.35.

The validation of the formation constant of the species
Ca,JUO,(CO,)sl,.,, is important to exactly calculate the
speciation in the mining relaied waters. We studied the
complex behavior at pH 8.0 and 9.0 and at a uranium
concentration of 5x10° M. The concentration of added
Ca* was kept constantat 1x102M and 1x10°M. To
form the uranyl-tris-carbonato complex, the concentra-
tion of HCO,/CO,> was kept constant at 1x102M. The
ionic strength in the solutions was constant at 0.1 M.
Under these conditions more than 95% of the uranyl
ions in the solution were bound in the Ca,[UO,(CO;)g] .,
complex. To vary the concentration of uncomplexed
Ca* and in consequence the concentration of the
Ca,[UO,(CO,),] g, complex, we added Na,EDTA, which
forms strong complexes with Ca®".

Ca* + Na,EDTA = CaEDTA + 2 Na* (1)

The formation constant for reaction (1) is given in the
literature /1/ as log B, = 10.59.

We also considered the formation of CaCO,.

The formation constant for reaction (2) is given in /2/ as
log B, = 3.1.

Ca* + CO” = CaCO, 2)
To calculate the overall formation constant of the cal-
cium uranyl-tris-carbonato complex we inciuded the
formation constant of the uranyl-tris-carbonato complex
(reaction (3)), which is given in /3/ as log B, = 21.6.

U0, + 3CO,* = UO,(CO);* (3)
Fig 1. shows the fluorescence spectra of a series with
initial 1x10° M Ca,[UO,(CO,)4}.,, With an increasing
amount of Na,EDTA. The fluorescence intensities de-
crease with increasing Na,EDTA concentration. This is

T F 4,0010°

N

1

a
Intenstty /A.U.

450 500 550 600

Wavelength 7 nm

Fig. 1: Fluorescence spectra of 5x10°M Ca,U0,(CO,),(aq) at
pH 9.0 as function of added Na,EDTA concentration

a result of the increasing CaEDTA formation, which
reduces the concentration of free Ca* ions in the solu-
tion. The complex equilibrium of CaJUO,(CO,)l,,, is
thus influenced, resulting in decreasing concentrations
of the fluorescent Ca,{UO,(CO,),),,, complex. Under

these conditions, we calculate the free Ca* concentra-
tion from the equilibria (1) and (2) and from the mea-
sured fluorescence intensity. The sum of the concentra-
tions of Ca,U0,(CO,),“? and UQ,(CQ,),* is the total
uranium concentration of 1x10° M (4).

[UO,(CO,)5*1+[CaU0,(CO,)*2] = Uy, )
To calculate the formation constant for reaction (5):
x Ca? + UQO,(CO,),* = CalQ,(CO,).%**  (5)

we arrange the mass action law in the following expres-
sion: .
log [Ca UOLCO,)s ™

[UO,(CO,5 ]

= fogK + x+log[Ca?'] (6)

Fig. 2, for instance, shows the slope analysis of this
equation for pH 8 and a total calcium concentration of
1*10° M. Using all measured series, the slope was
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Fig. 2: Slope analysis for the validation of complex formation
of Ca,U0,(CO,).(aq) as function of the Ca® concen-
tration.
found to be 1.66 = 0.35. The agreement with the theo-
retical value of 2 for the Ca®" ions involved in equation
(5) is relatively good under the given experimental con-
ditions. The value for log K in equation (6) was found to
be 7.55 + 0.23 at an ionic strength of 0.1 M. Recalcula-
tion for the complete complex formation reaction
2 Ca* + U0 + 3CO,% = CaU0,(CO,)** (7)
using data for the UO,(CO),*" /3/ gives log B,,; =29.15
+ 0.3, the correction to zero ionic strength gives log
B%s =26.5 x 0.3. Within the error limits given by the
varying experimental conditions, this value is in good
agreement with the value of log B,,; = 25.7 + 0.7 that
we reporied earlier /1/.
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SOLUBILITY OF Ca,[UO,(CO.),] - 10H,0, LIEBIGITE

S. Amayri, G. Bernhard, H. Nitsche

The solubility of calcium uranyl carbonate Ca,[UO,(CO,),]-10H,0 was studied at 25 °C and pH 8.0 from undersaturation in
aqueous solution open to the atmosphere. The solubility of liebigite at pH 8.0 was determined fo be 9.9 + 0.5 g/L.

Experimenial

Solubility experimenis were carried out according to the
guidelines given by Nitsche /1/. Liebigite was synthe-
sized according to /2/. Five grams of calcium uranyl
carbonate was transferred to a teflon cell containing
100 mL of 0.1 M NaCIO, (p.A., Merck). The pH-value
was adjusted with HCIO, (Suprapur, Merck). The cells
were thermostated at 25 = 1 °C and shaken at 100 rpm
with an automatic agitator. The dependence of solubility
on the time was determined by periodically analyzing
the calcium and uranium content in solution. The sam-
ples were ultrafiltered through Minisart cellulose nitrate
membrane filters of 25 nm pore size (Schleicher &
Schuell, Dassel, Germany) and then analyzed by ICP-
MS and AAS. The X-ray diffraction diagrams of the
solid residues at steady-state were recorded in the 2o
range from 8° to 60° (URD 6, Freiberger Prézisions-
mechanik, Freiberg, Germany). The soluble uranium
(V1) species at steady-state were characterized by time-
resolved laser-induced fluorescence spectroscopy
(TRLFS). TRLFS measurements were performed with
a Nd-YAG-laser sysiem (Spectra Physics, Mountain
View, CA, USA). The excitation wavelength was
266 nm /3/. For speciation calculations the software
EQ3/6 /4/ was used. The calculation were carried out
with the NEA data base /5/ including the species
Ca,[UO,(COy)4l ) /3/-

Results and Discussion

In this report we will discuss only the solubility experi-
ments at pH 8.0. This is the pH-value of natural seep-
age waters coming from an uranium mining area /3/.

In these waters, the species CajUO,(CO,)l., was
identified. Fig. 1 depicts the uranium solubility at pH 8.0
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Fig. 1: Concentration of uranium in 0.1 NaClO, at 25 °C un-
der air as function of time. (Starling solid phase:
Ca,[UO,(CO,),1 -10H,0; undersaturation, error is
within the size of the symbols)

as a function of time. The experimental results indicate
that the steady-state is reached after about 30 days.
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The observed decrease followed by an increase in uran
concentration may be due 1o changes of the calcium
uranyl carbonate surface. XRD measurement of the
initial solid phase and under steady-state conditions
showed no change of the crystal structure.
Ca,JUO,CO,),] - 10H,0 was the solubility-controlling
solid phase at pH 8.0. No phase change occurred and
no secondary phase was formed. It was shown by
TRLFS measurements that CajUOL(CO,)4, dom-
inates the uranium speciation in the aqueous phase at
steady-state. Speciation calculation showed the same
result (Fig. 2). The solubility of liebigite (0.1 M NaClO, ,
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Fig. 2: Calculated species distribution of uranium as a func-
tion of pH (calculated with EQ3/6).
(UO,1=1.26E-2 M, [Ca?*]=2.52E-2 M,
[CO1=3.78E-2 M)
under air atmosphere, 25 °C , pH 8.0) was determined
1o be 9.9 = 0.5 g/L. The U, Ca concentrations at steady-
state are (3.33 % 0.05) g/L. and (1.202 x 0.003) g/L re-
spectively.
First results of solubility experiments at pH 6.0 and 11.0
show a change of the solid phase and also different
uranium speciation in the agueous phase.

Acknowledgments

The authors thank Dr. G. Geipel for TRLFS, Dr. W.
Wiesener and Ms. U. Schéfer for ICP-MS and AAS
and Ms. A. Scholz for X-ray diffraction measurements.

References

/1/ Nitsche, H.: Radiochim. Acta 52/53, 3-8 (1991)

/2/ Amayri, S., et al.: Synthesis and characterization of
calcium uranyl carbonte CaJUO,(CO,),l - 10H,0,
{liebigite). In: Report FZR-218, p.14 (1998)

13/ Bemhard, G., et al.: Radiochim. Acta 74, 87 (1996)

/4/ Wolery, T.G.: EQ3/6, A software package for the
geochemical modeling of aqueous systemn. Report
UCRL-MA-110662 Part | (1992)

/5/ Grenthe, |., et al.: Chemical Thermodynamics of
Uranium. Elsevier Science Publishers, Amsterdam
1992



CHARACTERIZATION OF AMMONIUM URANYL CARBONATE (NH,),[UO,(CO.).]

S. Amayri, G. Geipel, G. Bernhard, W. Matz' , G. Schuster
Institute of lon Beam Physics and Materials Research

Chemical analysis, X-ray powder diffraction (XRD), thermoanalysis, and time-resolved laser-induced fluorescence spectros-
copy (TRLFS) were used to characterize the synthesized (NH, ), [UO,(CO,),]. It is an initial substance for the synthesis of other

uranyl carbonate complexes.

Our goal was to synthesize and characterize
{NH,) [UO,(CO,),] (AUC) in order to use it as a starting
material for the preparation of other alkali and alkaline
earth metal uranyl carbonates. Another aspect was the
study of the complexation behavior of the uranyl ions
with ammonium and carbonate species by TRLFS.
Chemical analysis

AUC was prepared according to /1/. Concerning the
formula (NH,),[UO,(CO,).l, the determined chemical
composition was in good agreement with the calculated
values (Tab.1).

Found (%) Calculated (%)
U 45,52+ 0.5 45,58
N 10.75 = 0.02 10.73
C 6.89 + 0.02 6.90
H 3.11 + 0.01 3.09
NH,* 13.4+ 05 13.82
CoZ 345:04 34.47

Tab.1: Chemical analysis of AUC

X-ray powder diffraction

The diifraction pattern was obtained, using a universal
X-ray diffractometer (URD-6, Freiberger Prazisions-
mechanik, Germany) in Bragg-Brentano geometry with
CuK, radiation. The diffractograms were recorded in
the range from 8° to 60° (Fig. 1). The peaks were iden-
tified using a diffraction data pool and taking into ac-
count the monoclinic structure. The results (Tab.2) are
in good agreement with published data /2,3/.

This work Malcic /2/ Bachmann/3/
a (A) |12.824 +0.001 | 12.845 + 0.015 | 12.824 + 0.002
b(A) | 9.358 =0.001 | 9.360 +0.015 | 9.356 x 0.001
c(A) |10.653 +0.001 | 10.650 + 0.015 | 10.654 =+ 0.001
V (A% |12.705 = 0.001 12,725 12.70 = 0.3

Tab. 2: Lattice constants of (NH,),[UO,(CO,)]
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Fig. 1: X-ray powder diagrams of (NH,),[UO,(CO,),]
Thermoanalysis
Thermoanalysis was carried out, using the thermoana-
lyser STA-92 (Setaram, France) in the range from 20 to
800 °C with a heating rate of 10 °C/min under oxygen.
As reported by Jinder and Skramovsky /4/, the thermal
decomposition of AUC ceccurs in a single step and can
be described by the following equation:
(NH,},JUO(CO,),] = 4NH+ 3CO+ UQ, + 2H,0
Diagrams (Fig. 2) showed a single endothermic effect

between 165 and 185 °C. At this temperature AUC
disintegrates. Uranium oxide is formed by generating
ammonia, carbon dioxide and water vapor. A weight
loss of 47.53 % (calc. 45.22%) is measured by
thermogravimetry.
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Fig. 2: TG and DTA diagrams of (NH,),[UO,(CO,),]
Fluorescence speciroscopy

The fluorescence lifetime of solid AUC was determined
to be 10.45 ps and the main emission wavelengths
were at 451.6 nm, 465.8 nm, 483.6 nm, 503.3 nm,
524.4 nm, 547.6 nm, 572.9 nm and 596.6 nm. The
characteristic fluorescence was induced by exciting the
solid sample with a 266 nm laser beam (Nd-YAG-laser
system: Spectra Physics, Mountain View, CA, USA).
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Fig. 3: TRLFS spectrum of {(NH,) [UO,(CO,),]

Solid AUC (see Fig.3) shows a fluorescence pattern

different from that of solid uranyl carbonate

(rutherfordine). The resuilts of the various characteriza-

tion methods shows that pure ammonium uranyl car-

bonate was synthesized. It can be used as a starting

material for the preparation of other uranyl carbonate

complexes.
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INITIAL LASER-INDUCED PHOTOACOUSTIC SPECTROSCOPIC STUDIES OF URANIUM(IV)
G. Geipel, A. Abraham, G. Bernhard, H. Nitsche

Laser-Induced Pholoacoustic Spectroscopy (LIPAS) is a powerful tool to study spectroscopic properties at very low concentra-
tions /1/. We are currently studying the influence of organic compounds on the U(VI)/U(IV) potential. We use LIPAS as one of
tools to investigate this phenomenon, and investigate the wavelength range between 510 nm to 590 nm. in addition to this
range, the absorption band above 650 nm can be accessed by single beam LIPAS. These however, the light absorption of the

solvent waler studies at very low concentrations.

