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Preface

Processes of the mineral surfaces take place at atomic and molecular length scales. Elementary
reactions such as dissolution and the growth and mineral transformations, adsorption and ion
exchange are important for a variety of geological processes. Even with technical procedures
weathering reactions are taken advantage of: e.qg. in fixation of pollutants on mineral surfaces,
in corrosion processes, or in the activation and making of industrial minerals more functional.
The aim of the research is to understand and quantitatively assess mineral surfaces in their full
complexity in terms of new processes and products to alter chemical, physical and biological
functionalization. Clay minerals are of particular interest due to their specific charge distributions.
Also biotechnological processing procedures and the development of bioactive mineral surfaces
are investigated.

The understanding of all these different processes and reactions is expected to find new economic
possibilities to clean drinking water in polluted areas, improving ceramics and other consumer
goods as well as to discover new bone replacement materials.

Since April 2008 thirteen collaborative projects on the topic of »mineral surfaces« have been
funded by the Federal Ministry of Education and Research (BMBF) with a volume of nearly 8
million Euros.

The main objective of the status seminar is to bring scientists and industrial partners together to

discuss new ideas and find new possibilities for cooperation and synergies.

Ute MUnch
Hartmut FueB
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Introduction

Microbial biofilms are an extremely successful
way of life. Bacteria and fungi benefit in this
symbiotic life form of metabolic exchange, pro-
tection and genetic flexibility. They produce a
matrix of organic molecules in which they are
embedded and which offers new habitats to
other organisms, such as other bacteria or
fungi. Biofilms cannot be avoided to colonize
surfaces in unsterile habitats. So, they can be
found everywhere in nature and in technical
systems, but they play an ambivalent role. On
the one hand biofilms are essential to degrade
and transform water contaminations, but on
the other hand they can diminish product qual-
ities and damage capital equipment. Biofilms
can cover medical equipment such as catheters
and pathogenic bacteria, which may be living in
the biofilms, are a continuous source of infec-
tion of the patients. In addition, the metabolism
of the biofilm microorganisms may change the
composition of the fluids or contaminate them
with their products. As biofilms are all-round,
the understanding of the biofilm formation and
its manipulation are of prime importance in
microbiology and material sciences.

The choice of a material and the correspond-
ing surface properties like mechanical proper-
ties, structure, polarity, and chemistry influence
the binding of various molecules and cells. The
surface properties affect the biocompatibility of

a material and consequently also bacterial
adhesion, and biofilm growth. In this project
hydrophobins are used as a novel modification
of surfaces to change surface properties like
hydrophobicity and thus might have an effect
on biofilm formation.

Hydrophobins are fungal proteins, which self-
assemble on hydrophobic as well as hydrophilic
surfaces into extremely stable monolayers. Re-
combinant hydrophobins provide the opportu-
nity to use these highly surface-active proteins
for large-scale surface coatings. Hydrophobins
are non-toxic and can be used for surface
modification and functionalization (with e.g.
enzymes) of industrial relevant materials like
steel, plastics, and ceramics.

In this project hydrophobin coated surfaces
and their properties are studied with respect to
bacterial cell adhesion, cell differentiation, and
cellular growth with the aim to influence
biofilm formation.

In the first part of the project recombinant
hydrophobins were produced and purified.
Different surfaces were coated with hydropho-
bins and characterized, since the coating effi-
ciency is the basis for subsequent biofilm for-
mation studies. Biofilms were grown on natu-
ral as well as hydrophobin coated surfaces and
different methods were established to analyse
biofilm formation.



Since the hydrophobin coated surfaces did not
reduce microbial growth, we designed modi-
fied fusion hydrophobins and attached cation-
ic antimicrobial peptides (AMPs) to the hydro-
phobins.

1. Hydrophobins

Hydrophobins are small proteins with about
100 amino acids, which are produced by fila-
mentous fungi. In nature they coat the surface
of fungal spores to ease the growth out of the
ground and to protect the spore itself. It is
recently known that hydrophobins also prevent
the human immune recognition of airborne
fungal spores.

There are two classes of hydrophobins, which
only differ in the arrangement of eight highly
conserved cysteine residues. Self-assembled
monolayers formed by class | hydrophobins are
more stable than those formed by class |l
hydrophobins. For our research we are using
DewA, which is produced by Asperqillus nidu-
lans and belongs to the class | hydrophobins.
Since hydrophobins are highly surface-active
they can easily be used for surface modification
and functionalization. Until recently, the use of
hydrophobins for large-scale surface coatings
has been prevented by the fact that they had
to be isolated from fungal cultures in a lengthy
process. Recently the BASF SE achieved a
breakthrough and established an expression
system for the large-scale production of hydro-
phobins.

1.1 Fusion hydrophobins

Based on the large-scale industrial production,
it is now possible to obtain large amounts of
hydrophobins in a comparatively short time, but
due to their characteristics, the hydrophobins

had to be produced as so called fusion hydro-
phobins. The BASF SE provides two fusion
hydrophobins for surface coating. The available
fusion hydrophobins are composed of the class
| hydrophobin DewA of Aspergillus nidulans
and a fusion partner. The fusion partner is the
synthase yaaD of Bacillus subtilis in complete
respectively shortened form (Figure 1). The syn-
thase is used to lead the hydrophobin into the
inclusion bodies in Escherichia coli for the
purification. H*Protein B has the shortest ver-
sion of yaaD which still works as a leader. The
fusion hydrophobins have a mass of 47 kDa
respectively 19 kDa, whereas the hydrophobin
part itself has a mass of only 10 kDa. In fusion
hydrophobin H*Protein A the hydrophobin part
forms 20%, in H*Protein B 50% of the total
protein mass.

1.2 Modification of the fusion hydropho-
bins

Because of the lack of being antimicrobial by
itself, we modified the fusion hydrophobins.
We used cationic antimicrobial peptides (AMPs),
which are only 9 to 50 amino acids in size and
are proven to be active against bacteria and
even against yeasts and filamentous fungi.
They are an alternative to antibiotics and do
not affect human cells. Until now there is no
resistance known. The AMPs were fused to the
N-terminus of the long and short version of the
yaaD in the expression vector pQE60 (Figure 2).
The modified plasmids (pHHC-011, pHHC-012,
pF1-011 and pF1-012) were transformed into
E. coli BL21. The induction of the expression
was performed with 0.5mM IPTG (Isopropy! B-
D-1-thiogalactopyranoside) at OD¢y, 0.6 to 1.0;
we let the culture grow over night. The purifi-
cation of the modified fusion hydrophobins

yaaD

DewA

yaaD

DewA

Figure 1: The fusion hydrophobins consist of the synthase yaaD in complete (H*Protein A) respectively shortened
(H*Protein B) form, the class | hydrophobin DewA and a C-terminal His-tag.
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Figure 2: Fusion hydrophobins with cationic antimicrobial peptides. We fused the AMP to the N-terminal site of the
yaaD. After biochemical calculations the AMPs are on the top of the coated surfaces and the contact point for biofilms.

was done by an approved protocol of the BASF
SE, where a pH-shift from 12 to 9 dissolves the
modified fusion hydrophobins out of the IBs.
After centrifugation the dissolved proteins re-
main in the supernatant, which was lyophilized
afterwards. The molecular masses of the modi-
fied fusion proteins are only a little larger, be-
cause of the small size of the AMPs. The mod-
ified fusion hydrophobins have a mass of about
48 kDa and 20 kDa, respectively (Figure 3).

1.2.1. Testing the functionality of the
modified fusion hydrophobins

We used different organisms, gram-positive
and gram-negative bacteria and eukaryotes (S.
pneumoniae, B. subtilis, E. coli, P putida and A.
nidulans) to show the functionality of the mo-
dified fusion hydrophobins. We performed kil-
ling curves (A. nidulans, B. subtilis, S. pneumo-
niae) and peptide activity tests (A. nidulans, B.
subtilis, S. pneumoniae, P putida) to show this.
First we tested if only the fusion hydrophobins

have an effect on the growth of microorga-
nisms. We used the strain B. subtilis TMB488,
which is a reporter strain for the two-compo-
nent system LiaFSR and is inducible by cell
envelope stress by antibiotics, which have an
effect on the lipid Il cycle (Jordan et al., 2007).
Using different concentrations of the fusion
hydrophobin we could not detect a growth
inhibition (Figure 4). We found the same results
with the other organisms. Killing curves were
performed using the modified fusion hydro-
phobins, but there was no difference in the
growth recognizable.

Because of these results we decided to perform
peptide activity assays in microtiter plates.
Peptide activity assays were performed earlier
to check the antimicrobial activity of the AMPs
F1 and HHC in A. nidulans (Mania et al., 2010).
We found MICs (Minimal Inhibitory Concentra-
tions) of about 1Tug/ml respectively about
5ug/ml, so we decided to use these AMPs for
modification.
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Figure 3: Over expression analysis. A) Western blot: The modified fusion hydrophobin F1-012 serves as an example for
a western blot. The modified fusion hydrophobins were transformed with E. coli BL21 an expression strain. With induc-
tion by 0.5mM IPTG the modified fusion proteins were expressed and could be detected by the 6x-His tag. There is a
clear band at about 20kDa, which corresponds to the mass of the modified fusion hydrophobin. B) SDS-Gels: By over
expression the modified fusion proteins were enriched and applied on 15-15% SDS Gels. Of the lyophilized protein
powder we applied 10pg/ml in each column. As comparison serve the fusion hydrophobins we got from the BASF SE.

In each column of the plate, one peptide is
diluted from top to bottom to roughly identify
the MIC. This is done in Minimal Medium
(MM) with glucose as sole carbon source and
resazurin as indicator of viability. Resazurin is a
blue dye that turns pink when it is reduced, for
example by respiration of living microorga-
nisms in the medium. Each well is inoculated
with a defined amount of spores (105 spores)
of an A. nidulans wild type strain (RMS011).
First we tested all the AMPs we have in our
stock (F1, HHC, #15, #29, Bac2a, C6, D5, E6,
Indolicidin and Kai13) and then we tested the
modified fusion hydrophobins. There was no
growth inhibition of the F1 and HHC fusion
hydrophobin in any tested organism (Figure 5,
and data not shown), although the peptides
alone were highly active. This suggested an
inhibitory effect of the fused hydrophobin.

1.2.2. Modification of fusion hydrophobins
with a surface-tethered peptide
Meanwhile Hilpert et al. (2009) found some
AMPs, which work better while they are tethe-
red to surfaces. One of these peptides, KaiH,
consists of 12 amino acids (WIVVIWRRKRRR)
and has a mass of 1.7 kDa. We attached this
peptide to the N-terminus of the shortened
and full-length version of the yaaD and cloned
it also in the pQE6O vector (Figure 6). As a
negative control we chose a peptide slightly
changed peptide, hW (WIVVIWRAKRRR), and
attached it also to the shortened and full-
length versions of the yaaD. The over expres-
sion and purification will be done according to
the same protocol as before.
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Figure 4: Growth curve of B. subtilis TMB488. The strain grew in LB-Media (lysogenic broth) with 5pg/ml chlorampheni-
col. A 100ml culture was inoculated at ODggq 0.1 with a preculture of B. subtilis TMB488. Then let it grow until ODgqq
0.6 when it was splited into five 10ml cultures. To each of these cultures we gave a different concentration of fusion
hydrophobins (0.1ug/ml, Tug|ml, 10pg/ml and 100pg/ml). One of these grew without any add-on.

A) P. putida AMPs
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Figure 5: Peptide activity assays with P. putida. A) Testing 10 different AMPs for antimicrobial activity. As control serves
aqua dest. In each column there is another peptide with decreasing concentration. B) In a second step the modified
fusion proteins (5-10) were tested. In each column there is another modified fusion protein with decreasing concentra-
tion. As control serve the AMP (F1 or HHC), aqua dest. and the fusion hydrophobins from the BASF SE.
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Figure 6: Modified fusion hydrophobins with the cationic antimicrobial peptide KaiH. Fusion of the AMP to the N-termi-

nal side of yaaD and cloning in the pQE60 vector.

2. Characterization of hydrophobin coated
surfaces

In this project hydrophobin coated surfaces
and their properties are studied with respect
to bacterial cell adhesion, cell differentiation,
and cellular growth with the aim to influence
biofilm formation.

In a first step unmodified recombinant fusion
hydrophobins were used and a coating protocol
was developed. The hydrophobin coated sur-
faces were characterized under various aspects.

2.1 Surface coating with hydrophobins

Glass surfaces were used as reference material
for coating experiments. Glass is a very
hydrophilic material and thus comparable to
ceramic materials. The glass surfaces were
coated with the fusion hydrophobins H*Pro-
tein A and H*Protein B. The used concentra-
tion of the hydrophobin solution was 10uM.
The glass surfaces were coated according to
Janssen et al. (2004). The hydrophobins were
solved in buffer (50mM Tris-HCI, 1TmM CaCl,,
pH 8). Subsequently, the surfaces were cleaned
with ethanol and incubated for 1-16 hours at
23-80 °C in the hydrophobin solution. During
the incubation the hydrophobins self-assem-
bled on the surface in a-helical conformation.
The surfaces were rinsed with distilled water
and dried at room temperature. Half of the
surfaces was further treated for the induction
of a B-sheet shift. The B-sheet conformation of
the hydrophobin coating is said to be more

stable than the a-helical conformation. For this
the surfaces were incubated for 10 minutes at
80 °C in 2 % SDS-solution, subsequently rinsed
with distilled water and dried.

Different parameters like incubation tempera-
ture and incubation time might influence the
self-assembly behavior and the postulated mo-
nolayer of hydrophobins. These parameters
were changed to analyze the fundamental cha-
racteristics of fusion hydrophobins on surfaces.

2.2 Characterization of hydrophobin coa-
ted surfaces

Different surface analysis methods were app-
lied for the characterization of hydrophobin-
coated surfaces and the clarification of the in-
fluence of the variable coating parameters.
The hydrophobin-coated surfaces were ana-
lyzed in matters of change of surface hydro-
phobicity and homogeneity of the coating. In
addition also the adsorption characteristics of
hydrophobins were studied.

Change of surface hydrophobicity

Contact angle measurement (CA) is a simple-
to-adopt method for surface analysis. It is used
to detect the presence of films or coatings and
to determine their properties. The contact
angle describes the shape of a liquid droplet
resting on a solid surface and thus gives infor-
mation about the wettability of the surface.
The more a liquid droplet spreads, the smaller
is the contact angle and the more hydrophilic



Figure 7: Contact angles
and immunofluorescence
microscopy are applied to
monitor the change of sur-
face hydrophobicity and
coating homogeneity of
hydrophobin coated sur-
face. The fusion hydropho-
bins H*Protein A and
H*Protein B adhere in a
temperature and time de-
pendent manner. The long-
er the incubation time the
more homogenous is the
coating in alpha-helical
and beta-sheet conforma-
tion. Less surface hydro-
phobicity is lost with the
induction of the beta-sheet
shift at long incubation
times.

is the surface. Since hydrophobins are amphi-
philic proteins, which self-assemble on surfa-
ces the contact angel of uncoated vs. coated,
surfaces is changed and used as a parameter
for the efficiency of the coating.