Uranium(lV) does not display any fluorescence proper-
ties, thus only UV-vis or laser-induced photoacoustic
spectiroscopy can be used as non-invasive methods to
study solution species and their complex formation.

The used laser-Induced photoacoustic spectroscopy
(LIPAS) is aiready described elsewhere /1/.
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Fig. 1: Absorption spectrum of Uranium(lV)

The absorption spectrum of uranium(lV) shows several
absorption bands over a wide wavelength range. Be-
tween 350 nm and 750 nm, we find four main absorp-
tion bands. The band near 650 nm should be the most
useful absorption feature for analytical purposes, be-
cause it has the highest molar extinction coefficient in
this wavelength region (Fig.1).

Unfortunately, in this range a concurrent absorption due
to the solvent water occurs. We avoid this problem by
using a two-cuvelte LIPAS, which enables us to
substract the absorption of the solvent. This system is
currently being built.
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Fig. 2: LIPA Specira of Uranium(lV) betwesen 520 nm and 580
nm
Until then, we used the 548 nm absorption line of ura-
nium(iV) for first studies. Also here, we find a slight sol-
vent absorption, in this wavelength range the absorption

of the water increases nearly linearly with increasing
wavelength. We therefore can correct for the back-
ground using the software package GRAMS’386.

Fig 1. shows that the absorption around 650 nm also
consist of more than one absorption band. This behavior
was also found between 450 nm and 500 nm. The ab-
sorption below 450 nm can be influenced by ura-
nium(VIl) when present in the solution. This limits the
useful spectral range from 520 to 690 nm for studying in
the uranium(V) system.

Fig. 2 shows the photoacoustic spectra of two ura-
nium(lV) solutions. Peak fitting shows us that the ab-
sorption consists of two absorption lines at 5361 nm
and 550+1 nm.

Fig.3 shows the dependence of the photoacoustic signal
on the uranium(lV) concentration. The detection limit for
uranium(IV) for our photo-acoustic setup is 5x10°M at
550 nm.

This clearly shows the necessity for a two-cell design in
order to detect lower concentrations of uranium(lV).
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Fig. 3: Dependence of the photoacoustic signal on the ura-
nium(lV) concentration
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COMPLEX FORMATION OF URANIUM (IV) STUDIED BY LASER-INDUCED PHOTOACOUSTIC
SPECTROSCOPY (LIPAS)
G.Geipel, G. Bernhard

In continuation of the studies of the complex formation of uranium(1V) in the phosphate system we used the LIPAS technique
for studies at lower uranium and acid concentrations. Isosbestic points were found at the same wavelength as in the UV-Vis
measurements. The complex formation constant at an ionic strength of 0.1 M was calculated to be log k= 4.83 + 0.12.

We studied the complex formation between ura-
nium(lV) and phosphate in the concentration range
from 2.10* to 5-10™ M using conventional UV-Vis spec-
troscopy /1/. A relatively high acid concentration was
necessary in this system to avoid precipitation of ura-
nium phosphates. The ionic strength of the solution was
therefore 0.5 M and higher. Lower concentrations of
uranium(lV) cannot be studied by this technique be-
cause the spectra already show background noise.

To get the complex formation reaction and the forma-
tion constant at infinite solution it is necessary to study
the complex formation in this system depending on the
pH and on the ionic strength. Studies at lower uranium
concentrations had to be carried out. Some first results
will be given.

The design of LIPAS is described in /2/. In addition, we
measured the fluorescence spectra of all prepared so-
lutions to determine the amount of reoxidized ura-
nium(V!). For our calculations we used only spectra
where the amount of reoxidized uranium(Vl) was less
than 5% of the total uranium. The concentration of ura-
nium(lV) was corrected by the data obtained for ura-
nium(V1).

We measured the LIPAS spectra of uranium(lV) in
0.1 M HCIO, depending on the uranium concentration.
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Fig. 1: Spectra of U* in 0.1 MHCIO,

These spectra are shown in Fig. 1. We find the typical
absorption spectrum in the wavelength range from
580 nm to 690 nm.
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Fig. 2: Spectra of 5x 10 M U* in 0.1 M HCIO, with H,PO,

Fig.2 shows the LIPAS spectra of a 510° M ura-
nium(iV}) solution in 0.1 M HCIO, as a function of the

+ T
580 €00

phosphoric acid added. We find two isosbestic points at
the same wavelengths as in our study using UV-Vis
spectroscopy. The isosbestic points are found at 660
and 669 nm. Compared with the measuring conditions
applied (step width 0.1 nm for UV-Vis and 1 nm for
LIPAS) the agreement between the two methods is very
good /1/.
The absorbance data of the isosbestic points and of the
spectroscopic points at 649 nm, 664 nm and 671 nm
were used to calculate the complex formation constant.
We assume that the phosphoric acid dissociates ac-
cording to

H,PO, <+ H,PO, +H* logK,=-2.14 (1)
and that the complex formation follows the reaction

U* + x H,PO, > U(H,PO,) % 2
The reaction (1) was used to calculate the concenira-
tion of the dihydrogen phosphate in the solution. The
result of the calculation is a formation constant of
log K, = 4.83 + 0.12 when we assume that one
dihydrogen phosphate (x = 1) takes part in reaction (2).
For a 1:2 complex we calculate the formation constant
at an ionic strength of 1=0.1 M to be log K, =10.20 =
0.13. When we compare these data with the resulis of
the study at an ionic strength of | = 0.5 M, the forma-
tion constants are smaller. This is in agreement with the
predicted dependence of the formation constants on
the ionic strength.
To validate the formation reaction we performed a
slope analysis. We rearranged the law of mass action
to fit

log ([U(H,PO,)*U*)) = logHPO2] +log K, (3)
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Fig. 3: Slope analysis for reaction {2)

This slope analysis is shown in Fig. 3. The slope x was

found 1o be 1.48 = 0.11. This result does not allow any

decision about the complex formation reaction, using

the actual available data. Further studies are in prog-

ress.
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LASER-INDUCED PHOTOACOUSTIC SPECTROSCOPIC STUDIES OF NEPTUNIUM
G. Geipel, G. Bemhard, G. Grambole

We installed the LIPAS equipment for studies in a glove box. Some first photoacoustic spectra of neptunium were compared

with normal UV-Vis Specira.

In the new radiochemistry building /1/ a laboratory for
laser induced speciroscopy was set up. From this labo-
ratory we can transmit laser pulses with fibre optics into
the other laboratories where glove boxes are installed.
In this way we can apply laser-induced spectroscopic
methods to transuranium elements.

As a first step of operation of the Nd:YAG pumped
OPO system in the new laboratory we measured the
wavelength of the signal output of the OPO. The result
for the spectral range from 580 nm to 5§90 nm is shown
in Fig.1. As expected, a siraight dependence exisis
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Fig. 1: Dependence of wavelength output of the OPO-Sys-
tem on the set wavelength
between the OPO output and the measured wave-
length. The linearity is 0.999 = 0.002. The correlation
factor R® was calculated as 0.9998,. The difference
between the set OPO output and the measured wave-
length was smaller than the error of the spectrographic
arrangement (0.2 nmy).
The power of the OPO output was lowered by an at-
tenuator (Newport Model 850) to an average pulse
power of about 5 mJ and was then coupled to a fibre
optic. The length of this fiber optic was about 50 m
transmitting the laser pulse into laboratories with glove
boxes for Np experiments. The measured power in the
glove box was about 2 mJ (~40% of the input into the
fiber). In the glove box we have the same equipment for
LIPAS as described in /2/. The electrical signals of the
power meter head and of the piecoceramic detector
were conveyed out of the glove box, using BNC-cables.
The preampilifier was set directly on the BNC connector
of the glove box. The signal was measured, using an
oscilloscope in the laser laboratory. The signal of the
power detector was conveyed to the power meter in the
laser laboratory. All settings and data storage were
computer controlled in the laser laboratory.
Fig. 2 shows the UV-Vis spectrum of a 5-10° M solution
of NpO," in 0.1 M HNO, in the speciral range from
580 nm to 650 nm. By curve fitting we calculate three
absorption maxima in the range at 5§92.0 nm, 616.4 nm
and 625.9 nm. The main absorption in this range was
found at 616.4 nm. The molar extinction coefficient for
NpO,* at this wavelength was calculated as

T
580

20

13.2 Lmol'em™. Assuming the lowest detectable ab-
sorption to be 10?2 units, we calculated a detection limit
of 7-10* mol/L for UV-Vis spectroscopy with 1 cm
cuvettes .
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Fig. 2: UV-Vis spectrum of NpO,* in 0.1 M HNO,

Adding 0.1 M HNO, we diluted this NpO,* solution to a
5-10* M NpO,* solution. This solution was measured in
the same wavelength range by the described LIPAS

technique.
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Fig. 3: LIPAS specirum of NpO,* in 0.1 M HNO,

The spectrum is shown in Fig. 3. The absorption max-
ima were calculated as 592.2 nm, 616.7 nm and 625.5
nm by fitting the measured absorption with a Gaussian
peak fit algorithm. These absorption maxima are in
excellent agreement with the maxima found by UV-Vis
spectroscopy. Using the threefold noise of the specirum
as the detection limit we calculated the lowest detect-
able NpO,* concentration to be 5-10° M. This is more
than two orders of magnitude smaller than the results of
conventional UV-Vis speciroscopy.
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY
WITH ULTRA-SHORT PULSES - PART I: SETUP OF THE LASER SYSTEM

M. Rutsch, G. Geipel, G. Bernhard, H. Nitsche

A new pico- and femtosecond laser system was built up for time-resolved laser-fluorescence spectroscopy of metal-organic
complexes by the fluorescence properties of the organic ligands.

Many environmentally harmful metals and radionuclids,
such as arsenic and neptunium, do not show fluores-
cence properties under ambient conditions. These ele-
ments form complexes with organic compounds, that
are important for the migration in the environment. The
use of ultra-short laser pulses, pulses of pico- or femio-
second duration for TRLF spectroscopy has opened up
a new path for investigating of such metal complexes
by studying the fluorescence properties of the organic
ligands. The very short fluorescence lifetimes of the
organic ligands require an excitation with ultra-short
pulses, that are much shorter than the lifetimes of the
organic ligands. We describe here briefly our new pico-
and femtosecond laser system that will be used for

such studies. Fig. 1 shows a scheme of the experimen-
tal setup.
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Fig. 1: Experimental Setup of the laser system for time-re-
solved laser-induced fluorescence spectroscopy with
ultra-short pulses.

Time-resolved fluorescence measurements are carried
out by using an amplified, frequency-doubled excitation
pulse from a mode-locked pico- or femtosecond Ti:
sapphire oscillator (Tsunami, Spectra Physics). The Ti:
sapphire oscillator is pumped by the second harmonic
of a diode pumped cw Nd:YVO, laser {Millenia, Spectra
Physics) and delivers pulses of a duration smaller than
2 ps or than 130 fs and with some nJ output energy per
pulse at 800 nm and a repetition rate of 80 MHz. The
pulse is stretched by a grating and then used as seed-
ing for the regenerative Ti:sapphire amplifier (Spitfire,
Spectra Physics). The Ti:sapphire amplifier is pumped
by the second harmonic of a Nd:YLF laser operating ai
a repetition rate of 1 kHz, with a pulse duration of
250 ns and an energy per pulse of 10 mJ {Merlin, Spec-
{ra Physics}. The amplified pulse is then compressed 1o
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obtain an output of pico- or femtosecond pulses with an
energy of = 1mJ at 800 nm (Spitfire, Spectra Physics).