For contact angel measurements the Contact
Angle System OCA20 and the software SCA20
(Dataphysics, Filderstadt, Germany) were used.
The contact angle of a 5 pl water droplet (ses-
sile drop technique) was calculated with the
Laplace-Young equation. The contact angle
was determined on at least five different spots
on the surface.

The hydrophobin coating changed the wettabi-
lity of the glass surface. Glass is a hydrophilic
material (contact angle 11° £ 2°). With the self-
assembly of the hydrophobins on the glass sur-
face it became more hydrophobic. The change
of the surface wettability was dependent on
the incubation time, the incubation temperatu-
re and the hydrophobin conformation.
H*Protein A and H*Protein B changed the
wettability of the glass surface in a very similar
way. Longer incubation times and an increased
temperature resulted in significant hydropho-
bicity changes of about 60° (Figure 7). The
induction of the B-sheet shift caused losses of

up to 20° of primarily achieved surface hydro-
phobicity. Here a big influence of incubation
temperature and incubation time was noticed.
Coatings prepared at room temperature lose
much more hydrophobicity compared to coa-
tings at 80 °C. The longer the incubation time
the more stable was the coating and the less
was lost with the induction of the pB-sheet shift.

These results indicated that the longer the incu-
bation time and the higher the incubation tem-
perature the more efficient and stable was the
hydrophobin coating. A long incubation time
(16h) and high incubation temperature
(80°C) increased the surface hydrophobicity
of hydrophobin coated surfaces significantly.

In addition to the surface hydrophobicity also
the stability of hydrophobin coatings was
determined with contact angel measurements.
The surface hydrophobicity of freshly coated
surfaces was compared to the surface hydro-
phobicity of surfaces stored at room tempera-
ture for up to five weeks. The coating was sta-
ble and no change was detected in surface
hydrophobicity over time.



Homogeneity of hydrophobin coating

To determine the homogeneity of the hydro-
phobin coating immunofluorescence micro-
scopy was applied. Immunofluorescence mic-
roscopy is often used in biology and medicine
to visualize proteins and their distribution.
The proteins act as antigens and can be
detected with fluorescent labeled antibodies.
They are studied using a fluorescence or con-
focal microscope.

For the detection of the hydrophobin layer on
the surface a primary Anti-his antibody was
used which specifically binds to the His-tag of
the proteins. A secondary fluorescent labeled
antibody binds to the Fc region of the primary
antibody and could be detected with the fluo-
rescence microscope.

The characteristics of H*Protein A and H*Pro-
tein B on glass surfaces were very similar. Sur-
face coatings prepared at room temperature in
a-helical protein conformation were homoge-
nous with just a few holes and cracks. The lon-
ger the incubation time the more homogenous
was the coating, but the differences were
insignificant. After the induction of the B-sheet
shift the surface coating was very disordered.
On glass surfaces coated for one respectively
six hours at room temperature no hydrophobin
coating was detectable with immunofluore-
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scence microscopy after the B-sheet shift.
These results were in accord with the contact
angle data, which showed that a lot of hydro-
phobicity was lost on these surfaces.

The surfaces which were coated at 80 °C were
much more homogenous compared to the sur-
faces coated at room temperature. There were
slight differences between the various incuba-
tion times, but all coatings in a-helical confor-
mation were homogenous (Figure 7). After the
induction of the B-sheet shift big differences
occurred. The longer the incubation time the
more homogenous was the coating. These
results confirmed the contact angle data. The
longer the incubation time and the higher the
incubation temperature the more homoge-
nous was the coating in the a-helical and the
B-sheet conformation. It was essential to incu-
bate the materials for 16 hours at 80 °Cin the
protein-solution to form a homogenous
hydrophobin-layer in a-helical and p-sheet
conformation.

To confirm the results of the immunoflures-
cence microscopy AFM (atomic force micro-
scope) measurements were applied. The mea-
surement were performed in the measurement
cell of an MFP-3D BioAFM (Asylum, Mann-
heim) having a commercial SisN, cantilever of

Figure 8: AFM height images of glass
surfaces coated with H*Protein A
and H*Protein B in alpha helical con-
formation for 16 hours at 80 °C. The
proteins self assemble on the sur-
faces in ordered globular structures.



a normal spring constant of 0,56 N/m (nano
and more) in air. The microscope was operat-
ing in an AC-mode, where the tip was scanned
back and forth at 0° along the horizontal line
in a scan range of 10 ym. The AFM was used
with a 5 ym z-range and 150 pm x- and y-
range scanner (type J Digital instruments). To-
pographic images were evaluated with the
Scanning Probe Image Processor (SPIP).

On glass surfaces hydrophobins adhered in
ordered protein layers. Surface coatings perfor-
med at 80 °C with H*Protein A and H*Protein
B in alpha-helical and beta-sheet conformation
showed a globular protein adsorption pattern
(Figure 8). These results were in accordance
with the immunfluorescence microscopy. Al-
so at the nano level hydrophobin coatings
performed for 16 hours at 80 °C were ho-
mogenous.

Adsorption characteristics

of hydrophobins

The adsorption characteristics of fusion
hydrophobins were monitored with QCM-D
(quartz crystal microbalance with dissipation)
measurements. QCM is a very sensitive tool to
detect changes in weight and thus a helpful
method to sense adsorption processes on sur-
faces. The quartz crystal microbalance deter-
mines a mass per unit area by measuring the
change in frequency of a quartz crystal reso-
nator. The resonance is disturbed by the addi-
tion or removal of a small mass due to, for
example, protein deposition at the surface of
the acoustic resonator. It can be used under
vacuum, in gas phase and in liquid environ-
ments. In addition to measuring the frequen-
cy, the dissipation is measured. The dissipa-
tion is a parameter quantifying the damping
in the system, and is related to the sample's
viscoelastic properties.

The adsorption of H*Protein A and H*Protein
B (10uM in 50mM Tris-HCI, 1TmM CaCl,, pH
8) were analyzed on a SiO, coated quartz cry-
stal. The protein layer thickness and the
absorbed mass were calculated with the Voigt
vicoelasitc model. The protein adsorption was
monitored for up to 16 hours at 20 °C and a
flow rate of 50 pl/min. The stability of the for-

med protein layer was determined by rinsing
with 2% SDS solution.

H*Protein A formed a layer of 17 + 3 nm and
H*Protein B of 14 + 2 nm on the SiO, surfa-
ce. After 1 hour of incubation the maximum
layer thickness was already reached. No more
changes were observed during further incu-
bation. These results were in accordance with
the data of the contact angle measurements
and the immunofluorescence microscopy. To
achieve a homogenous hydrophobin coating
and a significant change of the surface hydro-
phobicity short incubation times were suffi-
cient. The formed coating thickness of 17 + 3
nm respectively 14 + 2 nm matched the
expected thickness of hydrated monolayers of
fusion hydrophobins. The fact that even with
a longer incubation time no changes of the
larger thickness were monitored, pleads for
the formation of a stable monolayer.

The adhered protein mass was 17 £ 3 mg/m?
for H*Protein A and 14 + 2 mg/m2 for H*Pro-
tein B (Figure 9). Unfortunately the formed
protein layer was not stable under these con-
ditions. After rinsing with 2% SDS solution
the hydrophobin layer was detached comple-
tely. As already mentioned, the temperature
plays an important role in the formation of a
stable hydrophobin layer. Contact angle mea-
surement and immunofluorescence microsco-
py have shown that higher temperatures
(80 °C) were necessary to form stable mono-
layers. The QCM experiments were perfor-
med at 20 °C. This might result in this non-
stable hydrophobin layer.

Various surface analysis methods were establis-
hed and applied for the characterization of
hydrophobin coated surfaces. At a later stage
of this project these techniques will also be
used for the characterization of surface coa-
tings with modified fusion hydrophobins. The
influence of the modification on the surface
performance of the fusion hydrophobins will
be determined.

3. Analysis of microbial biofilm formation

on different surfaces
Biofilms were grown on natural as well as

M
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Figure 9: Adsorption of hydrophobin
H*Protein B (10pM) in Tris buffer

(50mM Tris, TmM CaCl,, pH 8.0) on
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SiO, surface monitored with QCM-D.
The adsorped mass was quantified
with Voigt viscoelastic model.
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hydrophobin coated surfaces with single
species and natural mixed populations.
Different methods were applied and estab-
lished to analyze the bacterial and fungal pop-
ulation in terms of population composition,
microbial density and spatial distribution.
Additionally the interaction of bacteria and
fungi in biofilms was monitored.

3.1 Bacterial biofilm formation

Microbial biofilms represent a special, very suc-
cessful life form of bacteria. The microorgan-
isms benefit in this symbiotic life form from
metabolic exchange, genetic flexibility and pro-
tection, which a biofilm offers in comparison
to planktonic growth. Nearly all bacterial spe-
cies are able to exhibit this type of growth
firmly adhering to a substrate, in addition to
the planktonic freely floating growth variety.
A special characteristic of all biofilms, besides
firm adhesion to one site, is their highly struc-
tured character (Costerton et al. 1999, Coster-
ton et al. 2001.) The development of a biofilm
proceeds in various chronological steps. These
are dependent on the involved bacterial spe-
cies external factors and also surface charac-
teristics. The first step, the initial adhesion is
reversible. With the production of a matrix of
organic molecules, the extracellular matrix, the
adhesion gets irreversible. The bacteria are
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embedded in the extracellular matrix, which
also offers new habitats to other organism
such as other bacteria or fungi. The biofilm
starts to mature and to form three-dimension-
al structures. A mature biofilm releases single
cells, which again adhere to the substrate and
start the biofilm life cycle again.

In order to characterize the influence of hydro-
phobin coated surfaces on bacterial biofilm
formation the primary adhesion as well as ma-
ture biofilms grown on uncoated and coated
surfaces were analyzed.

Primary adhesion

The primary adhesion is the first and conse-
guently the crucial step at the change from
planktonic to sessile growth.

Primary adhesion of Escherichia coli on hydro-
phobin coated and uncoated glass slides

To analyze the primary bacterial adhesion a
GFP-tagged E. coli strain (E. coli BW3110,
pJOE 4056.2 His e-GFP) was used. After induc-
tion of the promoter with 0.2% Rhamnose the
»green fluorescent protein« (GFP) is stable
expressed intracellular. The bacteria can be
detected with the epifluorescence microscope
without further labeling steps.

E. coli was grown in biofilm reactor on hydro-
phobin coated and uncoated glass slides and



the bacterial adhesion was monitored at diffe-
rent time points for up to 24 hours. The biofilm
was washed in 0.89 % NaCl to remove loosely
attached microorganisms and subsequently
analyzed with epifluorescence microscopy.

More bacteria adhered on hydrophobin coated
glass slides compared to uncoated glass slides.

Quantification of biofilm growth

For the quantification of the first steps of the
biofilm formation a crystal violet assay was
applied. Individual cavities of a 96-well micro-
titer plate (polystyrol) were coated with H*Pro-
tein A and H*Protein B according to the esta-
blished protocol. The GFP-tagged E. coli (E.
coli BW3110, pJOE 4056.2 His e-GFP) was
grown overnight and diluted in sterile growth
medium (ODgppnm 0.25). 100 pl bacterial sus-
pension were portioned in each cavity and
incubated at 37 °C for up to 6.5 hours. The
adhered bacteria were stained with crystal vio-
let and the biofilm formation could be quanti-
fied with the determination of the optical den-
sity at 590nm.

At most time points a higher adhesion of E. coli
was detected on hydrophobin coated surfaces
compared to uncoated surfaces. After just 0.5
hours a significant higher bacterial adhesion on
the various hydrophobin coated surfaces was
monitored. This effect diminished and even
inverted after 6.5 hours. Now more bacteria
adhered on hydrophobin coated surfaces com-
pared uncoated polystyrol (Figure 10).

Mature biofilm

The mature bacterial biofilms were grown in
wastewater effluent on hydrophobin coated
and uncoated glass slides for up to four
weeks and subsequently analyzed in terms of
population composition, microbial density and
spatial distribution.

Population analyses

Molecular biological population analyses like
PCR-DGGE (polymerase chain reaction with
subsequent denaturing gradient gel electro-
phoresis) allow studying the diverse population
of bacteria in wastewater biofilms. Population
analyses were used to detect variations in the
composition of the bacterial population on
hydrophobin coated and uncoated surfaces.
For the analysis of the bacterial population the
biofilm DNA was isolated and amplified in a
PCR-reaction with the primer set 27f and 517r
targeting the eubacterial 16S rDNA. The
16S rDNA of prokaryotes is the most conser-
ved (least variable) gene and for this reason
used to identify bacteria. The initial PCR-reac-
tion resulted in a mixture of PCR amplicons
which all have the same length (526 bp). Se-
guence variations like differences in GC content
and distribution were used to separate these
amplicons in a denaturing gradient gel electro-
phoresis. Here each band represents one bac-
terial species. DGGE banding patterns can be
used to visualize variations in microbial diversity
and provide a rough estimate of the richness

E. coli - GFP
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Figure 10: The primary adhesion of
E. coli was monitored at different
time points and quantified with crys-
tal violet staining.
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Figure 11: DGGE profiles of amplified
partial 16S rRNA genes of planktonic
wastewater bacteria (right) and

wastewater biofilms (left). The bands

marker

- wastewater

- o water (start)

L l - bulk water (end)

Campylobacter jejumi

Staphylococous aureus

Enterococcus faecium
Pseudomonas aeruginosa

Escherichia coli

B

Biofilm

obtained from different pure cultures
of hygienically relevant bacteria serve
as reference marker (left):
Campylobacter jejunii, Staphylococ-
cus aureus, Enterococcus faecium,
Pseudomonas aeruginosa, E. coll,
Salmonella enterica, Mycobacterium
paratuberculosis (top to bottom).
The banding pattern of wastewater
biofilms on uncoated and coated
materials showed no significant dif-
ferences.

Mycobactenum paratuberculos’s

and abundance of predominant microbial com-
munity members. The bacterial population was
analyzed with PCR-DGGE (Figure 11). The
planktonic bacterial population (left) differed
clearly from the biofilm population (right).
No significant differences were visible in the
banding pattern of biofilms grown on diffe-
rent surfaces. The bacteria adhered with the
same preference to natural and hydrophobin
coated surfaces.

Microbial density

A further characteristic of biofilm growth is
besides the population composition the num-
ber of bacteria growing in a biofilm. Colony
forming units (CFU) were used to estimate the
growth density. The biofilm was washed in
0,89 % NaCl to remove loosely attached micro-
organisms, scraped of the surface with a sterile
cell scraper, resuspended in sterile PBS and seri-
al diluted. Suitable dilution steps were plated in
triplicates on DEV-agar. They were incubated
for up to 7 days at 37 °C. The bacterial colonies
were counted and the number of bacteria per
square cm was calculated. A lot of bacteria
grew on the uncoated and hydrophobin coated
surfaces, but there was no significant differen-
ce in the cell numbers on various materials.
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Spatial distribution of biofilm growth

Biofilms were stained directly on the surface
with the DNA intercalating fluorescent dyes
Syto9 to scan the spatial distribution of biofilm
growth. Prior to fluorescent staining the bio-
film was washed in 0.89 % NaCl to remove
loosely attached microorganisms. Syto9 solu-
tion was dropped on the biofilm sample to
stain all present microorganisms. The sample
was incubated for 20 minutes in the dark at
room temperature and subsequently washed
carefully with water. The slides were prepared
with the mounting media citifluor and a
coverslip for fluorescence microscopy.

No significant differences were observed in the
spatial distribution of the biofilm growth on
uncoated and hydrophobin coated surfaces.

Different steps of biofilm development were
monitored on hydrophobin coated and uncoa-
ted surfaces. Hydrophobin coated surfaces
influence the primary bacterial adhesion. The
bacteria are attracted by the hydrophobin coa-
ted surfaces and adhere in higher numbers as
on uncoated surfaces. But the impact of
hydrophobin coated surfaces on biofilm for-
mation seems to be time dependent. In matu-
re biofilms (4 weeks) no differences in biofilms



established on natural and hydrophobin coa-
ted surfaces could be detected.

The established techniques for the biofilm cha-
racterization will further be applied to charact-
erize the influence of modified hydrophobins
on biofilm formation. The hydrophobins will be
modified with antimicrobial peptides to enhan-
ce their effect on biofilm formation.

3.2 Fungal biofilm formation

In addition to bacteria there are also fungi insi-
de of a biofilm. When the mature biofilm is for-
med, fungi joined the biofiim. To analyze the
fungal populations in biofilms we use native
biofilms. A native biofilm is a biofilm, which can
be found in the natural environment and har-
bors more than one microorganism species. In a
native biofilm, protozoan, algae, bacteria and
fungi can be found.

Table 1: Isolated fungi and protozoa from native biofilms.

Design of a clone library

To analyze and identify the fungal population
of a biofilm a molecular biological approach
was used and a clone library was designed. A
clone library offers the advantage that also
fungi, which are not able to grow on agar
plates, can be detected and identified. With a
clone library it is possible to estimate the abun-
dance of single fungal species in biofilms. For
the generation of the clone library the com-
plete biofilm DNA was isolated and amplified
in a PCR-reaction with the primer set ITS1 and
ITS4. These primers are specific for the ITS-
region of eukaryotes. The I[TS-region is well
suited for the identification of fungi since it
has a higher variability than other regions of
the rDNA. The PCR products were cloned in
Escherichia coli and tested with a colony PCR
(primer set M13/T7) and the restriction enzyme

A clone library was designed for the isolation of the fungi with the amplified ITS-region in E. coli. The sequences were
analyzed by a M13/T7 PCR, a digestion and by the online-tool BLAST. Plant 1 and 2 are the different places in the
purification plant of Karlsruhe/Neureut. Plant 1 is the place in the mechanical treatment direct after the rack and the
second place was in the biological treatment of the plant. Influent biofilm is a biofilm, which was incubated in influent
wastewater for one month. The isolates from the biofilm of the lake are also listed in the table.

Species Order Season Origin
Achlya sp. Saprolegniales Winter Plant 1
Anguillospora longissima Winter Lake
uncultured Blastocladiomycota Spring Plant 2
Candida boidinii Saccharomycetales Influent biofilm
Candida pelliculosa Saccharomycetales Winter Plant 1
Candida tropicalis Saccharomycetales Winter, Spring Plant 1
Cladosporium cladosporioides Capnodiales Winter Lake
Fusarium merismoides var. Hypocreales Fall Plant 1
merismoides

Galactomyces geotrichum Saccharomycetales Spring Plant 1
Geotrichum sp. (Galactomyces sp.)  Saccharomycetales Spring, Fall Plant 1
Mortierella sp. Mortierellales Winter Plant 1
Mucor racemosus Mucorales Influent biofilm
Nectria lugdunensis Hypocreales Winter Lake
Penicllium commune Eurotiales Influent biofilm
Pichia anomala Saccharomycetales Winter Plant 1
Phoma herbarum Winter Lake
Phythium sp. Pythiales Winter Plant 1
Protoventuria alpina Helotiales Summer Plant 1
Rhinocladiella atrovirens Chaetothyriales Spring Plant 1
Rhodotorula mucilaginosa Sporidiobolales Spring Plant 2
Saccharomyces cerevisiae Saccharomycetales Spring Plant 1
Sporobolomyces lactosus Erythrobasidiales Fall Plant 1
Sporobolomyces symmetricus Erythrobasidiales Spring Plant 1
uncultured Tremellomycetes Winter Plant 1
Trichosporon sp. Tremellales Winter, Spring Plant 1
Trichosporon cutaneum Tremellales Winter Plant 1
Trichosporon domesticum Tremellales Summer Plant 1
Trichosporon montevideense Tremellales Winter Plant 1
Cyclidium glaucoma Pleuronematida Spring Plant 2
Entamoeba sp. Entamoebida Spring Plant 1
Oxytricha sp. Stichotrichida Spring Plant 2
Paramecium tetraurelia Peniculida Spring Plant 2
Zoothamnium sp. Winter, Spring Plant 1, 2
Zoothamnium plumula Winter Plant 1
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Mspl. Clones, which showed different banding
patterns on an agarose gel after the restriction
digest, were sequenced.

The isolated and identified fungi and protozoa
from wastewater biofilms and biofilm from a
lake in Karlsruhe-Leopoldshafen are listed in
table 1. In addition to these isolates, 111 clo-
nes were sequenced which were not described
so far. All isolates of the biofilm from the plant
in autumn, the Alb, the effluent and the Rhein
were species, which are not described so far.
Most of the undescribed clones belong to the
genus Candida and Trichosporon, which can
be shown in a genealogical tree. Until now it is
in general not much known about fungi in bio-
films. These clones are very interesting since
they might be fungi preferably growing in bio-
films (Table 1). There was no significant diffe-
rence in the fungal population on uncoated
and hydrophobin coated materials.

DIC

Overlay

Spatial distribution of biofilm growth
Biofilms were stained with Calcofluor directly
on the surface of glass slides. Calcofluor binds
specifically to chitin and cellulose and stains
fungi and algae. Prior to fluorescent staining
the biofilm was washed in 0.85% NaCl to
remove loosely attached microorganisms. For
the staining of fungi and algae a small volume
of 0.1% Calcofluor and 15 % KOH were drop-
ped on the biofilm and subsequently washed
with 70 % ethanol and water. The samples
were analyzed with the fluorescence microsco-
pe (Figure 12).

3.3 Interaction of bacteria and fungi in
biofilms

Fluorescence in situ hybridization (FISH) was
applied to analyze the distribution and interac-
tion of bacteria and fungi in biofilms. FISH is a
technique used to detect and localize the pre-
sence of specific DNA sequences in situ. FISH
uses specific fluorescent-labelled probes that
bind to only those parts of the genome with

Calcofluor

Figure 12: Spatial distribution of biofilms on uncoated
surfaces stained with Calcofluor.

The glass slide was incubated for four weeks in the influ-
ent of the purification plant in Karlsruhe/Neureut. After
the incubation the slide was washed with 0.85 % NaCl
and stained with 0.1 % Calcofluor and 15 % KOH and
washed again with 70 % ethanol and water.



which they show a high degree of sequence
similarity. With this technique different micro-
organism groups can be stained in situ with
diverse fluorescent dyes.

To analyze the interaction of bacteria and fungi
two different probes were applied. EuUni was
labeled with Fluorescein and bound to a high-
ly conserved region of the eukaryotic 18S
rRNA. The prokaryotic 16S rRNA was detected
with the Cy3 labeled probe Eub338. The FISH
was done as described Baschien et al. 2008.
The biofilms were fixed, dehydrated and after-
wards hybridized with the probes. The samples
were analyzed with the fluorescence microsco-
pe. For our investigations we used glass slides,
which were directly incubated in the influent
of the plant Karlsruhe/Neureut and in the Alb
(effluent of the plant). Figure 13 shows a FISH
of a biofilm, which was incubated in the

DIC

FAM

influent of the plant. The slide was incubated
for four weeks, washed with 0,85 % NaCl to
remove loosely attached microorganisms and
hybridized with both probes.

References

Baschien, C., Manz, W., Neu, T.R., Marvanova,
L., Szewzyk, U. (2008). In situ detection of
freshwater fungi in an alpine stream by new
taxon-specific fluorescence in situ hybridiza-
tion probes. AEM, Oct. 2008, p. 6427-6436

Costerton, J.W., Stewart, PS., Greenberg, E.P.
(1999). Bacterial Biofilms: A Common Cause
of Persistent Infections. Science 284, 1318 -
1322.

Costerton, J. W., Damgaard, H. N., K. -J. Cheng
(2001). Cell Envelope Morphology of Rumen
Bacteria. J Bacteriol. 118, 1132-1143.

Cy3

Figure 13: Fluorescence in situ hybridization with a biofilm of the purification plant.

The glass slide was incubated for four weeks in the influent of the purification plant Karlsruhe/Neureut. Afterwards
FISH was carried out with the specific probes for fungi and bacteria. The biofilms were fixed, dehydrated and hybri-
dized with the probes. Shown in red is the bacteria specific probe (Cy3), in green the fungi specific probe (FAM).



Hilpert, K., Elliott, M., Jenssen, H., Kindrachuk,
J., Fjell, C.D., Kérner, J., Winkler, D.F.,, Weaver,
L.L., Henklein, P, Ulrich, A.S., Chiang, S.H.,
Farmer, S.W., Pante, N., Volkmer, R., Hancock,
R.E. (2009). Screening and characterization of
surface-tethered cationic peptides for antimi-
crobial activity. Chem Biol. 2009 Jan
30;16(1):58-69.

Janssen, M.I., van Leeuwen, M.B., van Kooten,
T.G., de Vries, J., Dijkhuizen, L., Wosten, H.A.
(2004). Promotion of fibroblast activity by coa-
ting with hydrophobins in the beta-sheet end
state. Biomaterials 25 (14), 2731-2739

Jordan, S., Rietkétter, E., Strauch, M.A., Kala-
morz. F., Butcher, B.G., Helmann, J.D., Ma-
scher, T. (2007). LiaRS-dependent gene expres-
sion is embedded in transition regulation in
Bacillus subtilis. Microbiology 153, 2530-2540

Mania, D., Hilpert, K., Ruden, S., Fischer, R.,
Takeshita, N. (2010). Screening for antifungal
peptides and their modes of action in Asper-
gillus nidulans. Not yet published.

18



BioMin — Functionalized mineral surfaces:
Sorption mechanisms of growth-stimulating
proteins on surfaces of bone substitutes based
on calcium phosphates: Second status report

Lindner M. (1), Koczur K. (1), Kirsten A. (1), Oliveira A. (2), Seifert G. (2), Gemming S. (3), Zurlinden K. (4),
MeiBner M. (4), Jennissen H.P. (4), Miiller-Mai C. (5), Fischer H. (1)*

(1) Department of Dental Materials and Biomaterials Research, RWTH Aachen University Hospital,

e-mail: hfischer@ukaachen.de

(2) Department of Chemistry, Theoretical Chemistry, TU Dresden, e-mail: gotthard.seifert@chemie.tu-dresden.de

(3) Institute of lon Beam Physics and Materials Research, Research Center Dresden-Rossendorf,

e-mail: s.gemming@fzd.de

(4) Institute of Physiological Chemistry, Biochemical Endocrinology, University of Duisburg-Essen,

e-mail: hp.jennissen@uni-duisburg-essen.de

(5) Clinic for Surgery, Department of Trauma Surgery and Orthopaedics, Knappschaftskrankenhaus Bochum-Langendreer,

e-mail: ch.mueller-mai@kk-bochum.de

* Coordinator of the project

Abstract

The manufactured samples of amorphous and
recrystallized bioactive glass 4555 were sterili-
zed for further investigations especially for the
in vivo testing. Two common sterilization pro-
cedures for solid bodies, steam sterilization
and hot air sterilization, were tested. After the
steam sterilization the surface topography and
the chemical content at the surface of the
samples changed. This effect could not be
observed after hot air sterilization. Hence, hot
air sterilization procedure was chosento sterili-
ze the samples. We developed a manufactu-
ring process to produce porous p-tricalcium
phosphate specimens. NH,HCO; was succes-
fully used to create pores inside the samples.
The advantage of this material is that it decom-
poses at low temperature (60 °C) and so only
can affect the samples a short temperature
range from room temperature up to 60 °C.
Hence, no cracks where detected at the surfa-
ce and the core of the samples. Different kind
of pore sizes and amount of porosity was cre-

ated in the ceramic parts by using this porosi-
fying agent. The bounding ability of the BMP-
2 (Bone Morphogenic Protein) of amorphous
and recrystallized bioactive glass was charact-
erized by two different concentrations of the
BMP-2 in the immersion fluid. The results show
that a doubling of the concentration of the
BMP-2 in the immersion fluid resulted in the
two-fold amount of BMP-2 at the surface of
the amorphous and the recrystallized bioactive
glass. However, the release of the BMP-2 sho-
wed a difference with respect to these two
materials. Both materials show an initial burst
phase in the release of the bone morphogene-
tic protein from the surface of about two days
followed by a sustained release. During the
initial burst phase more BMP-2 was released
from the recrystallized surface compared to
amorphous surface of the bioactive glass. As
experimental results on the BMP-2 activity on
mineral surfaces indicate that a non-covalent
attachment to an unpolar surface functionali-
zation yields the best coverage, the relevant
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structural characteristics of BMP-2 under oste-
ogenic conditions were studied by molecular
dynamics simulations with a biological force
field. An analysis of the local flexibility of BMP
monomers and dimers in solution and on a
non-polar functionalization revealed major
structure changes at the N-terminus, close to
the a-helix, and around the disulfide bridge in
the dimer. As all secondary structure elements
remained intact in the bonded dimer, the
results indicate that the flexible areas in-bet-
ween may facilitate the docking of BMP-2 to
surfaces, but are not involved in sterically dri-
ven osteogenic activity. Electronic structure cal-
culations suggest alkylphosphonic acids and
nucleotides as suitable surface functionaliza-
tions, which bind to the mineral surface with
the polar part and expose an unpolar part to
attach. The amorphous and recrystallized bio-
active glass coated and not coated with BMP,
respectively, were implanted in New Zealand
white rabbits for four different implantation
times (7, 28, 84, 168 days). 6 implants were us-
ed for one kind of material and implantation
time, i. e. overall 96 cylindrical implants (3.96 mm
diameter, 8.1 mm height) have been inserted.
At present, the evaluations of specimens prior
implantation and at 7 days were completed.
Due to the implantation procedure a gap hea-
ling was observed, leading to a delay in bone
formation in comparison to former studies in
the same animal model with bioactive
implants. Up to 7 days after implantation no
bone-bonding was observed in any of the spe-
cimens. All of the materials (amorphous, cry-
stalline each with and without BMP-coating)
displayed no obvious changes in surface densi-
ty and structure up to now indicating a lower
surface reactivity as known from 45S5 bioacti-
ve glass. At 7 days the highest expression of an
early marker, which indicates that the bone
matrix is activated, was observed at the amor-
phous coated implants. Therefore, stimulation
in bone formation around the BMP-coated
implants is possible. Subsequently, we wiill
histologically analyze the samples of longer
implantation times to confirm this observation.
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Introduction