The pulse duration and the pulse shape is controlled by
autocorrelation before amplification (Autocorellator 409,
Positive Light) and after amplification (Single Shot
Autocorrelator SSA, Paositive Light). The amplified pulse
is frequency-doubled in a beta barium-borate (BBO)
crystal to generate the second harmonic. A Pellin Broca
prism separates the residual of the wavelength at
800 nm from the generated 400 nm. The frequency-
doubled pulse is directed with mirrors to the center of a
sample chamber, which is mounted directly on the en-
trance slit of the spectrograph (M270, Spex). The fluo-
rescence emission is focused on the slit spectrograph
vertical to the excitation pulse without using an optical
fiber cable.

The spectrograph has a turret with two gratings,
300 I/mm and 100 i/mm. Speciral resolutions of
0.46 nm or 1.4 nm and a spectral range of 178 nm and
534 nm are possible, respectively. The entrance slit is
variable from 100 to 2,000 uym.

The fluorescence signal is detected by a picosecond
CCD camera system operating at 1 kHz (PicoStar,
LaVision). The CCD camera system consists of a cam-
era head with cooling water connectors, a water cooler,
CCD control unit, image intensifier unit and ps delay.
The CCD chip is cooled to +10°C for a low dark signal.
The camera head is directly connected to the speciro-
graph over a multi-channel detector adapter. The CCD
camera system has fixed gate times of 0,08, 0.12, 0.25,
0.5, 1, 2, 4 or 6 ns, the delay time can be varied be-
tween 0 and 25 ns. The CCD camera system and the
spectrograph are connected with a computer for con-
troling and for recording the spectra (program
WinSc4.5, LaVision). The CCD camera is triggered by
the regenerative amplifier system (Spitfire). In order to
start the recording of the spectra exactly at the same
time when the laser pulse reaches the sample, a delay-
generator {DG535, Standford Research System) com-
pensates the optical and electrical path of the pulse
between the regenerative amplifier and the sample
chamber. The signals from the camera, the regenera-
five amplifier and of the pulse at the sample measured
with an ultrafast photodiode (UPD-300SP, Soliton) are
sent to an oscilloscope (LC574A, LeCroy) to adjust the
delay-generator.

By a photodiode at the regenerative amplifier on-line
measurements of the wavelength of the pulses are also
possible with an additional spectrograph (1235, EG&G)
diode array (M1455, EG&G) system. The energy of the
pulse can be measured by an analogue energy power
meter {407A, Spectra Physics). Fluorescence spectra
are obtained by accumulation of several numbers of
laser shots.



TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY
WITH ULTRA-SHORT PULSES - PART IIl: TESTING OF THE NEW LASER SYSTEM

M. Rutsch, G. Geipel, S. Pompe, K. Schmeide, G. Bernhard, H. Nitsche

The fluorescence properiies of humic substances were investigated by time-resolved laser-induced fluorescence spectroscopy
with ultra-short excitation pulses to test the new pico/femtosecond laser system.

Experimental

The influence of different laser system parameters and
some environmental factors on the fluorescence behav-
ior of humic substances was studied.

Varied system parameters were: the number of the la-
ser shots per spectrum (from 25 to 30000), the gate
time of the CCD camera (from 0.120 to 6 ns) and the
excitation energy (from 2 ud to 80 pJ). The following
system parameters were held constant: the excitation
wavelength of 396 = 0.5 nm, the excitation pulse dura-
tion of smaller than 10 ps and the slit of the spectro-
graph of 100 ym. The time-resolved spectra were re-
corded between 0 and 15 ns after laser pulse excitation
in the wavelength range between 410 and 588 nm with
different delay steps.

Varied environmental factors were: the origin and the
purity (purified or not purified) of the humic substances,
the pH (from 1.5 to 12.0) and the concentration (from
0.25 to 25 mg/L) of the sample solutions. All sample
solutions were prepared at an ionic strength of 0.1 M
NaClO,. The following samples were investigated: (a)
commercial humic acid (Aldrich, purified /1/ and not
purified), (b) synthetic humic acid (Maillard reaction type
M42, /1/), (c) natural humic and (d) fulvic acid extracted
from the Bog “Kleiner Kranichsee” in Saxony /2/.

Results and Discussion

The fluorescence intensity increases exponentially with
increasing gate time. For each measurement the ex-
pected linearity between fluorescence intensity and the
number of laser shots and the excitation energy as well
is observed.

At low concentrations, up to 8 mg/L, the fluorescence
intensity increases linearly, with higher concentrations
the fluorescence intensity reaches a maximum and then
decreases. (Fig. 1). The fluorescence intensity shows a
maximum around pH 7, corresponding to /3/. The life-
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Fig. 1: Fluorescence intensity as function of humic acid con-

centration (Aldrich, purified, delay time O ps)

time is not affected by pH, concentration and system
parameter. A typical time resolved spectrum is shown in

Fig. 2. All samples show a mono-exponential decay of
the integrated fiuorescence signal between 450 and 550
nm at the chosen experimental conditions. The deter-
mined lifetimes range from 3.5 to 5.0 ns. Differences
between the lifetimes of the five samples are small but
significant (Tab. 1).

Fluorescence | Integrated fluorescence
sample lifetime / [ps] siggnal /[AU.] x10°
(a) purified 4612 = 283 331.0 + 6.1
(a) not purified | 4336 + 265 134.1:+ 4.8
(b) 4137 = 203 58.5+2.9
©) 3935 + 209 51.3+ 2.0
(d) 3843 x 91 53.4+26

Tab. 1: Fluorescence lifetime and integrated fluorescence
signal of the different samples

The fluorescence intensity of the Aldrich humic acid is
higher than that of the other samples, as shown in
Tab. 1 as an example for a concentration of 7 mg/L. The
differences can be explained by the diversity of cumula-
tive structural effects /3/. Comparing the fluorescence
intensity of unpurified Aldrich humic acid with purified
Aldrich humic acid show that the presence of metal ions
impurities decreases the fluorescence intensity by fluo-
rescence quenching. At all experimental conditions, the
spectra of the different samples are rather similar,
showing a broad band between 410 and 588 nm
(Fig. 2). This behavior can be explained by the large

12000 g
1300 O 2
1600
.- 1400
L1200

Fluorescen
Intensity [A
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Fig. 2: TRLFS spectrum of purified Aldrich humic acid

number of identical chemical structural units and func-
tional groups, such phenolic and carboxylic groups, re-
sulting in a uniform wavelength shift for all samples.

We demonstrated that our new pico / femtosecond laser
system is very suitable for investigating the fluorescence
behavior of organic substances.
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TIME-RESOLVED LASER-INDUCED FLUORESCENCE SPECTROSCOPY
WITH ULTRA-SHORT PULSES - PART lll: THE FLUORESCENCE LIFETIME OF A HUMIC ACID

M. Rutsch, G. Geipel, G. Bernhard

The fluorescence decay kinetics of a purified commercial humic acid (Aldrich) was studied by time-resolved laser-induced
fluorescence spectroscopy with femtosecond excitation pulses (< 130 fs).

Experimental

Our pico- and femtosecond laser system for TRLFS,
described in /1/, was extended by an optical parametri-
cal oscillator system (OPA, Spectra Physics, USA) to
generate a tunable wavelength range between 290 nm
and 10 pm. The OPA is pumped by femtosecond laser
pulses (<130 fs, 800 nm, Ti:sapphire oscillator). These
pulses are amplified to 1 mJ in the regenerative Ti :
sapphire amplifier. The amplifier system consists of two
Pockels cells which select a train of a number of indi-
vidual pulses. For an output energy higher than 1 mJ,
the selected pulse train is injected into a newly installed
multipass Ti : sapphire amplifier (with four mirrors, Sup-
erspitfire, Spectra Physics) so that an output energy of
3 mdJ for pumping the OPA can be achieved. The output
energy of the OPA is nominally 30 pJ at 320 nm.

The following experimental conditions were chosen for
the present studies:

Excitation wavelength - 400 and 320 nm with an energy
of 30 and 10 pJ, gate time of the CCD camera - 2 ns
and slit of the spectrograph - 100 ym. 1,000 laser
shots were collected and averaged per spectrum. The
spectra were recorded from 409 to 590 nm in steps of
0.473 nm and from 0 to 17 ns after laser pulse exciia-
tion in delay time steps of 25, 50 and 100 ps. The start-
ing point of the measurement was set approximately
500 ps before excitation. The concentration of the puri-
fied Aldrich HA was 5 mg/l and the pH was 11.2.

To prevent degradation of the humic acid, a flow cu-
vette with a flow rate sufficient for sample solution was
used. Due to the high pulse power of the femtosecond
pulses a degradation of humic acids was observed,
which caused a strong decay of fluorescence intensity
and thus errors in the decay time analysis.

The TRLFS data were analysed by means of the fluo-
rescence decay function:

AQ)=TA-e®™  with i=1,2,3and4 (1)

To obtain the amplitudes A, and lifetimes T, an iterative
deconvolution was applied, using nonlinear least
squares regression by solver implementation of the
program Excel97 (Microsoft Inc., USA). From the TRLF
spectra 100 wavelength points between 430 and 570
nm and 240 delay time points from O to 17 ns were
processed in the spreadsheat. In a first step the TRLF
spectra were corrected by the excitation pulse and by
the water Raman band at 465 nm. In the second step
the TRLF spectra were scanned for the number of fluo-
rescence lifetimes according to eg. 1, and the lifetimes
were determined.

Results

As shown in Fig. 1, three separated lifetime ranges
were found for the Aldrich humic acid: two sharp
ranges from 300 to 550 ps and from 950 {o 1,350 ps
and a broad range from 2,800 to 4,400 ps, with a rela-
tive fiuorescence intensity A, of 19 + 4 %, 34 = 3 % and
47 + 2 %, respectively.
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Fig. 1: Fluorescence lifetime distribution over the emissions
wavelengths from 430 to 570 nm (A, = 400 nm)

The two sharp lifetime ranges do not depend on wave-
length, but the lifetime of the third range increases
strongly with the wavelength to values of about 4,400
ps (Fig. 2). For each lifetime range a single fluores-
cence spectrum can be obtained (Fig. 2). In their sum
these spectra represent the measured spectrum. The
third broad lifetime range is thus a property of this in-
vestigated humic acid. The change in excitation wave-
length from 400 nm to 320 nm shows only slight differ-
ences in the results.
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Fig. 2: Fluorescence intensity and lifetime as a function of

the emissions wavelengths (A, = 400 nm)

In summary, the fluorescence lifetimes of a humic acid
were determined for the first time over a broad emis-
sion wavelength range with a high density of measure-
ment points, resulting in a higher reliability and accu-
racy of the lifetimes. Furthermore, for each wavelength
the fluorescence intensities A, were obtained and the
single spectra for each determined lifetime 1, were
calculated.

As another project, other humic acids, such as natural
(Kranichsee HA) or synthetic humic acid should be
examined at different excitation wavelength in the same
way.
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CHARACTERIZATION OF FERRIHYDRITE WITH AFM AND TEM

T. Arnold, G. Huittig, A. Miicklich’, H. Zanker
" Institute of lon Beam Physics and Materials Research

AFM and TEM measuremenis on ferrihydrite showed that ferrihydrite consists of nano-size particles with a disc-like morphology.
The small particles have a diameter of 2 lo 5 nm. Ferrihydrite particles are usually made of agglomerates consisting of many of

such nano-size particles.

Experimental

A ferrihydrite suspension (1 mM) was prepared by slowly
raising the pH of a (Fe(NO,), - 9 H,O solution to 7.3. The
suspension was aged for 45 minutes before the pH was
reduced to 5 in order to minimize the diffusion of CO,
into the suspension. NaNO, was added to adjust an
ionic strength to 0.1 M, and the pH was readjusted. The
suspension was then aged for 65 hours. Prior to Atomic
Force Microscopy (AFM) measurements, the ferrihydrite
suspension was centrifuged and the centrifugate was
washed with deionized water to remove NaNO;. Atomic
Force Microscopy (AFM) specimens were prepared by
pipetting a drop of the suspension on a glass slide and
evaporating the suspension to dryness under an IR-
lamp. The sample was analyzed with a Nanoscope lli
AFM (Digital Instruments, Inc) working in tapping mode.
Transmission electron micrographs (TEM) were taken in
the magnification range from 110 K o 550 K using a
Philips CM 300. From the < 50 nm filtrate Carbon Ultra-
thin Support Films (PLANO, W. Plannet GmbH) were
prepared.