Our research joint project focuses on the inter-
face between implant material and biological
environment. More precisely we want to com-
pare the interaction of an amorphous material
(bioactive glass) und a crystalline material (re-
crystallized bioactive glass) with bone tissue.
The bioactivity and subsequently the bone
remodelling process weakens especially when
greater bone defects have to be restored by
this class of material. It is known that the
growth of bone tissue can significantly be sti-
mulated by so called Bone Morphogenetic
Proteins (BMPs). In our project we want to
compare the coupling ability and the desorp-
tion kinetics of the BMPs on the amorphous
and the crystalline surface. Tests in vitro, in vivo
and additionally computational simulation of
the coupling process will create further know-
ledge of the interaction of the BMPs with the
mineral surface and the biological environ-
ment. This knowledge is important for the
development and manufacturing of tailored
bone substitute implants, so that degradation
of the substitute material and build-up of new
bone tissue can go hand-in-hand in vivo. In the
following chapters the results are presented
that have been achieved within the first fifteen
month of our joint project.

Sterilization of amorphous and recrystal-
lized bioactive glass

The manufactured and analyzed samples of
amorphous and recrystallized bioactive glass
(see science report 2009) must be sterilized
before further experiments like the immobiliza-
tion of BMP-2 on the surface and the in vivo
testing can be carried out. Therefore a stan-
dard sterilization procedure for solid state
bodies of a steam autoclave (120 °C, 1h) was
used. The surface of the samples was exami-
ned before and after the sterilization process
using a scanning electron microscope (SEM)
and energy dispersive X-ray analysis (EDX).
After the sterilization process the surface topo-
graphy of the samples changed compared to
the surface of the samples which were not ste-
rilized with hot steam (Fig. 1, Fig. 2). Because
the surface topography changed after the



Figure 1: Analysis of the microstructure of a recrystallized
bioactive glass surface after grinding without subsequent
sterilization.

Figure 2: Analysis of the microstructure of a recrystallized
bioactive glass surface after grinding and subsequently
sterilized with steam.

220 uym

Figure 3: Analysis of the microstructure of a recrystallized
bioactive glass surface after grinding and subsequently
sterilized with hot air.

steam sterilisation, another suitable standardi-
zed sterilization process had to be found which
has no or only a marginal effect to our speci-
mens. One adequate sterilization process pro-
ved successfully was the hot air sterilization
method (180 °C, 2h). After the hot air sterili-
zation process the surface topography did not
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Figure 4: EDX-analysis of a recrystallized bioactive glass
surface after grinding without subsequent sterilization.
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Figure 5: EDX-analysis of a recrystallized bioactive glass
surface after grinding and subsequently sterilized with
steam. An enrichment of Ca and P could be detected.

1.00 150 50 300

200 150 A 450 &
Energy - keV

Figure 6: EDX-analysis of a recrystallized bioactive glass
surface after grinding and subsequently sterilized with hot
air. No enrichment of Ca and P could be detected.

change compared to the surface of the sam-
ples which were not sterilized (Fig. 1, Fig. 2).

Furthermore the method of steam sterilization
did not only influence the surface topography
of the samples. This method changed also the
chemical composition at the surface. The EDX-
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analysis showed an enrichment of phosphor
and calcium at the surface of the samples
which were sterilized by the steam sterilization
method compared to the specimens which
were not sterilized (Fig. 4, Fig. 5). The samples
treated using the method of hot air sterilization
did not show an enrichment of phosphor and
calcium at the surface and provided the same
chemical content on the surface like the sam-
ples which were not sterilized (Fig. 4, Fig. 6).

Now that there was found a sterilization
procedure which did not influence the sur-
face of the specimen, 124 cylindrical samples
(3.96+0.03 mm diameter, 8.1+£0.1 height)
were manufactured for the in vivo experi-
ments. 96 specimens were implanted, 16 bak-
kup samples were fabricated and 12 cylinders
were used for checking the amount of the
adsorbed BMP-2.

Fabrication and characterization of
porous p-tricalcium phosphate (3-TCP)
specimens

B-tricalcium phosphate (B-Ca;(PO,),) is one of
the most investigated biodegradable ceramic
materials for medical applications to support
bony defects. The pore size and the amount of
porosity are one of the most important para-
meters for using this material for bone repla-
cement. Different procedures have been deve-
loped to synthesize porous ceramic parts.
Nearly all techniques to establish porosity in a
ceramic specimen use a porosifying agent
which burns out during the sintering process
and creates the desired porosity in the manu-
factured part. Therefore, one main property of
the porosifying agent is, that it completely
disappears during firing process. For that rea-
son organic substances like oil or carbon based
materials are common materials to create
porosity in ceramic specimen. As first attempts
to create porosity, it was used a polyurethane
foam. One disadvantage using polyurethane is
the higher thermal expansion of the polyur-
ethane compared to the ceramic. This resulted
in cracks in the part before the sintering process
could start. A sample was heated up to only
200 °C instead up to the sintering temperature
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of 1100 °C. The foam did not burn out becau-
se of the low temperatures and large cracks
were visible at the surface of the samples.
Because of the described problems with the
polyurethane foam we decided to test other
materials for creating the porosity in the sam-
ples. One of these materials was NH,HCOs.
The advantage of this material was that it
decomposes at low temperatures (60 °C) to
NH;, H,O and CO,. Hence there was only a
small temperature range (room temperature
up to 60 °C) when this material could interact
with the ceramic material. This material was
tested by mixing powder of B-TCP and
NH,HCO; together with different weight
ratios. Tablets were pressed of this material
and the sintering processes was performed. A
pressing device with a diameter of 12 mm was
used to press cylindrical specimen of a height
of about 1 mm and 18 mm. Using NH,HCO3 as
a porosifying agent, the samples showed no
cracks at the surface after the sintering pro-
cess. The manufactured parts were analyzed in
comparison to specimens which were made of
B-TCP only (Tab. 1).

The results in Table 1 show, that the amount of
porosity of the sample is about 38 vol.-%
when no NH4HCO; is used. This porosity is
caused by the sintering process of the B-TCP
particles which results in pores smaller than
10 um (Fig. 7 and Fig. 8).

The SEM micrographs of the sintered specimen
with NH,HCO3 showed clearly the difference
in the microstructure of the manufactured spe-
cimen compared to the parts made of B-TCP
only. The fracture surface of a ceramic part
made of 50 % B-TCP, 50 % NH,HCO;3 < 50um
shows the pores which are caused by the poro-
sifying agent (Fig. 9 and Fig. 10)

Using more NH,HCO; results in specimens
with over 80 vol.-% porosity. The mechanical
strength of these parts was very low. Even
handling these parts for further investigations
resulted in small pieces which cracked from the
samples.



Table 1: Resulting porosity for different particle size and different amounts of NH4HCOs3.

material [wt.-%]

porosity [vol.-%]

100 % B-TCP

50 % B-TCP, 50 % NH4HCO3 < 50um
30 % B-TCP, 70 % NH4HCO3; < 50um
50 % B-TCP, 50 % NH4HCO3 < 710um

38.0
571
81.0
63.6

Figure 7: Overview of a fracture surface a sintered speci-
men made of B-TCP. No pores can be detected at this
magnification.

Figure 9: Overview of a fracture surface a sintered sample
made of 50 % B-TCP, 50 % NH4HCO3 < 50pm. In com-
parison to Fig. 10 pores of 50 pm can be detected.

Now that there was found a suitable porosify-
ing agent the next goal was to create different
defined pore sizes in the samples. Therefore,
the NH,HCO3 was grinded and the particle size
distribution was analyzed before, during and
after the milling process (Tab 2). The material
was milled dry with ZrO, milling balls on a rol-
ling platform.

The meaning of the value d is, that 10 vol.-%
of the particles are smaller (or equal) than the
given value; analog for dsg and dgg. The results
show a proper milling process by the time of 9
hours. When now NH,HCO; of different mil-

Figure 8: Microstructure of a fracture surface a sintered
specimen made of B-TCP. Only small pores (< 10 pm) can
be detected.

Figure 10: Microstructure of a fracture surface a sintered
sample made of 50 % B-TCP, 50 % NH4HCO3 < 50 pm.
In comparison to Fig. 8 the pores in the size of 50 ym can
be detected.

ling times is used to create the porosity in the
parts, different sizes of pores are the result.
Also we wanted to obtain a material with only
a short range in pore size distribution.
Therefore the NH,HCO5 can be sieved with
two sieves at the same time. For example a
sieve of 63 um mesh is stuck on top of a sieve
of a 45 ym mesh and the NH,HCOj3 is sieved.
The particles which do not pass the 45 pm and
remain on the top of this sieve have a particle
size between 45 pym and 63 pm. Hence the
over all range of this particle size distribution is
only 18 pum. If this material now is used as a
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Table 2: Specific values of the particle size distribution depending on the milling time (NH,HCO3).

milling time d1o dso dao
[h] [um] [um] [um]
0 248 2440 647.8
1 7.4 70.9 378.4
2 6.1 45.7 182.2
4 3.9 251 103.5
6 46 255 85.8
9 3.4 15.6 379

porosifying agent, it will lead to same small
distribution in pore size of the manufactured
ceramic part.

Immobilization of BMP-2 on cylindrical
bioactive glass 4555 samples

First experiments for investigating the immobi-
lization and the controlled release of BMP-2
from bioactive glass were carried out by using
miniplates containing of amorphous and cry-

stalline bioactive glass respectively. Results of
these experiments were shown in our last
report.

In contrast for animal experiments cylindrical
samples were used. So it was necessary to
investigate the immobilization and the control-
led release of BMP-2 from these cylindrical
samples. First investigations show unsteady
results which could explained by microscopic
investigations. REM measurements illustrate

Table 3: Immobilization of BMP-2 on cylindrical samples of bioactive glass.

BMP-2 Concentration amorphous glass

recrystallized glass

[mg/mi] [nglcm?] [pglem?]
0.1 1.10+0.19 1.24 +0.85
0.2 2221012 2.08 £0.16
Figure 11:
1.5= Release of BMP-
~ 2 from cylindrical
ﬂ'. bioactive glass
E samples.
St
v §
ND .
o Bl amorphous 1 -ives:
o ' —  0.6/49.7 days
E w— . 0.5/25.2days
= crystalline
0.0 T T T T !
0.0 25 5.0 75 100 125 15.0
time[d]

Table 4: Amount of bound BMP-2 on cylindrical samples used for animal experiments

Period of observation amorphous glass

recrystallized glass

[d] [uglem?] [ug/em?]

7" 2.95+0.37 3.76 +0.38
28 468 +1.39 3.91+0.85
84 1.20 + 0.06 1.84 + 0.28
168 * 2954037 3.76 +0.38

* prepared concerted
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gaps and holes on the surface as a consequen-
ce of the steam sterilisation process.

After changing to the hot air sterilisation pro-
cess cylindrical samples with an undamaged
surface could be used for pre-experiments and
animal experiments.

Depending on BMP-2 concentration in the in-
cubation solution 1.1 - 2.2 pg BMP-2 per cm?
glass surface were bound (tab. 3).

Furthermore the release of BMP-2 from these
surfaces was examined (see Figure 11). A great
part of immobilized protein is released from
the surface during first two days.

In a »press-fit-experiment« cylindrical samples
were put into rabbit bones comparable to the
operation process. We could show, that only
ca. 10 % of immobilized protein were lost du-
ring this procedure.

Unfortunately the amount of bound protein on
samples used for animal experiments differs
from the results of the pre-experiments and
also among themselves although all terms and
conditions were constant. Table 4 shows these
data for all parts of the animal experiment.

Adsorption and desorption of BMP-2 on
bioactive glass 4555 and silica glass mini-
plates

The fabricated and sterilized bioactive glass
4555 was used to the adsorption of BMP-2 from
the mineral surface. It is the aim of this work to
bestow osteoinductivity by immobilizing BMP-2
on a glass surface. The binding of BMP-2 to an
implantable bioactive glass surface (4555 speci-
fication) by a radiotracer method and to a
model silica glass surface by evanescent wave
technology will be described here.Amorphous
bioactive glass (45S5 specification, Ra ~ 0.9 um)
was prepared in polished miniplate form (5 x 10
x 1 mm) for BMP-2 binding measurements by
radiotracer technology. Highly polished silica
glass (Suprasil I, Ra ~ 1-3 nm) in form of round
plates (& = 36 mm, 0.9 mm thick). Ultra hydro-
philic surfaces (6 0-10°) were prepared with
chromosulfuric acid (CSA). '*I-BMP-2 (0.1 mg/
ml) was adsorbed on bioactive glass for 17
hours according to and unlabelled BMP-2 (0.1
mg/ml, 3.8 uM) on Suprasil for 5 min in a TIRF-
rheometer (Trp fluorescence) by air-bubble tech-
nology. Adsorption was performed in 20 mM
Na acetate buffer pH 4.5 (buffer A) in both
cases. After binding to bioactive glass for 17 h
%]-BMP-2 was desorbed for 11 days in phos-
phate buffered saline pH 7.4 (buffer B, PBS). On
Suprasil after obtaining equilibrium in ca. 5 min
BMP-2 was desorbed in buffer A for 20 h.

td
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Figure 12: Release of BMP-2 from the surface of polished amorphous bioactive glass (bio-
active glass). The data was fitted to a two-phase exponential decay function (r2 = 0.99)
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fluorescence, cps

Figure 13: Adsorption (A) and Desorption (B) of BMP-2 on suprasil silica glass measured by TIRF-rheometry. Desorption

was measured after 5 min of adsorption.

Figure 14: kgps-Plot of the kg values
vs the BMP-2 concentration for the cal-
culation of the initial kinetic constants.

L] L) v L) L)
0 2 4 6 8 10
[rhBMP-2], pmol/l

As shown in Fig. 12, BMP-2 is adsorbed on the
ultra-hydrophilic (~8 pg/cm?). The release of
BMP-2 occurs in the form of a two phase expo-
nential first order decay reaction. The first
exponential corresponds to a burst phase with
a half-life (t;,) of ~ 0.3 days (k.; = 2.7 x 105 s1).
The second phase corresponds to a sustained
release phase with a half life of ~ 42 days (k_,
= 1.9 x 107 s-1). For biological activity the sam-
ples loaded with BMP-2 were allowed to release
BMP-2 for three days into the cell culture
medium. From the dose-response curves the
Ky 5 values for released BMP-2 were determined
to 11-20 nM (control values 5-10 nM) indicating
a high biological activity of released BMP-2.

Fig. 13A shows the adsorption kinetics of
BMP-2 on silica glass in the TIRF-rheometer.
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Adsorption occurs as a single exponential
(kops = 0.199 s°1) without a mass transport limi-
tation. Desorption after 5 minutes (Fig. 13B)
proceeds as atwo phase exponential decay
(k;=43x104s1t;,,=045hand k,=1.6
x 10> s1:ty,, = 12.2 h). Thus for k_, the des-
orption rate is 42 times higher on Suprasil than
on bioactive glass.

Figure 14 shows the kinetic constants of initial
BMP-2 binding (encounter complex) to Supra-
sil: kyq =7.98 x 104 M-1s1, k4 =0.071 5" and
a binding constant of K= 1.1 x 106 M-,

From the k,; = 7.98 x 104 M-s-1 of BMP-2 bin-
ding on Suprasil (Fig. 14) and the k, = 1.9 x
107 51 of desorption on bioactive glass (Fig.
12) an apparent binding constant K" = 4.2 x
101" M- can be calculated. This high apparent



binding constant for sustained release, compa-
red to the encounter complex, may be due to
conformational changes during the 17 h incu-
bation step.

Simulation of solvent and surface effects
on BMP-2 monomer and dimer

Bone morphogenetic proteins such as BMP-2
actively participate in the bone remodeling
process by stimulating osteoblast differentia-
tion and by regulating osteoblast and oste-
oclast activities. Experimental evidence sug-
gests that this activity relies on specific structu-
ral characteristics, because also fragments of
BMPs exhibit osteogenic activity [D1]. Results
obtained by the BIOMIN project partners on
the BMP-2 activity on bioactive glass and bio-
ceramic surfaces with polar and non-polar
functionalized surfaces indicate that a non-
covalent attachment of BMP-2 to an unpolar
surface functionalization yields the best cove-
rage. These findings were the starting point for
systematic molecular dynamics simulations
which aim at determining the relevant structu-
ral characteristics of BMP-2 under physiologi-
cal, osteogenic conditions. Such detailed
knowledge of the functional BMP-2 substruc-
ture is essential for devising biologically tailo-
red implants with better remodeling properties
and yields a perspective for a better, more
direct medicamentation of bone cancer.

The present molecular dynamics simulations
were carried out with the established, biologi-
cally oriented force field CHARMM27 and the
NAMD simulation package, which allow to
systematically incorporate the conditions at the
bone remodeling site in a step-wise manner. In
collaboration with the experimentally working
BIOMIN partners we have determined three
focus areas, which lead to subsequently more
complex model structures and modeling condi-
tions and thus allow to systematically expand
our understanding of the biological activity of
BMP-2 during regrowth: first is to determine
the structural stability of the BMP dimer and
the monomers which form BMP-2 in aqueous
solution and at body temperature, second is to
rationalize the osteogenically most favorable
interaction of BMP-2 with the functionalized

mineral surface of the bone substitute cera-
mics, and third is to identify the specific active
structural motifs within the BMP-2 geometry
and their steric, polar and non-polar features.
Results from the first step were reported alrea-
dy last year, thus we summarize only the major
findings: The optimum BMP-2 structure, com-
posed of two equal strands of 114 amino acids
each and bonded via a disulfide bridge of the
cystein residue number 78 was determined
and compared with a non-bonded dimer and
the monomer, because the latter two structu-
res would be more easily accessible by synthe-
tic methods than the complete BMP-2 protein.
Further findings from those calculations were
that major structural rearrangements occur on
the time scale of several nanoseconds, which
poses the necessity for adequately long simu-
lation times and that water stabilizes all struc-
tures and most pronouncedly the dimeric
forms of BMP-2. The outcome of this task wit-
hin the BIOMIN collaboration has been docu-
mented in several contributions to scientific
conferences and journals [D2-D6].

During the second project year, which is repor-
ted here, first the study of the structural stabi-
lity was concluded with more detailed data on
flexible and rigid parts of the BMP, and major
progress was achieved in focus area two,
which concerns the interaction of BMP-2 with
differently functionalized mineral surfaces.

To finish the structural study of BMP in mono-
meric and dimeric forms, a detailed, residue-
resolved analysis of the local flexibility was per-
formed, which revealed that major structure
changes occur around the disulfide bridge and
the flexible N-terminus of the amino acid chain
under physiological conditions. Fig. 15 shows
the time-averaged root mean square deviation
(rmsd) of the residue positions as function of
the residue number. The rmsd values of the
monomer, the non-bonded dimer and the
disulfide-bridged dimer in aqueous surroun-
ding, T =37 °C, are displayed from top to bot-
tom. The spatially and time-averaged rmsd
values of the three structures are indicated as
dashed lines. With a value of 2 A, the bonded
dimer exhibits a lower overall flexibility than
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Figure 15: Time-averaged root mean
square deviation (rmsd) of the residue
position as function of the residue num-
ber along the amino acid chain of BMP-
2. The curves show the rmsd of the
monomer, the non-bonded dimer and
the bonded dimer from top to bottom
(solid lines) along with the spatially ave-
raged values (dashed lines). Residue 1 is

L1l the N-terminus.
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the monomer and the non-bonded dimer
(both about 3 A). In the spatially resolved cur-
ves, residue 114 corresponds to the rather rigid
C terminus, whereas residues 1 to 10 belong
to the highly flexible part at the N-terminus
which reaches rmsd values of up to 14 A
(monomer), 18 A (non-bonded dimer), and 12
A (dimer). Those rsmd values are beyond the
displayed range, which was adapted to the
overall smaller variations along the polypeptide
chain. This result indicates that the N-terminus
can not be involved in an osteogenic activity,
which relies on purely steric effects. However,
the flexibility may facilitate the docking of
BMP-2 to surfaces or receptors via the N-ter-
minus, hence its flexibility may be of seconda-
ry, chemically driven physiological relevance.

Other flexible areas with rmsd values of up to
6 A comprise the residues around the disulphi-
de bridge at amino acid number 78 (region II)
and two non-polar regions between residues
40 to 60 (region I) and residues 90 to 100
(region lll). To analyze the inherent steric chan-
ges, the secondary structure of the system was
determined by applying the standard routines,
here program STRIDE [D7], which is part of the
MD simulation and visualization package. The

28

100

120

original experimental assignment comprises
nine separate beta-sheet units, 1 to p9, and
one beta-sheet, 5a, attached to the alpha
helix a3. These rigid subunits are joined by fle-
xible parts, which are several amino acids wide
[D8]. If the experimental secondary structure is
derived by means of the MD analysis routines,
the rigid subunits are determined in close
agreement with the experimental assignment.
Differences concern the neighboring sheets 6
and B7 and also 8 and B9, which are found to
combine into two longer sheets, and f5a,
which is missing in the MD-derived analysis.

Fig. 16 depicts the secondary structure sche-
matically for the original experimental assign-
ment (exp.), the re-analysis of that data by the
MD routines (*exp.), the monomer, and each
strand of the non-bonded and bonded dimers,
separately. Triangles denote amino acids that
participate in a beta sheet, circles indicate the
position of residues which belong to an alpha
helix. For all model systems the secondary fea-
tures agree excellently with the ones of the
experimental data. As sole difference only the
bonded dimer matches the reference length of
B2, whereas 2 is too long in the other struc-



Figure 16: Secondary structure of BMP-2.
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(*exp.), the monomer (mon.) and both
strands of the non-bonded (ndi" and
ndi”) and of the bonded dimer (dim.’
and dim.") from top to bottom. The

tures. This analysis allows correlating the peaks
in Fig. 15 to residues which do not participate
in secondary structure elements. Regions | and
Il brace the alpha helix, thus this analysis implies
that the rigid helix moves as a whole relative to
the rest of the protein. This mechanism may
facilitate BMP-2 bonding to non-polar surfaces.
The peaks in region lll imply that all four beta
sheets 6 to 9 can move relative to one anot-
her, hence the flexibility of the area is reprodu-
ced well by the simulation despite the assign-
ment as two larger beta sheets.

For the second step, studying the interaction
of BMP monomer and dimers with differently
functionalized mineral surfaces, adsorption on
model surfaces was investigated by molecular
dynamics. As simple model for a mineral surfa-
ce with non-polar aprotic functionalization a
regular, self-assembled bilayer of POPC (POPC
= 1-palmitoyl-2-oleoyl-phoshatidyl-choline) was
equilibrated at body temperature. As POPC
would attach to a mineral surface via the polar
phosphatidyl-choline moiety and expose the
non-polar palmitoyl and oleoyl chains towards
the liquid phase, a bilayer which exposes the
alkyl chains was chosen as first model. In con-
tact with an aqueous solution of BMP-2 the
protein then employs its non-polar fragments
to anchor on the alkyl-functionalized surface
via van-der-Waals interactions. Initial cursory
simulations pursued during the first reporting
period have been extended to simulations of
up to 30.000 ps simulation time and confir-
med the previous findings. After an initial peri-
od of a few nanoseconds a non-polar region of
the protein starts interacting with the surface.
The final BMP-2 adsorption site is an upright

numbering of beta sheet and alpha helix
areas is indicated above the graph; resi-
due 1 is the N-terminus.

position coordinated via the alpha helix area of
one of the monomers, and still exposing the
other one. Under the given conditions BMP-2
is form-stable, i.e. it maintains its active ternary
and quaternary structure. The monomer, in con-
trast, looses its ternary structure and spreads on
the surface. For the dimer the disulfide bridge
and additional non-polar interactions between
the two strands occur, which stabilize the bon-
ded dimer and corroborate the trend to lower
rmsd values obtained for the dimer in solution.

Simulation of hydrophobic functionaliza-
tion on bioceramics

Insight into the atomistic processes at the bio-
functionalized mineral surface can be achieved
by molecular dynamics simulations, whereas
and a quantum-mechanical treatment is requi-
red for specific details of the structure and the
structure-property relation. In line with the MD
simulations of BMP-2 on non-polar surfaces we
have investigated the local structural and elec-
tronic changes at oxide surfaces with aprotic
and weakly polar to non-polar functionalization.
The first system addresses the modification of
a titanium dioxide surface by adsorption of the
nucleotide cytidine. Calculations with the den-
sity-functional-based tight-binding (DFTB)
method show that on the rutile (110) surface
cytidine favors anchoring with two oxygen
atoms of its phosphate part. Adsorption occurs
preferentially at two neighboring five-fold
coordinated Ti atoms along the [001] direction,
thus opening a pathway to an ordered adsorp-
tion of unpolar substances along [001]. The
electronic densities of state show that the aro-
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matic part of the cytidine residue remains un-
changed upon adsorption on rutile. This implies
that no significant changes occur in the nanotu-
be binding capacity by p-stacking of the aroma-
tic part, hence, nucleotide-functionalized oxide
surfaces are ideal substrates for the ordered,
stable and electronically and chemically inert
immobilization of larger unpolar moieties [D9].
As second system self-assembled monolayers
of different alkylphosphonic acids on corun-
dum a-Al,O5 (0001), bayerite B-Al(OH); (001)
and boehmite y-AIOOH (010) surfaces were
studied by DFTB calculations. Mono-, bi-, and
tridentate adsorption modes were considered.
In addition, the organization of single adsor-
bed molecules was compared to the organiza-
tion at full surface coverage. The height (thick-
ness) of the self-assembled monolayers is al-
ways shorter than the length of the phospho-
nic acid molecules due to tilting of the alkyl
chains. Tilt angles at full surface coverage are
very similar to the tilt angle of a single adsor-
bed molecule, which indicates that the density
of the self-assembled monolayers is limited by
the density of adsorption sites. The lateral inter-
actions between alkyl chains are evidenced by
small torsions of the adsorbed molecules,
which may serve to minimize the repulsion for-
ces between interchain hydrogen atoms.
Similar tilt angles were obtained for mono-, bi-,
and tridentate adsorptions. Hence, the coordi-
nation mode is not related to the molecule til-
ting, which implies that dense unpolar functio-
nal films can be formed on arbitrarily shaped
mineral surfaces [D10].

Classical modeling of structure formation

in aqueous solutions

A reaction-diffusion-type formulation of the
bone remodelling process in terms of Turing
structures had been set up during the first
reporting period. This model has been success-
fully tested for structure formation in ionic solu-
tions and describes brine channel formation in
agueous salty solutions close to the phase tran-
sition temperature in very good agreement with
experimental data [D11].
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In vivo investigations

After production and BMP-coating of bioactive
implants animal experiments were planned to
evaluate the tissue response to the implants. A
comparison between coated and non-coated
implants was performed. Different qualitative
and quantitative histological methods were
used to describe the tissue response to the
implants and the material response after
implantation. The main question to be answe-
red is whether the BMP-coatings do stimulate
bone growth around two different types of
bioactive implant material of similar chemical
composition or not. Two different types of
implant materials were used in this project.
One consisted of an amorphous glas, which
was close to 45S5 bioactive glass and the
second material was a partially crystalline
glass-ceramic of the same composition. Each
group of material was either used as produced
or after coating with BMP (Bone Morphoge-
netic Protein). The diameter of the implants
was 3.96 mm und the length was 8 mm.The
implants were intended to fit exactly to the
drill hole to minimize loss of the coating during
insertion. The burr displayed an outer diame-
ter of 3.95 mm.Pathogen free New Zealand
white rabbits were used for the experiments
(Charles River).They were held separately in
either plastic or wire cages according to the
German Tierhaltungsverordnung BGBI. |l
Nr.485/2004 idF BGBI. Il Nr. 530/2006.They
got a standard 12 hour night and day rhythm,
and their diet consisted of pressed dry pellets
(Smith®) to which 25 mg/kg salinomycinso-
dium were added.