Resuilts

Ferrihydrite is an intermediate solid that can form in
aqueous solutions, and can be placed in the series from
ferric aquo ions to hematite or goethite. It has pK,, val-
ues ranging from 37 to 39 and is therefore metastable
when compared 1o the thermodynamically more stable
iron minerals goethite and hematite, which have pK,,
values in the range from 41 to 43 /1/.
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Fig. 1: AFM picture of ferrihydrite agglomerates.

Fig. 1 shows the AFM image of a ferrihydrite surface.
The surface appears very rough and indicates the very
high specific surface area of this mineral. Values of 100
to 700 m/g were reported in the literature /1/. BET mea-
surements of freeze dried ferrihydrite samples gave
specific surface areas of 316.6 m7/g + 10 %. Because of
this very high specific surface area ferrihydrite is a well-
known sorbent for many toxic heavy metals/2/.

We further examined the ferrihydrite particles by TEM

measurements. Consistent with the literature /3/, we
found that ferrihydrite consists of 2 to 5 nm particles.

Fig. 2: TEM image of ferrihydrite particles.
The particles show a disc-like appearance (Fig. 2). Their
size was determined on the base of TEM images of high
magnification.

Transformation of ferrihydrite to goethite proceeds by
crystallization within the aggregated ferrihydrite in the
presence of free or surface-bound water /3/. However,
when impurities, such as SiO,* and/or anion groups
from organic acids are present, which are very common
in nature, they sorb preferentially to the surface, and
block phase transformation /4/ from ferrihydrite to he-
matite. When the ionic strength of a ferrihydrite suspen-
sion is low, the nano-sized particles can remain in solu-
tion, giving a colloidal dispersion or sol. However, when
the ionic strength is increased, the electric double layer
of the particles shrinks. Thus, the particles can ap-
proach each other more closely and van der Waals
forces may lead to atiraction of these nano-sized parti-
cles so that coagulation may occur. For a 5 nm particle,
about one third of the atoms are at the surface. When
ferrinydrite particles start to agglomerate or flocculate,
cations and anions sorbed to these nano-sized particles
are incorporated into the agglomerates and are re-
moved from the solution by coprecipitation. The AFM
image shown in Fig. 1 represents therefore an image of
a heavily aggregated mass of many of these nano-sized
ferrihydrite particles.

Acknowledgments

D. Bosbach from the University of Miinster, Institute of
Mineralogy is thanked for taking the AFM image and G.
Schuster for the BET measurement.

References

/1/ Cormnell, R.M., Schwertmann, U.: The iron oxides,
VCH Verlag Weinheim, 1996

/2/ Dzombak, D.A., Morel, F.M.M., Surface Complexa-
tion modeling. Wiley, New York, 1990

13/ Schwertmann, U., Friedl, J., Stanjek, H.: From Fe(lll)
to Ferrihydrite and then to Hematite. (submitted)

/4/ Zhao, J. et al., Physical Review B 54 (5), 3403
(1996)

24



DETERMINATION OF THE ACIDITY CONSTANT AND THE NUMBER OF SURFACE SITES OF
SCHWERTMANNITE

T. Amold, G. Bemhard, H. Nitsche

The surface site density on the schwertmannite surface was determined by potentiometric titrations. A value of 7.22 sites/nin?
was calculated. In addition, the acidity constant, log k, of the reaction SOH," = SOH + H' was determined to be 4.71.

Introduction

Schwertmannite is an oxidation product of pyrite and
forms only in the pH range from 2.5 to 4.5 /1/. 1t forms in
nature by bacterial oxidation of Fe(ll) in acid mine
effluents or acid sulphate soils. lts general simplified
formula is Fe;40,4(OH)(SO,), x nH,O where 16 - y = 2z
and 2.0 < z < 3.5 /2/. The mineral has a characteristic
“pincushion” morphology and a high specific surface
area of 125 -225 m?/g for natural samples and 240 -
300 m?/g for synthetic samples.

Experimental

Synthetic schwertmannite was prepared by dissolving
7.26 g of K,SO, in three liters of MILLIQ water. Then the
solution was heated in a water bath to 60 °C. While
constantly stirring the solution, 16.16 g of Fe(NO,); x
9H,0 was added to the solution and the solution was left
standing for an additional 12 minutes. Then the suspen-
sion was transferred into dialysis tubes and dialyzed until
the salt content in the surrounding water showed no
conductivity.

Potentiometric titrations were performed with a
METROHM titrator and the software program TiNet 2.2.
Fifty milligrams of schwertmannite were added to 40 mL
of MILLIQ water and titrated with acid and base. Blank
titrations were also carried out. Twenty-five pl. of 0.1 N
HCI or NaOH were added in two minute intervals to the
schwertmannite suspension and the blank solutions and
the pH was recorded.

Results

From the results of the acid-base titrations the proton
surface charge of schwerimannite was determined, and
from that the concentration of ionizable hydroxyl groups
was estimated. Hydrous metal oxides exhibit amphoteric
behavior , which means that hydroxyl groups on oxide
surfaces can bind and release protons. As a result of
these proton transfer reactions, oxides acquire a surface
charge. The proton surface charge on the
schwertmannite surface in the pH range from 2.5 10 4.5
was determined by subtracting the titration curve of the
background electrolyte in the absence of oxide from that
of the oxide suspension /3/ in the following manner:

(Ca - Cdausp. = (H) - (OH) + (SOH;") - (8O) + Y
(Ca- Colzian. = (H) - (OH) + (SOH,") - (SO) + Y
(Ca - Cp) = (SOH,) - (SO)

C,is the molar concentration of added acid and Cg is
the molar concentration of added base. The molar con-
centrations of H* and OH" are calculated from the pH
measuremenis. Y represents an unknown constituent
that can react with H* and OH". This method accounts

for the effects of impurities and reactions with the vessel
wall.

The results are graphically displayed in Fig. 1.
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Fig. 1: Titration data of schwertmannite

SOH,* and SO are the charged ionizable surface spe-
cies. It is assumed that at pH 2.5 all surface species are
positively charged (SOH,"). The surface charge density
in C/m? is then given by :

o= F/(A x S) [SOH,"]

where F is the Faraday constant; A the specific surface
area; and S the solid concentration. The total number of
surface sites was calculaied as 7.22 sites/nm? from the
calculated surface charge density and the known spe-
cific surface area of 300 m?/g. Furthermore, the acidity
constant of schwerimannite was determined by applying
the Diffuse Double Layer Model. In the acidic region
where schwertmannite is stable, the SOH," is the domi-
nating surface species. Therefore, the following reaction
was used to determine the acidity constant:

SOH,* = SOH + H%; K = {SOH}[H*]/ {SOH,"}

The formation constant of the above-listed reaction was
determined as log k = 4.71 using the computer program
FITEQL Version 3.2 /4/.
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SORPTION OF URANIUM(V]) ONTO SCHWERTMANNITE
T. Arnold, G. Bernhard, H. Nitsche

Sormption batch experiments with uranium(Vl) and schwerimannite were conducted. The formation constant log k for the sorbed
U(VI) surface complex was determined using the computer code FITEQL and a value of 6.30 was obtained.

Experimental

Schwertmannite was prepared as described in /1/. Two
series of batch experiments were carried out by adding
50 mg of synthetically prepared schwertmannite to
40 mL of 0.1 and 0.01 M NaClO, solutions, respeciively.
Then, the suspension was aged for 24 hours. After this
period the pH was adjusted to the desired value using
appropriate amounts of HNO, or NaOH. The next day
the pH was checked and if necessary readjusted. About
80 L uranyl perchlorate [UO,(CIO,),] solution, prepared
in 5 x 10° M HCIO,, was added 1o the pH-adjusted sam-
ples to set the final U(VI) concentration in the suspen-
sion to the 1 x 10 M. Immediately, after the uranium
addition, the pH was readjusted. Then, the samples
were rotated end-over-end at 1 to 5 rpm for about 50
hours to keep the solid material in suspension. At the
end of a 50 hours period, the final pH values were
taken. The aqueous and solid phase were separated by
centrifugation at 3000 rpm for 7 minutes. Subsequently,
the supernatant was filtered using Centrisart C 30 mem-
branes (from Sartorius) with a molecular weight cut-off
of 100,000 Dalton, which is approximately equivalent to
5 nm pore size. The filtrates were acidified to a pH of
approximately 1.4 and the samples were analyzed for
uranium and iron by ICP-MS. Uranium concentration in
the filtrate was determined within an analytical error of
5-10 %. This was determined by two blanks accompany-
ing each baich series. The difference between the con-
centration in the supemnatant solution and the total ura-
nium concentration was atiributed to sorption onto
schwertmannite.

Results

The results of the batch experiments are shown in
Fig. 1. No sorption of uranyl onto schwertmannite was
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Fig. 1: Sorption of 1 x 10* uranium(VI1) onto schwerimannite in
0.1 M and 0.01 M NaClIO, solution, respectively

detected below pH 3. However, with increasing pH the
uranyl sorption increased. At pH 4.4, 80 % of the initially
added uranium sorbed onto schwertmannite, indicating

that this secondarily formed iron mineral acts as strong
sorbent for uranium(VI). Mineral dissolution above pH
2.6 was insignificant, clearly showing that the uptake of
aqueous uranium was related to sorption. The two
curves shown in Fig. 1 further indicate that the sorption
of uranyl onto schwertmannite seems to occur by
chemisorption rather than by physiosorption, because
variations in ionic strength have no influence on the ura-
nium sorption behavior.

The DDLM (Diffuse Double Layer Model) was used to-
gether with the computer code FITEQL Version 3.2 /3/ to
model the sorption results and to calculate formation
constants for uranium surface complexes on the
schwertmannite surface. The formation constants for
aqueous uranium (VI) complexes /4/, the acidity con-
stant determined in /1/, and the following reaction:

SOH + UO,* = (SOUO2)* + H*

were included in the calculation. Based on the experi-
mental results, the surface complex formation constant
log k was optimized with FITEQL and a value of 6.30
was obtained. The distribution of surface and aqueous
uranium species in a system of 1.25 g/L schwertman-
nite, 1x10° M U(VI), and 0.1 N NaClO, solution is shown
in Fig. 2.

—{ 1E-fi

—o— UO(OH)" |- I St
74—+ UO,(OH),

conc. of U(VI) species [M]

1E-9 . : : s ; . 1E-9
30 35 4.0

pH
: Distribution of uranium species in a system containg
schwertmannite (50 mg / 40 mL) and a solution con-
taining 1 x 10°M U(VI) and an ionic strength of
0.1 M (NaClO,)
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DISTRIBUTION OF URANIUM(VI]) ON BIOTITE SURFACES
G. Mainka, T. Zorn, T. Amold, G. Bernhard, H. Nitsche

Uranium(VI) is not uniformly adsorbed on the biotite surface. Sorption of uranyl occurs preferentially on edge positions. The

elemental composition of the surface changes when the mineral is pre-treated with sodium perchlorate solution.

Experimental

Biotite specimen (mica, 2*3*0,5 cm pieces) [ K (Mg, Fe,
Ti, Al); (AISI0,,) (OH, F), ] were immersed for 48 hours
in 0.1M sodium perchlorate solution containing 25 ppm
uranyi perchlorate at pH 6.5. To distinguish the differ-
ence between uranyl sorption and the perchlorate-al-
tered surface, reference pieces were treated only with
0.1 M perchiorate solution. The samples were rinsed
with deionized water and dried at 80° C for 1 hour.
SEM (Scanning-Eleciron-Microscopy) pictures were
taken from the surface and the edge of the biotite of
non-treated, the reference and the uranyl treated sam-
ples. EDX (Energy-Dispersive-X-ray-fluorescence-anal-
ysis) measurements were carried out at different points
of the surface and at the edge of the samples.

Resulis

Fig.1 shows an SEM image of a biotite surface. The
surface shows edges, damages and particles that are

-

A
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Fig. 1: SEM picture of a biotite surface 100xD

distributed over the whole surface. With the detection of
recoil electrons a distinction is possible between differ-
ent elements and their distribution on surfaces. The
lighter elements are depicted in lighter grey colors than
the heavier ones.

The EDX detection on the surface in fig. 2 shows dif-
ferent elemental distribution for two selected surface
areas (Fig. 1 box A and B). The EDX measurements of
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the uranyl treated sample shows a slightly lower potas-
sium and magnesium and much higher sodium and
chloride concentrations on the surface than the non-
treated sample. Uranium sorption could only be found
with EDX measurements in the area of box B where the
biotite surface is damaged.

Fig. 3 shows the elemental composition of the edge
and their change by immersion into sodium perchiorate
or urany! solution. The sodium and the chloride concen-
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Fig. 3: EDX measurement of the biotite edge

trations of the edge samples are much higher for the
reference and the contaminated sample than for the
non-treated sample, The concentration of the other
elements seems to be lower for the uranyl freated and
the reference sample than for the non-treated sample.

Discussion

The comparison between EDX measurements at differ-
ent points of the surface shows that uranium is prefera-
bly adsorbed either at the edge or at points where the
surface is damaged. At this points the surface is more
reactive.

The immersion of biotite in solution leads to a loss of
interlayer potassium at the edge which is replaced by
hydrated cations. This immediately leads to a modifica-
tion of the octahedral sheet with loss of iron. This iron
not necessarily remains in solution. It also can precipi-
tate as amorphous or crystallized oxyhydroxide at the
surface /1/.

Iron-oxyhydroxide compounds are preferred adsorption
sites for uranium(V1) /2/.

The adsorption of a sodium perchlorate layer may be
the reason for the lower detection of the other elements
on the edge.

Na
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ADSORPTION ISOTHERM AND POTENTIOMETRIC TITRATIONS OF QUARTZ
T. Zorn, T. Amold, G. Bernhard, H. Nitsche

The adsorption isotherm at pH 6.5 indicates that the quariz surface possesses only one type of binding site. Basedon
potentiometric titrations, the total number of the surface sites was calculated and values of 3.44 and 3.55 sites/nmPwere

defermined for | =0.1M and | = 0.05M, respectively.

Experimental

Potentiomeitric titrations of quartz were performed with
a Schott-titrator under N, atmosphere. One gram of
quartz (63-200pum) was titrated with acid and base in
8omL 0.1 M NaClO,-solution. Sixty micro liter of 10°M
NaOH or 10°*M HCI were added to the quartz suspen-
sion in intervals of two minutes. The adsorption iso-
therm of quartz was determined at pH 6.5 under the
followings experimental conditions: Half a gram of
quartz of the 63-200 pum fraction was added to 20 mL of
0.1 M NaClO, solution in 50 mL polypropylene centri-
fuge tubes. The mineral samples were conditioned for
24 hours with this solution. Then 20 mL of 0.1 M
NaClO, solution were added to reach a final volume of
40 mL. The pH was adjusted to 6.5. The pH was
checked after 24 hours and if necessary readjusted.
This was repeated until the pH was stable. Then the
uranyl perchlorate solution was added to set the final
U(VI) concentration between 1x10® M to 5x10“M . Im-
mediately after the addition of the uranium, the pH was
readjusted to 6.5. Then the samples were rotated end-
over-end at 1 - 5 rpm for about 60 hours to minimize
abrasion and to keep the geomaterial in suspension.
After 60 hours the final pH values were measured and
the aqueous solid phases were separated by centrifu-
gation at 3000 rpm for 7 minutes. Subsequently, the
supernatant was filtered using Centrisart C 30 mem-
branes with a pore size of 5 nm . The filtrate was acidi-
fied to a pH of about 1.5, and the sample was analysed
for uranium by ICP-MS (inductive Coupled Plasma-
Mass Spectrometry).

Results and Discussion

The proton surface charge on quartz was determine
from acid-base titrations and the concentration of ioniz-
able hydroxyl groups was estimated. The surface site
density was estimated using the following equation /1/:

o = F/AxS][c,-¢,-(H")+(OH)]

C, is the molar concentration of added acid and ¢, is
the molar concentration of added base. The molar con-
centration of H* and OH  is calculated from the pH
measurements. F is the Faraday constants, A is the
specific surface area of quartz (0.2m?g) and S is the
solid concentration (g/L). SOH,* and SO are the
charged ionizable surface species of quartz.The results
are graphically displayed in Fig. 1. At pH 9.5 it is as-
sumed that all surface species are negatively SO sur-
face species. For this assumption the total number of
surface sites was determined as 3.44 and 3.35
sites/nm? for 1=0.1M and 1=0.05M, respectively.

The adsorption isotherm are shown in Fig. 2. The lin-
ear behavior in the concentration range between
1x10°M and 1x10™M of initially added uranium indi-
cates that the ground quariz has a homogeneous sur-
face with only one type of binding site.
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At an initial uranium concentration of 5x10™*M a yellow
precipitate was observed, which can be atiributed to the
formation of a solid uranium hydroxide phase, thus

causing the upslope of the adsorption isotherm.

The DDLM (Diffuse Double Layer Model) will be applied
to model the sorption results and the optimisation pro-
gram FITEQL will be used to determine surface com-
plex formation constants.
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THERMODYNAMIC DATABASE FOR SURFACE COMPLEXATION MODELS
V. Brendler, T. Amold, G. Bernhard

Surface complexation models (SCM) are in increasing use to substitute simplistic approaches such as the K, concept for the
description of sorption processes. To apply such SCM in geochemical speciation modeling, a thermodynamic database
containing published complexation constants and surface characteristics was established.

Surface Complexation Modeis

Modern concepts treat surface reactions as complex-
ation reactions analogous to such reactions in homoge-
neous agueous solutions. Therefore these models are
called Surface Complexation Models (SCM), for details
refer to, e.g., /1/. This requires the definition of sur-
face sites with a finite concentration. Usually such sur-
face sites are represented as =SOH groups with S de-
noting a metal from the solid structure, located at the
solid-liquid interface. Many mineral surfaces, but espe-
cially colloids carry a significant surface charge, creat-
ing an electrostatic potential extending into the aqueous
solution. To account in a proper way for this charge
effect, additional terms have been introduced into ad-
sorption models, modifying the activity of sorbate ions.
These terms describe the electrical work necessary to
penetrate the zone of electrostatic potentials, resulting
in a difference between the activity of ions M, with the
charge z* near the surface and the same ions M in the
bulk solution.

The main models used at present are sorted according

to the increasing number of required elecirostatic model
parameters:

- the Diffuse Double Layer Model (DDL): Here, the
total charge of the double layer is defined as a func-
tion only of charge and ionic strength. Thus, an im-
portant advantage of this rather simple approach is,
that there are no electrostatic parameters required at
all. This reduces data needs and consequently data
uncertainty.

- the Constant Capacitance Model (CC): The constant
capacitance model assumes only one layer or plane
between surface and bulk solution. All specifically
adsorbed ions contribute to the surface charge in this
layer. Actually, this model is just a special case of the
diffuse layer model for solutions of higher ionic
strength (1 > 0.01 mol/L.) and surfaces of low poten-
tial. It is strongly dependent on the ionic strength,
and requires one electrostatic parameier, the capac-
ity C.

- the Triple Layer Model (TL): Two different planes are
assumed for the surface: The innermost or o-plane
does only incorporate protonation or deprotonation of
surface sites. All other specifically adsorbed ions are
assigned io the outer or b-plane. Therefore, each
plane has its own charge and potential. The third
layer (to justify the name of the rnodel) is as in the
above models the diffuse layer. in summary, this
would give two electrostatic parameters (Capacities
C, and C,), but to reduce further the number of vari-
able model parameters, C, is generally fixed o 0.2,
whereas C, is a fitting parameter inside a range be-

tween 0.1 and 2.0, which is supported by theoretical
considerations.

29

Database Implementation and Content

The database is implemented in MS Excel 5.0, it is
foreseen to be transferred as a relational database into
MS Access. The data structure consists of three tables,
with the first one containing the intrinsic surface proper-
ties such as the specific surface area, the number of
distinct site types, surface site densities for each site
type, the up to two constanis for surface protolysis re-
actions, and electrostatic parameters (the capacities C,
of the various surface layers in the TL and CC models).
The second table consists of the surface complexation
constants, including the chemical reaction equation and
the applied SCM type. The third table is the bibliogra-
phy, with both original citations and secondary literature
references.

Presently, the database contains 135 datasets for the
following minerals / solid phases: ferrihydrite (Fe,O; -
H,0), goethite (a-FeOOH), hematite (a-Fe,O,), quariz
(SiO,), amorphous silica, pyrolusite (MnO,), kaolinite,
montmorillonite, TiO, (anatase), Al,O,, calcite (CaCOsy),
chlorite, cement, and fluorapatite. Most of them origi-
nate from publications in Geochimica et Cosmochimica
Acta and in the Journal of Colloid and Interface Sci-
ence. If available, data uncertainties are included.

This project is a steadily ongoing effort. In case of data
gaps the database is supplemented by data estimation
methods such as Linear Free Energy Relationships
(see /2/). An important application of the SCM database
was in the EU project RESTRAT /3/ to include surface
phenomena into radiological risk assessment software.
For this purpose, a subset of the database related to
the DDL SCM was incorporated into the thermodynamic

database of the geochemical speciation software
MINTEQAZ2 /4/.
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APPLYING THE DDLM TO MODEL THE SORPTION OF URANIUM(VI) ONTO QUARTZ AND
MUSCOVITE
T. Arold, T. Zom, G. Bernhard, H. Nitsche

The DDLM Model was used with somption data was used to calculate surface complexation constants for uranyl sorbed onto
quartz and muscovite, respeciively. Furthermore, one deprotonation reaction for the quartz surface and iwo protonation

reactions for muscovite were calculated.

Experimental

Batch sorption experiments with uranyl and the miner-
als quartz and muscovite, respectively, were carried out
under ambient temperature and pressure in the pH
range from 3.5 to 9.5 in 0.1M NaCIO, solution. An U(VI)
concentration of 1-10° M, a size fraction of 63-200 pm,
and a solid solution ratio of 0.5 g/40 mL was used. Acid
base titrations with muscovite and quartz were carried
out under N, atmosphere and the above specified ex-
perimental conditions. The titrations were performed
with CO,-free NaOH and CO,-free deionized water, The
specific surface area of both mineral surfaces (63-200
um) was determined with the BET method. For quartz
0.2 m?g and for muscovite 1.4 m?/g was found.

Resulis and discussion

The point of zero charge (pH,,;) of quariz is reported to
range between pH 2.0 /1/ and pH 2.9 /2/. Conclusively,
the quartz surface in our sorption experiments is nega-
tively charged and XO" species should predominate.
Therefore, only one acidity constant for the reaction
XOH = XO + H* was determined. By using the titration
data and FITEQL /3/ the acidity constant for quariz was
determined to be log K, = -5.62 at an ionic strength of
| = 0.1 M. The value for weighted square of sums di-
vided by degree of freedom (WSOS/DF), an indicator of
the goodness of fit, was equal to 19.32. In contrast to
quartz, the pH,,, of muscovite is at 6.6 /4/. This indi-
cates that both positively and negatively charged sur-
face species occur and thus, two acidity constanis were
determined. Again, titration data and FITEQL were
used to calculate these constants. The resulting log K
values for muscovite are listed below.