Prior to the operation the implants were steri-
lized by using dry heat. One half of the
implants was coated with BMP. The animals
were anesthetized with a Ketamin (0.35 ml per
kg) and Xylazin (0.17 ml per kg), which was
given intra muscularly. Whilst performing the
surgery an additional Isoflurane anesthesia was
given through a respiration mask. 0.5 ml
Gentamycin per Rabbit was injected to prevent
Infection, as well as 0.3 ml Rimady!l for pain
management. After shaving the legs up to the
hip joint and disinfecting the area with



Braunoderm, an incision was made medially to
the knee joint. The patella was luxated lateral-
ly after cutting through the medial retinacu-
lum. A hole was then drilled in a sagittal direc-
tion into the trabecular bone of the distal epi-
physis of the femur (diamond coated cylindric
hollow drill, outer diameter of 3.95 mm). The
cooling of the device was assured through
NaCl-solution which was sprayed onto the dfrill
with a syringe. After implantation, the Patella
was forced back in its normal position. For the
suture of the retinaculum a Dacron O Vicryl®
thread was used, and to close the skin the
suture material was 3-0 Mersilene®. The skin
was closed with a continuous suture technique
and a securing single suture. The animals had
surgery on both knees to make sure the stress
is the same on both knees, and the animal
does not fall into a relieving posture.

The animals were put in a deep anesthesia
with 2.5 ml Ketamin, 1 ml Xylazin and they got
1.3 ml of Fentanyl. additionally to that the rab-
bits were given Isoflurane. The skin was cut
with a scissor, then the Knee joint was laid bare
and the ligaments were cut through. The
patella was lifted up and the distal femur was
separated from the femoral diaphysis. Diamond
coated cutting disks were used to cut the distal
piece of the femur right underneath the
implant. Then the condyles on both sides of the
bone were cut off to open the intertrabecular
spaces for immersion fixation. The last step was
cutting off the trimmed piece from the rest of
the femur. The cooling was also done with NaCl

through a syringe. The Animals were then put
to death by injecting 2 ml of T61 (Embutramid)
intra venously whilst still in deep anesthesia.
Data of operations, used implants and sacrifice
of the animals are given in Table 5.

For histological characterization of the host
response to the implants and the concomitant
material response after insertion different
methods were applied. The complete evalua-
tion of each specimen comprised conventional
light microscopy (LM) after staining with
Giemsa and von Kossa-Fuchsin as well as histo-
morphometry, immunohistochemistry (IHC),
scannning- (SEM) and transmisssion electron
microscopy (TEM).

The tissue blocks were fixated in Histochoice
and embedded in plastic. Then they were glued
upon slices and cut with a saw (Leica sp 1600).
The cuts are about 30 pm thick and were
ground and polished. Each specimen for con-
ventional LM was cut with the surrounding tra-
becular bone from ventral to dorsal. The first 6
got staining for IHC (Osteocalcin, Osteopontin,
Osteonectin, Bone Sialoprotein, Alcaline Phos-
phatase and Collagen1), one was left for SEM-
BSE; two got the Giemsa stain, two the von
Kossa Fuchsin reaction and another one was
left as a reserve. The procedure of cutting the
slices is demonstrated in Table 6.

For IHC, slices 1-6 were deacrylated and incu-
bated with specific antibodies (Osteonectin
AON-1-s, Bone Sialoprotein WVID1 (9C5)-s,

Table 5: Date of implantation/explantation according to the four groups of materials. Per implant material and time
point 3 animals were operated on and 6 implants have been inserted. Thus, using 4 implant materials (amorphous,
crystalline, amorphous BMP-coated, crystalline BMP-coated) a total of 48 animals and 96 implants were used.

Implantation Implantation time Material Explantation
18.01.2010 168 days amorphous, crystalline with BMP 05.07.2010
19.01. 2010 168 days amorphous, crystalline without BMP 06.07.2010
20.01.2010 7 days amorphous, crystalline with BMP 27.01.2010
21.01.2010 7 days amorphous, crystalline without BMP 28.01.2010
12.04.2010 84 days amorphous, crystalline with BMP 05.07.2010
13.04.2010 84 days amorphous, crystalline without BMP 06.07.2010
17.05.2010 28 days amorphous, crystalline with BMP 05.07.2010
18.05.2010 28 days amorphous, crystalline without BMP 06.07.2010
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Table 6: Sequence of the slices produced be sawing and grinding. The numbers star form ventrally (1)

and stop at the dorsal aspect of the specimens (12).

Slice Nr. 1-6 7 8 9

10 11 12

Staining IHC reserve SEM

Kossa

Giemsa Kossa Giemsa

Figure 17: Amorphous implant, 7 days, BMP-coated.
Surrounding bone with generalized and strong col-
oration for OC.

Osteopontin MPIIIB10 (1)-s, Alkaline Phospha-
tase B4-78-s, Collagen 1 M-38-s from the Uni-
versity of lowa and Osteocalcin [0OCG3],
ab13420-50 from abcam. The slices were stai-
ned with AEC (liquid3-amino-9-ethylcarbazole),
counterstained (Mayer’s haematoxylin) and
mounted (Kaisers glyceringelantine, coverslips).
The samples are fixated with Glutaraldehyde
and Cacodylate buffer, drained in an ascen-
ding alcoholic line and dried with HMDS (Hexa-
methyldisilazane). To discover alterations of im-
plant surfaces one implant of each type and
implantation time as well as one implant of
each type prior and after coating was used for
SEM analysis. The TEM-samples were fixated as
the SEM-specimens and embedded in Spurr.
Cutting and evaluation start in October 2010.

At 7 days all of the cut specimens showed a gap
between the implant and the surrounding
bone, although it was intended to create an inti-
mate contact between the preexisting tissue
and the implants. The gap between the old
preexisting bone and the implant surface was
up to 600 pm wide. Those spaces are filled with
soft tissue in some cases and in others they were
empty due to shrinking artefacts. New bone tra-
beculae were not observed in the dril hole
which is attributed to the short time period.
Bone-implant contacts were observed only
exceptionally were old bone trabeculae reached
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Figure 18: Amorphous implant, 7 days, no coating. The
coloration for OC is generalized but moderate.

the surface. Obvious differences in the tissue
response between amorphous and crystalline
implants and between coated and non-coated
implants as well were not observed. Looking at
the cross-cut implants the crystalline specimens
appeared to be denser than the amorphous
ones. In both materials, coated or non-coated,
parts of the brittle material were lost due to the
sawing process. The interface between bone
and tissue was in most of the cases intact, poin-
ting to an intimate contact between implant
surface and tissue. Obvious differences in the
density of all of the implants between the outer-
most surface and the centre were not observed.
At 7 days only slight differences in antibody
reactions could be seen between the 4 implant
materials. The only marker that showed signi-
ficant colouring was Osteocalcin (Fig. 17, 18).
There were only slight differences between
amorphous and crystalline implants. But with
both implant types, there was a stronger reac-
tion to Osteocalcin (OC) with coated amorphous
as well as crystalline implants. In all groups the
mineralized bone matrix was coloured red
which indicates a high level of activity of the
OC in this area. The doted coloration ranged
between mild and severe and it was always
generalized. OC is an early marker, which indi-
cates that the bone matrix is activated. In one
of the cuts also osteocytes were coloured



moderate and generalized in the mineralized
bone matrix which implicates their activity of
building the bone.

With Alkaline Phosphatase only one (crystalli-
ne, no coating) cut showed a mild localized
expression in the fibrinous matrix. Collagen 1
could not be detected in any of the slices. BSP
(Bone sialoprotein) showed in one cut a locali-
zed mild expression (crystalline, BMP-coating),
another one a localized moderate expression in
the fbrinous matrix. For ON (osteonectin) in
only one cut a localized mild expression in the
fibrinous matrix was observed. For OP (oste-
opontin) no reddish coloration was visible.

Implants prior to implantation: The surface

structure has been characterized before and

after coating. Generally, the amorphous im-

plants appeared slightly smoother than the cry-

stalline ones. Implants at 7 days: All the 4 im-

plant types showed similar tissue components

on their surfaces. These comprised fibrinous
structures between bone and the implant ma-
terial. In further enlarged photomicrographs
one could find erythocytes in this fibrinous net.

Changes in the surface structure of the im-

plants were only observed in amorphous types

with and without coatings as cracks on the
surface.Procession of the TEM-specimens will
start in October.

At present, evaluation of specimens prior to

implantation and at 7 days using LM, IHC and

SEM as well were completed. The following

observations have been made:

1. Due to the implantation procedure a gap
healing was observed, leading to a delay in
bone formation in comparison to former
studies in the same animal model with bio-
active implants. Up to 7 days after implan-
tation no bone-bonding was observed in
any of the specimens.

2. All of the materials (amorphous, crystalline
each with and without BMP-coating)
displayed no obvious changes in surface
density and structure up to now indicating
a lower surface reactivity as known from
4555 bioactive glass.

3. At 7 days the highest expression of OC was
observed at the amorphous coated implants.

Therefore, stimulation in bone formation
around the BMP-coated implants is possible.
Further evaluation of later time-points is
necessary, to assure this observation.
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Introduction

The adhesive properties of smectites are widely
used in many industrial applications. These pro-
perties are mainly due to the reversible expan-
sion and contraction of their interlayer spaces
as a function of water activity. Being part of
moulding sands, smectites are responsible for
the required mechanical strength of moulds.
Due to the need of industry for castings of
increasing complexity but decreasing weight, it
becomes essential to tailor moulding-sand mix-
tures beyond their current abilities. So far,
however, it has not been discovered in detail
why changes occurring during the casting pro-
cess are partially reversible in the laboratory, but
not in the circuit of the moulding sands. In
general at temperatures below 300 °C and in
the laboratory, de- and rehydration are reversi-
ble processes. It is therefore important to un-
derstand the complex kinetics of de- and rehy-
dration of smectites and their influence on the
mechanical behaviour of the moulding sands,
before improvements can be achieved.
Smectites are also widely used as adsorbents,
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e.g., for water. Lower water adsorption capa-
cities and reduced adsorption rates of industri-
ally-dried bentonites compared with bentoni-
tes dried to the same water content in the
laboratory show that the kinetics of drying
apparently influences interface processes.
Smectites exposed to hot water vapour do not
fully rehydrate in contrast to dry-heated smec-
tites, which is another important aspect. Due
to contact angle measurements, increasing
hydrophobicity could be observed after vapour
treatment, which, however, might depend on
physical changes of aggregation (pore volu-
me). Nevertheless, other parameters such as
CEC or X-ray diffraction patterns of the 00I-
reflexes did not show any conspicuous chan-
ges. Initial investigations led to the assumption
that coordination of Al3+-lons can be made
responsible for these processes. However this
has to be confirmed. Not only the hydration
energy of the cations, but also size and charge
as well as the water to smectite ratio, achieve-
ment/attainment of dispersion, speed of drying
and further variables have an influence on the



dynamics of dehydration (and possibly rehy-
dration).

The objective of the current project is the
detailed examination of the aforementioned
basic mechanisms from atomic to industrial
scale in order to understand them as well as to
optimize the casting processes. The following
is a summary of the experiments and first inter-
pretations of the results carried out by the pro-
ject partners.

Bentonite characterisation

The rather initial X-ray characterization of the
bentonite samples done in 2008 has now been
advanced for the raw bentonites (Table 1).

For testing purposes we included the 001 of
smecite in the fitting procedure, whereas Ufer
et al. (2008) omitted this first peak. The iron
contents of the octahedral sheets were refined
unconstrained.

All bentonites have montmorillonite contents
> 0.8 g/g. Mica and kaolinite were present in
small amounts except for bentonite C, where
the kaolinite contents varied within two char-
ges from 0.14 to 0.2 g/g. Calcite was detected
in bentonites D, E and W, respectively. The pre-
sence of carbonates was also evident in the
STA/TG measurements.

The XRD contents of montmorillonite correlate
with the contents determined with methylene
blue sorption (Fig. 1), but at least one of the
methods gives systematic deviations.

The mineralogical composition was checked
against the chemical analyses (Fig. 2). For all
samples Fe,05 was overestimated by the mine-
ral composition by a factor of two to three,
whereas Al,O3 and SiO, were correspondingly
underestimated.

Obviously, the phase contents seem to be bia-
sed especially for the iron contents. Therefore,

Table 1: Quantitative phase contents in g/g of all raw bentonites and some size fractions. Additional minor phas-
es such as cristobalite, brookite, feldspars and others were omitted in this table.

Sample
BeC_080910_r_Stanjek C Total Ca
BeC-FR-08-0910 (&) Total Ca
BeC_080910_r_schkl40_M C < 40 pm Mg
BeC_080910_r_attgr2 C > 2 pum Mg
BeD_080907_r_Stanjek D Total Na
BeD-FR-08-0907 D Total Na
BeD_090617_r D Total Na
BeD_090630_r D Total MNa
BeD_090630_r_attki2_Mg D <2pm Mg
BeD_090630_r_attgr2 D > 2 pum Ca
BeE_080908_r_Stanjek E Total Na
BeE-FR-08-0908 E Total Na
BeE_080908_attgr2 E >2pm Na
BeH_090819_r H Total Na
BeW_080909_r w Total Na
BeW-FR-08-909 w Total Na
BeW_080909_rschkl40_M w < 40 pm Mg
BeW _080909_r_attgr2 w > 2 pum Mg

Bentonite Size fraction Cation Montmor Quartz Muscovit Kaolinite Calcite

illonite e 2M1 Ideal
0.74 0.02 0.01 0.20 0.00
0.79 0.03 0.01 0.14 0.00
0.74 0.01 0.02 0.22 0.00
0.50 0.04 0.01 0.25 0.00
0.91 0.02 0.00 0.00 0.02
0.90 0.02 0.01 0.00 0.02
0.90 0.02 0.00 0.00 0.03
0.91 0.02 0.00 0.00 0.02
1.00 0.00 0.00 0.00 0.00
0.75 0.02 0.00 0.00 0.06
0.84 0.07 0.03 0.00 0.01
0.82 0.08 0.03 0.02 0.01
0.39 0.23 0.06 0.00 0.00
0.96 0.03 0.00 0.00 0.01
0.75 0.04 0.02 0.00 0.02
0.88 0.04 0.02 0.00 0.02
0.87 0.02 0.01 0.00 0.01
0.43 0.16 0.02 0.00 0.08
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? Figure 1: Smectite contents determined by X-ray
Methylenblue sorption diffraction versus methylene blue adsorption.
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the fits were repeated by constraining the
octahedral iron contents to the cell edge
length b using the equation Fe = (b — 8.972)/
0.1174 (Késter et al., 1999). A significant cor-
relation was found (Fig. 3), but the intercept
seems not reasonable.