XOH = XO + H* logKyo.=-7.81 (1=0.1 M)
XOH,* = XOH + H* log Ky, = 6.06 (1 = 0.1 M)
The WSOS/DF value was 12.01. Using these acidity
constants together with the sorption data obtained in
batch experiments and the computer code FITEQL,
surface complex formation constants for urany! sorbing
onto quariz and muscovite, respectively, were calcu-
lated. The surface complex which best modeled the
sorption results with the Diffuse Double Layer Model in
the quartz system was a bidentate mononuclear sur-

face complex shown in the following equation:

X(OH), + U0, = (XO,2UO0,*) + 2H*  log K oaucz
EXAFS analysis /5/ indicated the formation of such a
bidentate mononuclear surface species. The formation
constant log K 20020, Of this species was calculated
o be -5.72 (WSOS/DF = 2.68) at an ionic strength of
I = 0.1 M. Using this calculated uranyl-quartz surface
complex to model the sorption of uranyl onto quartz, it
was found that there was a good agreement with the
experimentally derived sorption data, as shown in Fig.1.
In the case of muscovite, however, the modeling favors
the formation of two uranyl surface complexes. Both
surface complex were simultaneously calculated with
FITEQL. The first one is the monodentate mononuclear
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Fig. 1: Exp. and calc. data of U(VI) sorbed onto quartz.

surface complex:

XOH + UO,* = (XOUO,2)* + H* log K xouoz):
The second surface complex is a bidentate mononu-
clear surface complex:

X(OH), + UO,* = (XO,ZUO,*) + 2 H*  log K oau0z)
For the first uranyl muscovite surface species the for-
mation constant log K o020, Was calculated to be
- 0.86 (I = 0.1 M). The second one was determined to
be -6.97 (1 = 0.1 M). The WSOS/DF value was 5.73.
The fitted data together with the experimental sorption

results are shown in Fig.2,
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MODELING THE SORPTION OF URANIUM(VI) ONTO ALBITE FELDSPAR
T. Amold, T. Zom, G. Bernhard, H. Nitsche

A surface complexation constant for uranyl sorbing onto albite and two protonation reactions on the albite surface were
determined by applying the Diffuse Double Layer Model together with the computer code FITEQL

Experimental

Acid base titration of albite feldspar were performed
under nitrogen atmosphere. One gram of albite (grain
size 63 - 200 um) was titrated with acid and base in 80
mL 0.1 M NaClO, - solution. Sixty pL of 1-10° M NaOH
or HCI were added to the albite suspension in intervals
of two minutes. Batch sorption experiments in the pH
range of 3.5 to 9.5 were carried out in equilibrium with
atmospheric P, a solid to solution ratio of 0.5 g/40 mL
and an uranium concentration of 1-10° M uranium(Vi).

Results and discussion
The specific surface area, the surface site density and
the protolysis constants of the albite feldspar was deter-
mined prior to applying the Diffuse Double Layer Model
(DDLM) o the sorption data. The specific surface area
of the albite powder (grain size 63-200 pm) was deter-
mined with the BET method as 0.2 m*/g. The surface
site density of albite and the respective protolysis con-
stants were determined with data derived from acid-
base titration. The point of zero charge (pH,,.) is known
to be at pH 2.0 /1/. From this the surface site density
was determined at pH 9.47, a pH at which almost all
surface species should exist as deprotonated XO" spe-
cies. The surface site density is then calculated from:
o = F/A%S [c,-c5 - (H") + (OH)]

¢, is the molar concentration of added acid, ¢, the mo-
lar concentration of added base, (H*) and (OH") are the
molar concentration of H* and OH,calculated from the
pH measurement, F is the Faraday constant, A is the
specific surface area and S the solid solution ratio. At
pH 9.47 a surface site density of 3.10 sites/nm?® was
determined. It was expected that at pH values higher
than the pH,,, the predominant surface species on al-
bite is the negatively charged XO™ species. However,
using only one surface reaction, XOH =XO" + H’, to
model the titration data was unsuccessful. In contrast,
it was found that there is already an excess of protons.
This clearly indicates that an additional proton consum-
ing reaction should occur. In various mineral dissolution
experiments with albite Hellmann et al. /2/ and Wollast
and Chou /3/ found out that a hydrogen enriched sur-
face layer forms during the early stages of chemical
weathering. They both related this behavior to a cation
exchange reaction in which Na* from the albite surface
is replaced by H* from solution. Despite the presence of
0.1 M NaClO, which should suppress the ion exchange
between Na* and H* at the albite surface, this additional
cation exchange reaction seems to occur and was
therefore included in the modeling. The titration data
was modeled with the following two reactions:

XOH =XO + H* log Kye.

NaXOH + H*= XOH," + Na*  log Kyguo.
Both formation constants were oplimized simulta-
neously with FITEQL /4/ and the following constants
were determined at an ionic sirength of | = 0.1 M: log
Ko =-7.87 and log Ky, = 6.34 with WSOS/DF =

31

9.89. WSOS/DF stands for “weighted square of sums
divided by degree of freedom” and is an indicator of the
goodness of fit /4/. However, the WSOS/DF value is
highly dependent on the etror assigned to the experi-
mental data and therefore should not be over inter-
preted.

With these iwo constants the sorption resulis of the
uranium(V1) albite system were modeled with the DDLM
by using a partial pressure of Pgg, of 10%° and including
all known agueous uranium species. The experimental
data was best fitted with the monodentate mononuclear
surface complex:

XOH + UQ,* = (XOUO,)* + H* log Kixouozy
Despite showing a high WSOS/DF value of 23.30 this
species with log Kyoyony, = 1.22 (I = 0.1 M) was chosen,
because it represents the best description of the experi-

mental data. However, both modeled adsorption edges,
as shown in Fig. 1, are too wide.
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Fig. 1: Exp. and calc. data of U(VI) sorption onto albite

As this species is purely postulated, spectroscopic evi-
dence is urgently required to identify the local environ-
ment of sorbed uranium on the surface. Furthermore,
additional reactions, e.g. cation exchange and/or chem-
ical weathering may alter the albite surface and thus
influence the sorption of uranyl onto albite.
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SORPTION OF TETRAVALENT URANIUM ON METAMORPHIC ROCKS AND SEDIMENTS
A. Abraham, .. Baraniak, H. Neubert, G. Bernhard, H. Nitsche

The uranium(lV) sorption studies under anoxic conditions showed that (1) in the transitional range the sorption is comparable
with uranium(VI) and (2) under reducing conditions uranium is sorbed as U(OH), with high distribution ratios.

Introduction

In continuation of the uranium sorption studies on rocks
from the Erzgebirge and sediments from the Elbe Valley
in Saxony, Germany, we investigated tetravalent ura-
nium sorption under transitional and reducing conditions
in the presence of organic materials such as wood deg-
radation products (WDP), lignin (PWL) and humic acids
(HUA).

The process of wood degradation in the flooded mines
consumes oxygen which creates anoxic conditions. The
organic compounds contribuie to the decrease of the
redox potential in deeper mine water layers. Potentials
from 25 to 150 mV are found in the flooded Schlema
mine at a depths below 20 m /1/.

Reducing conditions were simulated in sorption experi-
ments in two steps: first under fransitional conditions with
an Eh between 200 and 400 mV, and then under reduc-
ing conditions with an Eh between 0 and 200 mV. After
reaching steady state (4-6 weeks) and separating the
liquid and solid phases the distribution ratios (R, [mlL/g})
were determined using #**U tracer and LSC measure-
ments.

Results

The R, values for the rocks under transitional conditions
are between 2 and 8 mL/g at pH 8 to 9 (Fig. 1).

Fig. 1: Uranium sorption on metamorphic rocks under transi-
tional conditions

We found the following gradation: diabase has the high-
est values followed by phyliite/calcite, gneiss and gran-
ite. We found no change in R, for diabase, gneiss and
granile in the presence of the organic substances. Only
phyilite and calcite showed a slightly decreased sorp-
tion.

Under reducing conditions, the sorption on the rocks
increases by two orders of magnitude (Fig. 2).

The R, values range from 1.4x10% to 2.1x10° mL/g. The
highest sorption is found on phyllite with R, above 103
The somption on the other rocks is not as strong
(R, 130-920 mL/g). Generally the organic compounds
do not influence the sorption. In the case of phyilite,
PWL increases the distribution ratio by about 22%, WDP
and HUA decrease it by 24%.
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Fig. 2: Uranium sorption on metamorphic rocks under reduc-
ing conditions

The U(IV) sorption from the DOC-free mine water onto
the sediments under reducing conditions is character-
ized by strong binding to sandstone, lime marl and clay-
stone with the highest R, values and the lowest sorption
on turonian sandstone (B). The influence of DOC de-
creases the sorption, with the exception of lime marl A
and sandstone B (Fig. 3).
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Fig. 3: Uranium sorption on Sediments under reducing condi-
tions

Under weakly reducing conditions (around 400 mV), the
R, values are between 2 and 20 mL/g and the influence
of DOC on the sorption is negligible.

Conclusions

The sorption on the rocks and sediments increases
strongly with decreasing redox potential. Uranium exists
in neutral solution and Eh values below 100 mV in the
tetravalent state /2/. U(IV) is oxidized to U(VI) at higher
potentials. This results in relatively weak sorption (transi-
tional potential range). Under strongly reducing condi-
tions, tetravalent uranium precipitates as U(OH), caus-
ing high distribution ratios.
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INFLUENCE OF HYDROTHERMAL WOOD DEGRADATION PRODUCTS ON THE
URANIUM SORPTION ON ROCKS AND SEDIMENTS UNDER ANAEROBIC CONDITIONS

L. Baraniak, A. Abraham, G. Bernhard, H. Nitsche

Uranium adsorption on rocks and sediments that are typical of the Saxon mining areas was studied in the presence of wood
degradation products, pine wood lignin and humic acid under anaerobic conditions by batchexperiments using ***U tracer and

LSC.

Introduction

Hydrothermal wood degradation introduces organic
substances (DOC) into the water. This DOC complexes
radionuclides and heavy metals /1/. That influences
their adsorption on rocks and sediments. Under aerobic
conditions an increase in U(V!) adsorption was found
on rocks and minerals typical for the Erzgebirge in the
presence of the wood degradation products. U(VI) ad-
sormption on the Konigstein sediments is less influenced
by this organic matter /2/. Oxygen-consuming pro-
cesses result in anaerobic conditions in deeper water
layers, for example in flooded mines, that may influence
the uranium adsorption on the geomaterials.

Experimental

One gram of geomaterial was equilibrated in batch ex-
periments with 5 mL water (corresponding to the water
composition of the Schlema and Konigstein mines)
containing UO,* (10° to 10* mol/L) and DOC (20 mg/
L). After 4-6 weeks gentle agitation under inert gas, the
distribution ratios were determined by measuring the
added U tracer (60 Ba/sample) in a liquid scintillation
counter. The pH and Eh were determined in each sam-
ple at the end of the equilibration.

Results
The anaerobic U(VI) adsorption on the rocks in the pH
range 7.8-8.3 and at Eh 410-470 mV is generally char-
acterized by a small decrease in DOC presence
(Fig. 1), e.g., for pyrite, R, diminishes from 10.4 to
about 8 mL/g by pine-wood lignin (PWL) and humic
acid (HUA), and {o 4.8 mL/g by the wood degradation
products (WDP). Adsorption on gneiss (PWL: 4.0,
HUA: 3.4-3.9, WDP: 3.0 ml/g) and granite (Rg: 3.0/2.1-
2.2/2.0 mL/g) shows the same tendency, but on a lower
level. A comparably high adsorption is found on dia-
base. The WDP reduce the adsorption from 13 to 8.2
mL/g, where-as PWL and HUA have no influence. Ad-
sorption on calcite is nearly unchanged by the organic
matter (Rq: 8.0+1.5 ml/g).

Fig. 1: Influence of wood degradation products on the U(VI)
adsorption on metamorphic rocks under anaerobic
conditions

There are only small differences in adsorption between

the various rocks. We found the following gradation

under the infiluence of WDP:

diabase (Rq: 8.2 mL/g) > calcite (6.8) > phyllite (4.8) >
gneiss (3.9) > granite (2.0).

The anaerobic U(VI) adsorption on the sediments in
acidic solution (pH 3.0-3.8) and at decreased Eh (400-
580 mV) shows no significant change in the presence
of DOC (Fig. 2). But there is an evident gradation be-
tween the various sediments; adsorption decreases in
the following order:

lime marl /A/ (Rg: 14.9 mlU/g) > turonian sandstone /B/

Fig. 2: Influence of wood degradation products on the U(VI)
adsorption on sediments under anaerobic conditions

Discussion

The exclusion of oxygen from the experiments caused
a decrease in the redox potential: in rock samples by
300 mV and in sediments by about 500 mV. By relating
these conditions to the Eh-pH dependency of the
U(VI)/U(IV) system in the presence of carbonate /3/, we
find that the reduction of [UO,(CO,),F* at pH 8 and of
UO,* at pH 3.4 takes place at Eh below 100 and 220
mV, respectively. That means, that no U(VI) was re-
duced and the determined Ry are uninfluenced by pre-
cipitated U(OH),.

Comparing the anaerobic with the aerobic adsorption
/2/, we find a stronger adsorption on phyllite (4.8 in-
stead of <0.1 mL/g) that will contribute to the uranium
retardation in subsurface waters near the mines. From
the dominant influence of pH for the sandstone (4.8
mL/g at pH 3.8 and 150 at pH 6.8), we conclude that
U(V1) is more and more immobilized at increasing pH in
the mine flooding process.
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COMPUTATION OF DISTRIBUTION COEFFICIENTS (K;) FOR RISK ASSESSMENT STUDIES

V. Brendler, Y. Stiglund', S. Nordlinder'
'Studsvik Eco & Safety AB, Nykdping, Sweden

Geochemical speciation software (MINTEQAZ2) is integrated into a risk assessment code (PRISM / BIOPATH), unfolding the
simplistic K; concept info complex formation, heterogeneous phase equilibria and surface complexation. This allows the
computation of a more realistic K, using an iterative approach fo account for a changing chemical environment. Furthermore,
those paramelers are clearly identified that contribute most to the overall unceriainty.

Methodology

World-wide activities focus on remediation of radioac-

tively contaminated sites. An EU project (RESTRAT /1/)

develops a generic methodology for ranking of restora-

tion techniques. The risk assessment model used for

RESTRAT is based on two programs:

a) PRISM /2/ as outer shell performs uncertainty analy-
sis, using the Latin Hypercube Sampling for input
parameters, allowing arbitrary parameter distribu-
tions and correlations;

b) BIOPATH /3/ computes the contaminant transport in
geo- and biosphere based on compartment theory.
It applies first order differential equations for kinetics.

Up to now chemistry is included (like in other risk as-
sessment codes) only through distribution coefficients
(K, values), the ratio of the sorbed (fixed, immobilized)
and the unsorbed (free, truly dissolved) fraction of a
given component under equilibrium conditions. This
widely used concept is, however, too simplistic because
many very different basic physico-chemical phenomena
(hydrolysis and complexations, redox reactions, mineral
precipitation and dissolution, adsorption and ion ex-
change, colloid formation) are subsumed into just one
empirical parameter. Any K, used in prognostic studies
is just a snapshot for a specific combination of Eh, pH,
concentrations, and mineral composition, and its value is
sensitive to even slight changes in some parameters.
This in turn assigns very large uncertainties to them.
A better strategy is to unfold the single K, value into a
parameter vector, i.e., the decomposition of the K, inio
its underlying basic processes, knowing the functional
relationships between them and how they contribute to
the K,. Then a K, can be calculated, even for simulated
hypothetical scenarios with long-term drifts in the chemi-
cal environment. Moreover, those parameters affecting
the K, strongest can be identified, and consequently,
extra measurements can be designed specifically to
reduce their unceriainty. A realization of this concept
requires the integration of a geochemical speciation
program, such as MINTEQA2 /4/, into the risk assess-
ment code PRISM / BIOPATH.

Results

Leaving the original codes for both risk assessment and
chemical speciation mainly unchanged, an interface was
created to connect them, together with software to han-
dle the input setup. MINTEQAZ2 covers all chemical re-
actions in homogeneous aqueous solutions, including
redox reactions, handles precipitation and dissolution
equilibria, and incorporates surface complexation mod-
els (SCM). MINTEQAZ2 delivers a computed K; when-
ever required, see Fig. 1 for internal flow of information
and reiationships beiween the various software mod-
ules. An application of this new approach is presented in

the article following this one.

(comppas) ([ model.chem |

s

\

Fig. 1: Data flow and module inferaction in the coupled

PRISM / BIOPATH / MINTEQA2 software package
The chemical model is defined in a separate file that
must be written by the user. It creates the input file for
PRISM and a template for the speciation code, assuring
a model description consistent for both parts of the mod-
eling. The input file has a well defined, line-oriented
structure. After some general comments (documenta-
tion information), detailed chemical data for each com-
partment follows. This includes the selected SCM with
its intrinsic surface parameter, also pH, Eh and the con-
centrations for all components. Then reaction constants
(for complexation, precipitation / dissolution, sorption)
are listed that should be modified, also certain reactions
can be suppressed totally.
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DISTRIBUTION COEFFICIENTS FOR URANIUM: MODELING OF THE RANSTAD TAILING SITE

V. Brendler, Y. Stiglund’, T. Arnold
'Studsvik Eco & Safety AB, Nyképing, Sweden

Distribution coefficients (K, for uranium with hydrous ferric oxides were computed based on the MINTEQAZ2 geochemical
speciation software and a newly developed interface to the risk assessment package PRISM / BIOPATH. The data were taken
from the Ranstad Tailing Site in Sweden. The results are compared fo literature data.

Modeling

A newly developed approach to incorporate physico-
chemical phenomena into risk assessment modeling
{see previous article) is applied to the Ranstad Tailing
site in Sweden, a former uranium milling facility. Fig. 1
and 2 illustrate the derivation of a compartmental struc-

Limesitone

Fig. 1: Section through the Ranstad Tailing

ture for this site. The tailing layer (T) is situated above a
moraine layer (M) and a limestone layer (L). It is sur-
rounded by a collecting ditch that drains into a storage
pond (P) and then into a river. Additionally, both mo-
raine and limestone layers are aquifers.
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Fig. 2: Compartment scheme for the Ranstad Tailing site

The main contaminant is uranium. Samples from the
site contained considerable amounts of freshly precipi-
tated iron hydroxides. Their transformation into thermo-
dynamically more stable minerals such as goethite or
hematite has a very slow kinetics, thus ferrihydrite was
chosen as the major adsorbing surface. The Diffuse
Double Layer model /1/ is selected to describe surface
complexation. The respective intrinsic surface parame-
ters and the reaction constants for the ions competing
with uranium for sorption sites were taken from
Dzombak/Morel /1/, the uranium sorption parameters
are those determined by Dicke/Smith /2/.
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Restults

The results presented in Table 1 are based on a run
with 1000 varied parameter sets. The calculated distri-

bution coefficients (K, values) for uranium fall well into
the range used so far for modeling of this site /3/, but
exhibit much smaller uncertainties. Moreover, those
parameters were identified contributing most to the
uncertainty of the various computed K, values: pH and
solid conceniration G, (and to a less amount the car-
bonate content for the storage pond). This refiects the
uncertainty of the rock porosity. Also the portion of rock
which is not accessible to sorption processes inside the
various layers is not well known. The pH determines the
uranium speciation in solution, controlling the amount of
hydrolysis species and carbonate complexes that re-
duce the sorbed portion of uranium.

Box Kyxt0 1% Factor 2™ Factor
T | (2.0:0.8)*10% | pH:76.4% | C. 4 11.8%
M | 5.2+1.1)10% | C.;:: 386 % | pH:34.2%
L | (38.521.8)*10° | pH:70.2% | C.s: 18.6 %
P 2.37:043 | C,.:50.7% | pH: 13.2%

Tab. 1: Computed K, values for the Ranstad Tailing site
compariments (for abbreviations see above) with the
major uncertainty factors and how they contribute to
the overall uncertainty.

These first results for the Ranstad Tailing site / Sweden
prove the applicability of the concept and its software
implementation. It will be expanded to several instead
of just one mineral surface per compartment. Further-
more, the variation of the K, due to the time-depend-
ence of its determining parameters will be included.
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DISTRIBUTION COEFFICIENTS FOR RISK ASSESSMENT OF THE DRIGG SITE

V. Brendler, A.Bousher!, T. Arnold
"Westlakes Scientific Consulting, Moor Row, Cumbria, GB

Distribution coefficients (K,) for uranium, plutonium and americium with hydrous ferric oxides were computed for the British
Low Level Waste Disposal Site at Drigg / Cumbria. The Diffuse Double Layer Surface Complexation Model (SCM) is used to

describe the sorption behavior.

Modeling

A newly developed approach to incorporate physico-
chemical phenomena into risk assessment modeling /1/
is applied to the Drigg Site in Cumbria / Great Britain, a
low level radioactive waste disposal operated by BNFL.
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Fig. 1: Schematic view on the Drigg Site

A schematic overview is shown in Fig. 1, whereas
Fig. 2 indicates the compartments used for the contam-
inant transport modeling, together with the major expo-
sure pathways.
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Fig. 2: Compartment scheme for the Drigg Site
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The present model assumes two comparimenis with
solid-water equilibria, the Drain (Box D) and the Drigg
Stream (Box 8).

The main contaminants are uranium, pluionium, ameri-
cium and caesium. Based on sample analysis from the
site, ferrihydrite was chosen as the major adsorbing
surface. The Diffuse Double Layer model /2/ is selected
to describe surface complexation. The respective intrin-
sic surface parameters and the reaction constants for
the ions competing with the contaminants for sorption
sites were taken from a database described earlier in
this report, at page 29. The caesium sorption could not
be described by an SCM, here ion exchange processes
seem to be more appropriate.

Results

Tab. 1 is based on runs with 1000 varied parameter
sets. The computed K values for all contaminanis ex-
hibit a clear lognormal distribution. They fall well into the

Box | logK,;to I 1* Factor 2™ Factor
Uranium
D -0.4220.38 | Cpo0s: 71.7 % pH: 8.9 %
S | 029:032 | pH:36.1% | Cu27.4%
Americium
D | 1.81x0.66 | pH:669% | C.u11.9%
S | 1.59+048 | C,;21.5% | Cucos: 14.1%
Plufonium
D | 1943012 | C,005: 636 % | Coet 10.9%
S | 2.38+0.19 | C,,:67.0% | Cicos: 88%

Tab. 1: Computed log K, values for the Drigg Site compart-
ments (for box labels see above) with those parame-
ters contributing most to the overall uncertainty.

range used so far for modeling of this site /3/, but ex-

hibit much smaller uncertainties. Moreover, applying
ranked regression analysis those parameters were
identified contributing most to the uncertainty of the
various computed K values: pH, the carbonate content
Cicoz s @and the solid concentration C,,. The first two
parameters determine the contaminant speciation in
solution, controlling the amount of hydrolysis species
and carbonate complexes that reduce the respective
sorbed portion. The uncertainty in the solid concentra-
tion is mainly assigned to the sediment composition

(ferrihydrite content).

These results for the Drigg Site / Great Britain prove the

applicability of the concept of unfolding the K, and its

software implementation.
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SYNTHESIS OF ISOTOPICALLY LABELED SYNTHETIC HUMIC ACIDS
M. Bubner, S. Pompe, M. Meyer, K.H. Heise, H. Nitsche

Isotopically labeled synthetic humic acids are synthesized from reducing sugars and "C-labeled a-amino acids. These labeled
compounds have functional properties that are comparable to those of natural humic acids and can be used as humic acid

models.

Introduction

Isotopically labeled humic acids are very useful for in-
vestigating the migration behavior of metal-humic acid-
complexes in column experiments, and for ligand ex-
change and complexation studies with metal ions.

Experiments and results

We synthesized “*C-labeled humic acids (HA) via the
Maillard reaction according to Pompe et al. /1,2/ from
xylose and "“C-labeled a-amino acids, e. g., glycine and
phenylalanine in a molar ratio of 1:1, or glutamic acid,
respectively. The alkali-soluble and acid-insoluble com-
ponents of the resulting [“C]melanoidines were isolated,
dialyzed and lyophilized. These synthetic HA’'s were
characterized by elemental analysis and by determina-
tion of functional carboxylic groups and phenolic hy-
droxyl groups. The results shown in Tab. 1 agree with
the data obtained with non labeled HA.

starting material synthesis product
o HA | Yield | COOH |phen. OH
aminoacd | wpe | (%“c) | Imearg] | [mea/a]
14, 3
[U- C]pher_1yla|an|ne, M1 12 1.0 23
glycine
[2-"“Clglycine,
phenylaianine M1 30 1.0 23
[1-"*Clglutamic acid | M42 0 4.1 23
[U-"*C]glutamic acid | M42 5 4.1 2.3

Tab. 1: "C-labeled synthetic humic acids from Maillard reac-
tion

“C-labeled HA’s were produced starting from 11.3
mmol xylose and 6.35 mmol labeled amino acid. The
specific radioactivity obtained for the synthesized HA’s
are shown in Tab. 2.

starting material synthesis product
amino acid MBg/mmol | HA type MBa/g

{U-"*CJphenylalanine,

glycine 40 M1 35.5

[2-**Clglycine,
phenylalanine 40 M1 104
[1-**Clglutamic acid 40 M42 0
[U-**Clglutamic acid 40 M42 102

Tab. 2: Specific radioactivity of “C-labeled synthetic HA’s start-
ing from labeled amino acids

The products and by-products of the Maillard reaction
were quantitatively isolated. ['*C]Carbon dioxide is the
only radioactive, volatile by-product of the melanoidine
synthesis. Our experiments with ['*Clamino acids with
different labeled positions show that carbon dioxide is
eliminated from the 1-position (carboxylic group) of the
amino acids. The radioactivity of carbon dioxide elimi-
nated during the reaction with uniformly labeled amino
acids corresponds to the total amount of radioactivity
introduced in the melanoidine. Labeled melanoidine can
not be produced with amino acids labeled in the no.1
position. The nitrogen content of the melanoidine corre-
sponds to the radioactivity introduced by the amino acid
carbon atoms. The best results for “C-labeled synthetic
HA were obtained from Maillard reaction with [2-
“Clglycine.