A more reasonable trend was obtained by
increasing slightly the constant 8.927 (green
box in Fig. 3). Recently, MD calculations confir-
med that the cell edge length b responds to
the kind of interlayer cation and the hydration
state (Berghout et al., 2010). Their b values,
however, where with 9.04 — 9.08 A for the
hydrated states even larger than the refined
ones of our samples. Therefore, we artifically
selected 9.00 A as the constant. The general
discrepancies between mineralogical and che-
mical composition require more and detailed
investigations.

Cast experiments

In the first year of the project, optimization of
the cast experiments were done (see Report
2008). In 2009, three cast experiments were
performed at the IfG. To get sand samples
with the same »thermal history«, the round
configuration of the moulds have been chan-
ged into a rectangular configuration. To impro-
ve the sampling of the moulding sand, a split
flask was designed (Fig 4). This flask can be
opened after the casting has finished (Fig. 5).
In this way the samples can be taken across the
whole mould.

Moulding sand, cast iron and casting tempera-
ture have been defined previously: moulding
material is quartz sand, type F32, mixed with
one of five kinds of bentonite (~ 0.08 g/g) and
with water (~0.035 g/g). For the neutron dif-
fraction experiments, pure bentonite was pla-
ced adjacent to the hollow space filled later on
with the metal melt (Fig. 6).

Figure 4: Split flask

Figure 5: Detail of split flask

Figure 6: Cast model with wooden insert
(removed before closing the form) and holes
for placing pure bentonite dedicated for the
neutron diffraction experiments.
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Figure 7: Casting box
showing the iron casting
and the bentonite holes.
Note the zoning around
the cast iron. Samples
were taken starting adja-
cent to the cast iron (zone 1)
and proceeding towards
the outer range (zone 5).

.|

Figure 8: Temperature pro-
Temperature / °C files of casting experiment
700 from 19.8.2009. The data
of zone 1 are not shown
600 ; because the temperature
sensor failed shortly after
Eod L the beginning of the cast
/ — Zone 3 process. Note that zones 2
/ — Zoned to 5 remained for a certain
400 / J— R — time at 100 °C and then
experienced higher tempe-
300 / —— Zone 6 ratures, whereas zone 6
Zone 7 and higher did not exceed
200 / — 100 °C.
/ / — — Zones
J
100 e
| [T —+
0 T
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The five sampled zones ranged from 0-2, 2-3,
3-4.5, 4.5-7, 7-10, and 10.5-17.5 c¢m, respec-
tively (Fig. 7). The temperature profiles are visu-
alized in Fig. 8. Possible changes in the hydra-
tion pattern were minimized by freezing the
samples in liquid nitrogen and keeping them in
a freezer at -18 °C till further analyses.

Cation exchange capacities

The cation exchange capacities (CEC) were
measured in a time series with time steps of
15, 30, 45, 60, 120 and 180 minutes on the
raw bentonite and on two moulding sand-mix-
tures after the cast experiment. The objective
of this CEC analysis was to find out, whether
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heating causes clay interlayer contraction,
which would result not only in decreased CEC
values at short exchange times, but also in a
different exchange kinetic. It was already
shown in 2009 that the Cu-Trien exchange
reached its final value already after 15 minutes
exchange time. The zones, however, varied in
the absolute amounts of the CEC.

Meanwhile, the smectite contents of the sand
mixtures (FR32 and bentonite D) were determi-
ned by XRD. Due to the low contents of smec-
tite in the sand (0.08-0.10 g/g) the accuracy of
the smectite content was checked on a pure
quartz sample. The Rietveld refinement of this
pure quartz resulted in approximately 0.02 g/g



CEC / Sm-content

Figure 9: The cation exchange
capacities are normalized to the
smectite content from XRD. Note
that even the outermost zone does

not reach the value of the initial

mixture (blue line). Bentonite H,

experiment 19.08.2009.
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smectite. This offset is mainly due to the over-
lapping of smectite reflections with strong
quartz reflections, where minor misfits in the
peak profile results in an overestimation of
smectite. Therefore, the smectite contents of
the sand mixtures were corrected by this bak-
kground value.

Figure 9 shows that the smectite contents
decrease with decreasing distance to the cast
iron except for the first zone, which differs also
in the CEC value from the second zone. Since
the smectite contents vary less than the CEC,
the CEC normalized to the smectite content
show a pronounced increase with increasing
distance (Figure 9).

Two aspects deserve attention: Although the
most distant zone had a smectite content simi-
lar to the initial material, the original CEC was
not measured within an exchange time of one
hour. It is also striking that no 10 A phase was
detected by XRD, although the diminished
CEC values could result from irreversible layer
contraction. The current explanation for this
discrepancy is the possible influence of the
kinetics of rehydration of possibly contracted
interlayers. The CEC values were determined
on material, which was defrosted immediately
before the analysis. The XRD analyses, howe-
ver, required grinding in ethanol (with some
water), which had to evaporate afterwards.

This treatment could have provided time for
re-expansion of contracted interlayers. This
hypothesis can be checked by CEC measure-
ments with exchange times much longer than
one hour.

For all samples, the loss on ignition (> 1100 °C)
was determined by STA. The results correlate
well with the findings from residual moisture
detection. The mass change is decreasing with
decreasing distance to the cast body and it cor-
relates significantly with the smectite contents
from XRD (Fig. 10). The regression line, howe-
ver, does not intercept next to zero. A theore-
tical calculation shows that the first two sam-
ples could have released only structural OH
groups, whereas the samples of zones 3 to 6
and the initial sample contained additional
interlayer water (see the dividing green line in
Fig. 10). Furthermore, about one third of the
smectite has obviously transformed into a
phase, which escaped quantification by XRD. It
is tempting to assign this amount to the cis-
trans character of bentonite H: The current fit-
ting resulted in 0.7 cis- and 0.3 transvacant
layers. This agrees with the maximum tempe-
ratures reached in the different zones (Fig. 8).
In zone 1 a partial dehydroxylation was likely
because of Tmax > 600 °C. In zone 2, which
reached 600 °C, the remaining smectite retai-
ned its theoretical OH content. The next zones
had T < 350 °C, which seems too low for a
dehydroxylation, but it should be noted that
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Mass change (STA)

Figure 10: Plot of mass changes
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for kinetic reactions a too low temperature
can be balanced (at least, in parts) by longer
reaction times. This hypothesis remains to be
checked.

Neutron radiography

To investigate the dehydration of the moulding
sand (pore water, smectite interlayer water) in
detail with neutron radiography, we designed a
special casting simulation experiment to in-situ
visualize the loss of water. Instead of pouring a
hot metal melt into a casting mould, the experi-
mental set up consists of a casting mould
(Fig. 11) which is dropped on a hot copper block
(Fig. 12). The design of the sand box with a Cu-
bottom plate ensures an ideal heat transfer cor-
responding to the thermal shock-like heat
induction during a real casting process. Thermo-
couples were placed within the moulding sand
to provide simultaneously information on the
temporal temperature gradients. They were set
in direct contact and in one, two, three, four
and five centimeter distance to the Cu-bottom
plate (Fig. 13). The experiments have been per-
formed in the research reactor FRM Il in
Garching with the instrument ANTARES.

In a first set of neutron radiography experiments
we tested the functionality of the simulation
experiment, the sand box charging and moul-
ding material rehydration conditions. Also possi-
ble sand thicknesses and different bentonite
contents were checked to achieve the best con-
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trast in the radiographs.
The experiments allowed us to successfully si-
mulate the shock-heating of the mould ma-
terial in an industrial casting process. We were
able to visualize fluxes of water during the de-
hydration process with high temporal and spa-
tial resolution. But the experiments revealed al-
so that the moulding material was neither ho-
mogeneously loaded nor homogeneously re-
hydrated. Zones of different density and with
different water contents were visible in the
radiographs.

For a better data evaluation a second set of

experiments was necessary, where we imple-

mented the following modifications:

— optimization of the homogeneity of the
mould material (an improved compaction
mechanism/procedure while loading the sand
mould was essential to avoid zones of diffe-
rent density within the moulding material).

— improved rehydration process (right after
the addition of the water, which was lost by
dehydration, the sands were homogenized
for 3 minutes with a blender).

— utilization of thermocouples with higher
resolution at fixed reference positions in all
experiments (allowed a precise comparison
of the thermal parameters in the different
experimental runs).

We performed five evaluable experiments

(compare table 2). The mould thickness of 7cm

and a bentonite content of 12 wt% were kept

constant in all experiments. The casting mould



Figure 13: Thermocouples placed in different depths

was dropped onto the hot Cu plate when
~650 °C were reached. The charging of the
mould and compaction of the mould material
were carried out in the same way to ensure the
same homogeneous density conditions for all
experiments. The experiments were focused
on the following aspects:

— effect of multiple cycles of previous dehy-
dration/rehydration on the performance of
the moulding sand

— effect of 2wt% carbonaceous material as a
functional additive to the moulding sand

— performance of different types of bentonite
(W: natural Na-bentonite, D: soda activated
Ca-bentonite)

The radiographs (Fig. 14) show in general the
removal of water from the mould. The process
initiates at the heat source at the bottom. The
grey scale depends on the water amount in
the moulding sand. The dehydrated material
appears light-grey while the hydrated material is
dark-grey. The experiments revealed a progres-
sive movement of water in the sand and resol-
ved a broad transitional zone from the pristine
hydration state of the sand to a fully dehydrated
state. At this transitional zone positions can be
determined which on one hand relate to the
onset of pore water dehydration and on the
other hand relate to the completion of interlay-
er dehydration.

The evaluation of radiographic experiments
revealed the following results:

The optimization of the loading procedure and
rehydration process was successful and repro-
ducibly yielded a homogeneous and equally
distributed moulding material in the sand box.
The temperature-time data at fixed points of
reference in the different experiments showed
that the thermal history of all experiments mat-
ched (within the remaining data error) and that
the thermal parameters (conductivity, heat
flow) in different sands were constant (Fig. 15).
A constant compaction and homogeneity of
the different sand moulds in the different expe-
rimental runs can, thus, be inferred and the
kinetic dehydration parameters of different
experimental runs were directly comparable.
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Table 2: Performed experiments and used moulding sands.
Exp.: experiment number

a: bentonite type.

b: additive (2 wt% of carbona-ceous material).

¢: condition of moulding sand prior to radiographic experiment.
* Experimental data were not evaluable.

[Exp. a b c sample name
1 W - 4 x dehy. & rehy. W_rec
2 w C 3 x dehy. & rehy. WC_rec
3 W - raw W_raw
4 W C raw WC_raw
5" D - 3 x dehy. & rehy. D_rec
6 D C 3 x dehy. & rehy. DC_rec

thermocouples

hydrated moulding sand /

dehydrated moulding sand
hot plate (800 °C) ~13 min later

Figure 14: Two Neutron radiographs showing the dehydration of moulding sand.
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Figure 15: Comparison of temperature developments of all experiments at ~1 cm distance to the bottom
Cu-plate. The thermal history of all experiments matches within the remaining data error.
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Fig. 16: Image grey scale, representing the amount of water, versus temperature measured at ~
1cm distance to Cu-bottom plate. The recycled samples show the tendency to dry slightly faster
as the corresponding raw material, more water is released at 100 °C.

The evaluation of the amount of water in the

different moulds (represented by image grey

scales as a measure of the intensity of neutron

scattering) versus distance from the hotplate at

the bottom, time, and temperature revealed:

— Inall runs, the general behavior was that the
dehydration started with a vaporization of
pore water at about 100 °C. On top of this
range, an enrichment of water in the areas
<100 °C could be observed. This water
accumulation may be caused by steam
pushing pore water upwards and conden-
sing in the areas <100 °C.

— Dehydration was not completed at 100 °C.
A decrease of neutron scattering intensity
could be observed up to about 170 °C. This
decrease very likely correlated with the
release of water from the clay interlayers via
the pore system (Fig. 16).

— The comparison of raw and recycled sands
revealed that from recycled sands more
water was released around 100 °C while the
total amount of water was almost constant
in both types of experiments. As a conse-
guence the recycled sands were drying
slightly faster.

— Sands with carbon containing additives
scatter the neutron beam much stronger at
temperatures >100 °C than additive free

sands — although scattering <100 °C is
almost identical. These differences may in-
dicate interaction of C with water or hydro-
gen >100 °C which retard the H-release.

The amount of material obtained from the
radiography experiment was only sufficient for
mineralogical analyses, but not for the mecha-
nical tests such as compactibility. Therefore, a
new experimental setup was designed, which
will allow to mimick the radiography experi-
ment on a much larger scale. It consists of fire-
clay bricks and a copper plate, which is heated
to 600 °C in a furnace. Then the bricks are pla-
ced in a frame. On top of them the copper
plate rests. Both layers are kept at the desired
temperature by blow torches placed below
(Fig. 17). The flask filled with moulding sand is
then placed on the copper plate. The tempera-
ture evolution in the mould is monitored by
thermocouples. After obtaining the desired
temperatures in the moulding sand, the flask
can be removed quickly from the copper plate
and cooled down for subsequent sampling.

Neutron powder diffraction

The raw and the recycled moulding sands with
bentonite W and WC show d (001) values of
about 19 A (Fig. 19), but subtle differences in
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Figure 17: Scheme of the heating system

Figure 18: Pilot test of the heating system
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Fig. 19: Neutron powder diffraction pattern of moulding sand with 12%wt Bentonite D (mea-

sured at DMC, PSI).

peak shape indicate the presence of higher
d-values in recycled smectites. These differen-
ces might be related to the different water
release visible in the neutron radiographs.
Dehydrated smectites, directly measured after
the casting simulation, reveal d values of about
12.3 A. The differences in the hydration states
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of bentonite D containing moulding sand is
significant (Fig. 20). Again the recycled sand
with ad (001) maximum at about 18.8 A shows
higher d values than the raw material.



Industrial drying

Following the initial characterization of several
bentonites, two raw materials were selected
for further testing. Quantities of about 100 tons
each were activated with 2.5 % soda and sto-
red on a stockpile. The homogeneity of the
raw material mixture was documented by sam-
pling and analysing chemical and mineralogical
contents. Samples taken before milling consi-
sted of large chunks of clay, which had a pro-
nounced variability in their mineralogical com-
position (Table 3).