Conclusions

We synthesized “C-iabeled humic acids by the Maillard
reaction with a specific radioactivity up to 100 MBa/g.
Starting from [2-"*Clglycine with a specific radioactivity of
1,8 GBg/mmoil it should be possible to obtain synthetic
HA with a specific radioactivity of more than 4 GBg/g.
Thus, we will be able to quantify less than 100 ng HA in
a geological material or in a solution,

This synthesis procedure for **C-labeling can also be
applied for *C-labeling of melanoidines and synthetic
HA’s.

The advantage of our labeling method for HA compared
to other methods is the real isotopic labeling in the sta-
ble molecule skeleton without any damages in the func-
tionality of the humic acid.
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COMPLEXATION OF URANYL(VI) WITH KRANICHSEE HUMIC SUBSTANCES
K. Schmeide, G. Geipel, K.H. Heise, H. Nitsche

The complexation of Kranichsee humic and fulvic acid with uranyl(VI) was studied by laser-induced fluorescence spectroscopy
at pH 4 and an ionic strength of 0.1 M. The results were compared to the complexation behavior of other natural humic acids

(Aldrich HA, GoHy-573 HA).

Introduction

The determination of the effect of humic substances on
the actinide migration in natural aquifer systems is of
great interest and allows to assess their impact on the
long-term safety of abandoned uranium mines. The
solubility of actinides can be increased by complexation
with humic substances and, thus, their mobility in the
geosphere can be enhanced. Complexation constants
can be used to quantify the interaction between radionu-
clides and humic substances.

The humic material, used for this study, was isolated
from surface water of the mountain bog ‘Kleiner
Kranichsee’ that is located in the vicinity of uranium min-
ing sites at Johanngeorgenstadt (Saxony, Germany).
The humic material was separated into humic and fulvic
acid /1/.

Experimental

The complexation of uranyl(VIl) with Kranichsee humic
acid (HA) and fulvic acid (FA) was studied by laser-in-
duced fluorescence spectroscopy. The measuremenis
were carried out in air at 20 °C in 0.1 M NaCIO, at pH
3.96 + 0.02, The fluorescence of uranyl(Vl) ions was
measured as a function of the total uranyl concentration
at constant HA concentrations (5 mg/L). The uranyl
concentration was varied from 0.5 to 5.1 pmol/L.

Further experimental conditions were: excitation wave-
length - 266 nm, laser energy - about 500 pJ, delay time
- 200 ns, and gate time - 1000 ns. Always 10 spectra
were collected, each with 100 laser pulses, per sample.
The experimental data were evaluated by means of the
metal ion charge neutralization model /2/ assuming the
following complexation equation:

UO,2* + HA(II) < UO,HA(II)

HA(Il) = HA ligand  UO,HA(Il) = uranyl humate

Results

The loading capacity (defined as the maximum fraction
of proton exchanging sites of the HA that can be occu-
pied by uranyl ions under the given experimental condi-
tions) was determined graphically as shown in Fig. 1.
The results, given in Tab. 1, indicate that there is only
little difference between the complexation of UO,?* with
humic and fulvic acid of the Kranichsee site.

The complexation constanis of the complexation of
Kranichsee humic and fulvic acid and of Aldrich HA
(commercial product) /3/ and GoHy-573 HA (isolated
from Gorleben, Germany) /4/ with uranyl(Vl) ions
(Tab. 1) indicate a comparable complexation behavior
with U(VI). The loading capacity of the Kranichsee hu-
mic substances is lower than that of Aldrich HA and
CoHy-573 HA. That means, fewer proton exchanging

‘;f,.,«—;. EE e e Q=Y

sites of the Kranichsee humic substances can be occu-
pied by uranyl(Vl) ions under the given experimental
conditions.

logBB® LC [%]?

Kranichsee HA 6.35 + 0.22 140+ 1.1
Kranichsee FA 6.21 +0.20 13.0+1.2
Aldrich HA (A2) °/3/ | 5.86+0.14 21.7x2.1
GoHy-573 HA°/4/ | 6.16 +0.13 18.5+0.3

2+ 20 P commercial product °© isolated from Gorleben,

Germany

Tab. 1: Complexation constanis (log B8) and loading capaci-
ties (LC) of the uranyl(VI) complexation of Kranich-
see HA and FA compared to Aldrich HA /3/ and
GoHy-573 HA /4/

351 = HA: LC=(14.021.1)%

FA: LC = (13.0 £1.2) %
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Fig. 1: Graphically determination of the loading capacity (LC)
for the complexation of U0, with Kranichsee humic
substances
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EFFECT OF HUMIC SUBSTANCES ON THE SORPTION OF URANIUM(VI) ONTO
SITE-SPECIFIC ROCK MATERIAL

K. Schmeide, S. Pompe, R. Jander, K.H. Heise, H. Nitsche

The effect of humic material (Kranichsee humic acid) on the sorption of uranium(Vl) onto phyllite and its individual main
mineralogical components muscovite, albite and quartz was studied in air-equilibrated baich experiments as a function of pH.

Introduction

Organic material, such as humic and fulvic acids, that
are commonly present in natural aquifers can complex
inorganic contaminants and change their sorption be-
havior on geological materials. Batch experiments were
carried out in order to determine the effect of humic acid
on the sorption behavior of uranium(Vi) onto phyllite and
its main mineralogical components muscovite, albite
and quartz. The humic acid (HA), used for the experi-
ments, was isolated from the bog ‘Kleiner Kranichsee’
/.

Experimental

The experimental conditions were: [UO2]=1 pM, [HA]
=5mg/L, | = 0.1 M (NaCIO,), m/V = 500 mg mineral/40
mL, pH 3.5-9.5, aerobic conditions, 60 h reaction pe-
riod. The uranium sorption results were corrected for
sorption on the walls of the experimental vials.

Results

We compare the results of these experiments to results
from previously conducted experiments where the sorp-
tion of U(VI) onto phyllite and its constituents was stud-
ied in the absence of humic material /2/.

Fig. 1 shows the pH-dependent U(VI) and HA uptake
onto phyllite. The uranium adsorption curve in the pres-
ence of HA is similar to the adsorption curve obtained
for the experiments in the absence of HA. The strong
uranyl sorption on phyllite (95 - 97 % in the absence of
HA) is not changed by HA in the pH range from 6.2 to
7.8. However, in the pH range from 3.6 to 6, the uranium
uptake on phyllite is higher when HA is present. Above
pH 8, the HA reduces the uranyl sorption on phyilite.
Furthermore, HA is strongly taken up from pH 3.6 to 7.7:
78 1o 88 % of the HA is adsorbed. The HA sorption de-
creases above pH 8.4 (to 59 % at pH 9.5).
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Fig. 1: Uranium and humic acid uptake on phyllite
The results for muscovite are depicted in Fig. 2. At pH

from 7.5 to 9.5, the uranium sorption on muscovite is
unchanged by HA. At pH 7.5 to 6, the uranium sorption
becomes smaller in the presence of HA. However, the
uranium sorption is much stronger in the presence of
HA below pH 6. That means, the maximum of the uranyl
sorption (70 %) is shifted from pH 6.3 (without HA) to pH
5.5 (with HA). The sorption of HA on muscovite strongly
depends on the pH of the solution: at pH 8 to 9.5 the HA
is not sorbed; below pH 8, the HA sorption increases
with decreasing pH and has a maximum at pH 4.5t0 5
(= 83 %).
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Fig. 2: Uranium and humic acid uptake on muscovite

The uranyl sorption on albite and quartz (further constit-
uents of phyllite) in the presence of HA is similar to mus-
covite and can be summarized as follows:

i) The uranium uptake increases in the presence of HA
at acidic pH. This can be attributed to the fact that the
HA is sorbed on the mineral surface thereby providing
additional sorption sites through their complexing ability.

ii) In the neutral pH range, the HA sorption decreases
with increasing pH, thereby forming aqueous uranyi
humate complexes and decreasing the uranyl uptake.

iiiy At alkaline pH values, the formation of weakly sor-
bing uranyl carbonate complexes predominate the influ-
ence of HA. /3/

We conclude that the uranium sorption is affected by
both the pH and the presence of organic material.
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KINETIC STUDIES OF THE URANIUM(VI) AND HUMIC ACID SORPTION ONTO FERRIHYDRITE
K. Schmeide, S. Pompe, M. Bubner, S. Wallner, R. Jander, K.H. Heise, G. Bernhard

The kinetics of uranium(V1) and humic acid adsorption by ferrihydrite was studied at pH 6.5 under aerobic conditions. For the
sorption experiments various experimental modes were applied fo obtain information on the sorption mechanisms.

Introduction

Ferrihydrite (FH) is formed as a secondary mineral
phase due to the weathering of rock materials, such as
phyllite /1/, forming coatings on the surface of other
minerals. It has a high sorption potential for contami-
nants and organic materials. In previous batch experi-
ments it was found that both the uranium and humic
acid (HA) sorption onto FH has its maximum in the
neutral pH range.

Experimental

The experimental conditions were: [UO,**]=1 pM,
[HA]=5mg/L, [FH]=3-10*M Fe, 1=0.1 M (NaCIO,),
V = 400 mL, pH 6.5, aerobic conditions. A "C-labelled
synthetic HA type M1 was used /2/. The HA and uranyl
sorption onto the mineral was followed by measuring
the corresponding concentrations in solution (450 nm
filtrate) over time by Liquid Scintillation Counting after
combustion of the samples and ICP-MS, respectively.
Five experimental modes were applied:

1. addition of U without HA;

2. addition of HA without U;

3. preequilibration of the mineral with HA, then addition
of U;

4. simultaneous addition of U and HA;

5. addition of U and HA after preequilibration for 48h.

Results
The kinetics of uranium sorption onto FH as a function
of the various experimental modes is shown in Fig. 1.
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Fig. 1: Kinetics of uranium sorption onto ferrihydrite at pH 6.5

It is obvious that uranium sorption is very fast. This can
be attributed to the high specific surface area of FH,
which is 600 m?/g /3/. The differences in the sorption
kinetics depending on various experimental modes are
small. In the absence of HA uranium has the highest
sorption rate. When FH is first coated with HA due to its
preequilibration with HA, the uranium sorption is slightly
slower. Some strong sorption sites of FH are probably
blocked by the sorbed HA and are no longer accessible
to uranium. The complexation and/or sorption sites that
are additionally provided by the sorbed HA bind ura-

nium more slowly than the strong sorption sites of FH.
When uranium and HA are added simultaneously, the
uranium sorption is again slightly retarded as FH and
HA compete for uranium. Thus, uranyl humate com-
plexes are formed that probably have to dissociate
again before the uranium can sorb onto FH. This con-
clusion is further supported by the result of the experi-
ment in which aliquots of preformed uranyl humate
complexes were added to start the experiment. Under
these conditions uranium sorption takes place at the
slowest rate compared with other experimental modes.
Again, the rate of uranium sorption onto FH is deter-
mined by the dissociation rate of the preformed uranyl
humate complex.
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Fig. 2: Kinetics of HA sorption onto ferrihydrite at pH 6.5

The rate of HA sorption, shown in Fig. 2, was also ob-
served to be very fast but in contrast to the uranium
sorption almost unaffected by the various experimental
modes. About 7 % of the initially added HA remain in
solution whereas the initially added uran