Milling of these clays was done in a MPS 100,
a cylinder ball mill. Establishing constant mil-
ling condition required the processing of about

Table 3: Mineralogical analyses of three clay chunks (S.D.:

20 tons of material. The mill inlet was fed with
pre-mixed material, which was pre-dried to
about 30 %-wt. water content. Coarse mate-
rial such as rock fragments or too large aggre-
gates were removed during the mil passage.
Monitoring of the size distributions and the
temperatures at various times showed that the
outgoing material had residual water contents
of less than 7 %-wt. Moreover, temperatures
reached 110 °C, which is above the recom-
mended maximum temperature of 90 °C for
drying bentonites. The different particle size
classes 04 and 07 differed substantially in their
water uptake as measured by Enslin-Neff.
Furthermore, the swelling volumes of class 04
is significantly higher than that of class 07.

Standard deviation, CV: coefficient of variation).
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Intermediate Ideal

Bei_100312 0.139 0.711 0.049 0.101 0.000

Be2_100312 0.037 0.824 0.071 0.069 0.000

Be3_100312 0.060 0.681 0.133 0.092 0.034

Average 0.078 0.739 0.085 0.087 0.011

S.D. 0.044 0.061 0.036 0.013 0.016
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Figure 20: Neutron powder diffraction pattern of moulding sand WC with 12%wt
bentonite and 2 wt% C (measured at SPODI, FRM II) show different hydration states.
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Summary

In the research project HYDRASMEC small-
scale industrial experiments provided samples,
which were used to identify the potential pro-
cesses, which lead to differences between hot
steam interaction in industrial applications ver-
sus laboratory procedures. X-ray diffraction
measurements in combination with time-resol-
ved CEC measurements revealed that the
smectites dehydrate depending on the tempe-
rature and water pressure regime, but show
also rehydration dynamics, which have not
been fully investigated yet. The kinetics of the
dehydration process has been assessed with
neutron radiography, which allowed to esta-
blish a two-dimensional time-position charact-
erization of the water redistribution process in
a mould sand. Conditions for posible steam
interaction have also been identified in the
industrial drying process.
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Abstract

Overall goal of this GEOTECHNOLOGIEN pro-

ject called »The impact of mineral and rock

surface topography on colloid retention« is a

systematic approach to determine, characteri-

ze, and quantify the interaction between
rough mineral surfaces and colloidal particles.

A previous systematic study using pitted calci-

te single crystal surfaces yielded results about

the general correlation between surface
roughness parameters and the efficiency of
colloidal retention under electrostically unfavo-
rable conditions (Darbha et al. 2010). Here we
present results about (i) the controlled varia-
tion of colloidal retention at well-defined, arti-
ficial surface structures, (ii) the characterization
and quantification of sources and sinks of
natural particles in a quasi-closed system that
is used as a test site for field experiments, and

(i) the quantitative experimental results about

the retention of particles on natural rock surfa-

ces that allows for a predictive approach to
natural systems. In detail, the following results
are discussed in this report:

(i) As an analog to rough mineral surfaces
with halfpores in the submicron size, the
deposition behavior of latex colloids was
studied on a regular pit pattern (pit diame-
ter = 400 nm, pit spacing = 400 nm, pit
depth = 100 nm). Effects of hydrodynamics
and colloidal interactions in transport and

deposition dynamics of a colloidal suspen-
sion were investigated in a parallel plate
flow chamber. The experiments were con-
ducted at pH ~6.6 under both favorable
and unfavorable conditions (in terms of
electrostatic forces) using carboxylate func-
tionalized colloids to study the impact of
surface topography on particle retention.
The influence of particle diameter variation
(0.3-2 um) on retention of monodisperse as
well as polydisperse suspensions as a func-
tion of flow velocity over a wide range was
studied. The impact of surface topography
deviations was found to be more significant
for smaller colloids (0.3 and 0.43 um).
Larger colloids (1 and 2 um) beyond a criti-
cal velocity of 7 x 10-> and 3 x 106 m/s tend
to detach from the surface irrespective of
the impact of roughness since drag forces
exceed adhesion forces. For polydisperse
suspensions, an increase in both polydi-
spersity and fluid flow velocity resulted in
the decrease of colloid deposition efficiency
due to enhanced double layer repulsions.
Hematite colloids of quasi-spherical shape
with diameters of about 950 nm showed a
higher deposition flux compared to spheri-
cal latex colloids of equivalent size. These
experimental results provide quantitative
constraints for the prediction of particle
retention as a function of fluid-flow
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velocity, polydispersity, and particle shape
and size.

(i) The investigation of the source (iron sulfide-
bearing rocks), the processes of particle
generation (oxidative weathering, acidic
mine water conditions, mine water mixing),
the particle transport, and the deposition of
particles at water-rock interfaces within the
well-defined system of an abandoned alum
slate mine enables a first-order approach for
balancing of particle retention at rough sur-
faces in nature. The quantification of particle
concentration in the mine outflow as well as
the quantification of the deposited material
enables an estimation of the kinetics of par-
ticles retention within such a system. For
comparison, experiments were conducted to
get laboratory results about the kinetics of
particle retention using substrates with simi-
lar ranges of topography variations.

(iii) Colloid adsorption experiments at natural
rock samples were performed using black
slate and micrite limestone as substrates.
Micrite samples were etched to obtain vari-
ances in surface roughness and topogra-
phy. Generally, surface steps at grain boun-
daries are the major cause for the overall
roughness variations. A positive correlation
between surface roughness of micrite sur-
faces and the surface-normalized density of
adsorbed particles was found. For surface
sections < 20 ym, a remarkable dispersion
of the surface-normalized particle density
was found. We conclude that the variance
in surface reactivity responsible for the
recognized variance in particle deposition is
caused by the density of grain boundaries
of the rock material. An analog experiment
using a grid pattern with varying grid line
density confirmed this conclusion: A strong
correlation between line density and adsor-
bed particle density was found. The results
presented here show the quantitative
impact of surface topography variations on
colloid retention under electrostically unfa-
vorable conditions. An important applica-
tion of these results is their utilization as an
input parameter for predictive approaches
to the fate of colloids in the environment.
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1. Introduction

Understanding the colloidal particle deposition
mechanism at fluid-solid interfaces is impor-
tant to address a variety of environmental and
industrial processes. Important examples are
the protection of particle adsorption in semi-
conductor manufacturing (HEROUX et al.,
1996), the control of colloidal deposition (such
as polypeptides) in bio-engineering (ZHENG et
al., 2004), the transport of pathogenic micro-
organisms (BALES et al., 1991) and heavy me-
tals (BAUMANN et al., 2006) in the aquatic
system, as well as the prediction of colloid for-
mation and deposition in nuclear waste reposi-
tories (SCHAFER et al., 2004; SCHAFER et al.,
2009). Numerous studies have been conduc-
ted to investigate the significant factors gover-
ning the particle retention mechanisms in the
subsurface environments focusing on fluid
phase composition (PRESCOTT et al., 2002,
SCHALDACH et al., 2006), the properties of
colloids and media (ZHUANG et al., 2005), and
physical and chemical conditions of the flow
(JOHNSON et al., 2007, JOHNSON and TONG,
2006, TONG and JOHNSON, 2006, TORKZA-
BAN et al., 2007).

The transport and deposition of colloidal parti-
cles in porous media such as sediments or sedi-
mentary rocks under unfavorable conditions is
of great importance to understand the capture
of particles in the environment (BRADFORD
and TORKZABAN, 2008, CHANG and CHAN,
2008). Although there are various hypothesis
proposed in the literature to explain the devia-
tion from the traditional classical filtration the-
ory (BRADFORD et al., 2003, BRADFORD and
TORKZABAN, 2008), until now the fate of col-
loid transport and retention is still poorly
understood. As a consequence, the quantitati-
ve prediction of particle retention in nature (at
mineral, rock and soil surfaces) is still almost
impossible. In many natural processes, the
deposition of colloids on surfaces is explained
by chemical and charge heterogeneity of sur-
faces, impurities etc. (FILBY et al., 2008). Un-
der unfavorable conditions, however, where
repulsive electrostatic forces between mineral
surface and particles prevail, an increase of the
importance of roughness for deposition of col-



loids was concluded and the quantitative
impact of surface roughness has to be inclu-
ded into predictive considerations (ALONSO et
al., 2009, DARBHA et al., 2010). This is also
underlined by the fact that a multitude of
minerals (both sedimentary grains and mineral
colloids) carry a negative surface charge under
neutral pH conditions, that results in the com-
mon situation of electrostatically unfavorable
conditions (KOSMULSKI, 2002, KOSMULSKI,
2004; KOSMULSKI, 2006, KOSMULSKI, 2009).
Although theoretical and experimental investi-
gations suggest an enhanced colloid deposi-
tion with increasing surface roughness, it is
often disregarded. Recent experimental work
conducted at field sites (GECKEIS et al., 2004;
MORI et al., 2003) and in the laboratory (DELOS
et al., 2008) in the context of colloid mediated
radio nuclide migration depicted the deposi-
tion of colloids at rough rock and mineral sur-
face under favorable conditions. More detai-
led, batch sorption experiments were perfor-
med to study the interaction of gold nanopar-
ticles with rough granite interfaces (ALONSO
et al., 2009; ALONSO et al., 2007). The expe-
rimental comparison of favorable vs. unfavora-
ble electrostatic conditions showed non-negli-
gible colloidal retention at the crystalline rock
under unfavorable electrostatic conditions
influenced by surface roughness. Results of
experiments performed by Das and co-authors
demonstrated that surface roughness provides
a large enough restraining torque in predicting
the hydrodynamic detachment of particles
(DAS et al., 1994). In the experiments carried
out for colloid straining and filtration in satu-
rated porous media, the surface roughness of
the grains caused an increased colloidal reten-
tion due to enhanced collision efficiency by a
factor of 2 to 3 (AUSET and KELLER, 2006).
Calculations of DLVO interaction energy bet-
ween a sphere and simulated membrane sur-
faces predict the significant reduction in the
energy barrier with increasing surface rough-
ness (HOEK and AGARWAL, 2006, HOEK et
al, 2003). Most of the theoretical work is
based on interfacial study between positive
protrusions and spherical colloids where the
particle is several orders of magnitude larger in

size compared to the asperity (BHATTACHAR-
JEE et al., 1998; MARTINES et al., 2008). The
importance of interaction between a surface
with negative asperities (pits/holes/etch pits)
was investigated in context to the recent collo-
id probe technique experiments on a rough
membrane composed of peaks and valleys
(BOWEN and DONEVA, 2000). While results
predict that peaks have a decreased magnitu-
de of EDL repulsions compared to valleys, the
adhesion rate was found to be higher for val-
leys compared to peaks (BHATTACHARJEE et
al., 1998 HOEK et al., 2003; MARTINES et al.,
2008). Furthermore, experimental results show
that the van der Waals (vdW) contact interac-
tions of a Polystyrene latex sphere and a rough
silicon substrate reduced the interaction ener-
gy by 90% because of the effective larger sepa-
ration distance between them (COOPER et al,,
2000). This is according to a recent colloid
deposition study on a rough mineral surface
(etched calcite) were etch pit walls were the pre-
ferred adsorption sites (DARBHA et al., 2010).
Moreover, the deposition rate was shown to be
a function of etch pit depth and density.

In the light of these observations and calcula-
tions, deeper insight into the interaction bet-
ween particles and rough surfaces is required.
The questions how surface roughness varia-
tions of the substrate can influence the colloi-
dal deposition, what fundamental processes
are related to the removal of fine particles from
rough surfaces in a hydrodynamic flow, as well
as what are the preferred sites for particle
adsorption related to substrate surface rough-
ness or charge variations are still unanswered.
More specifically, the interplay between (i)
applied hydrodynamics, (ii) the variation of col-
loid size and polydispersity, and (iii) substrate
surface topography variation (roughness)
during the complex deposition process requires
deep quantitative insight.

Here we report the results of our investigations
during the second year of the GEOTECHNO-
LOGIEN project: »The impact of mineral and
rock surface topography on colloid retention.
In detail, this overview provides information
about the following investigations:
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(i) Influence of varying surface charge, hydro-
dynamic conditions, and polydispersity on
particle retention on well-defined syntheti-
cally surfaces (silicon wafer surfaces, APTES
and oxidized) that mimic natural mineral
and rock surfaces

(i) Mineral vs. latex particle adsorption

(iii) Natural colloids : Shape, size and aggrega-
tion as constraints to particle adsorption
experiments

(iv) Natural rocks as adsorbents: The example
of micrite limestone

(v) Influence of pit wall density variation on
particle retentions: An analog study

(vi) Outlook: The evolution of fluid-rock inter-
faces and the formation of grain coatings

2. Methods and Material

2.1. Colloidal Particles

Carboxylate polystyrene latex colloids (d= 0.3,
0.43, 1, 2 um) were purchased from Postnova
Analytics. The hematite (a-Fe,03) colloids were
synthesized by the forced hydrolysis of FeCls
(MATIJEVIC and SCHEINER, 1978; RAMING et
al., 2002). For preparation, an aqueous suspen -
sion of 0.0315 M Fe,Cl; - 6H,0 in 0.005 M
HCl was placed in a hot oven at 100°C for 1
week. The resulting sample was allowed to
cool and was centrifuged several times by
resuspending the colloids to avoid any excess
FeCl; or other impurities. The size of the hema-
tite colloids was 955 + 96 nm.

2.2. Silicon wafer samples

Silicon wafers with (100) orientation were pur-
chased from AMO GmbH. Wafers were clean-
ed using acetone and isopropanol followed by
piranha acid. After a thorough rinsing in water
the wafers left in air for complete oxidation for
5 to 7 days. For surface functionalization with
APTES (Aldrich, USA), the substrates were cle-
aned with piranha acid and rinsed with water.
Subsequently, they were dried under a flow of
pure nitrogen. The dry substrates were then
immersed in a 10 % APTES in methanol solu-
tion for 60 min followed by thorough rinsing in
methanol and again dried under flow of nitro-
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gen (VAN LOENHOUT et al., 2009). Layer thik-
kness is ~0.9 nm and ~0.6 nm for SiO, and
APTES, respectively (MITCHELL et al., 1994,
VAN LOENHOUT et al., 2009). Typical dimen-
sion of the silicon sample was 4 mm x 4 mm x
0.68 mm.

2.3. Rock samples

Slate rock samples were cleaved and cut to
obtain subsamples with dimensions of 4 mm x
4 mm x 1 mm. Micrite samples were cut to a
size of 1T0mm x 5mm x 5mm. The surface was
polished. Subsamples were etched for 60" and
120’. Resulting surface root-mean-square rough-
ness (Rg) was 70 nm, 85 nm, and 100 nm,
respectively.

2.4. Zeta potential and photon correlation
spectroscopy

Zeta potentials and photon correlation spec-
troscopy (PCS) measurements of the colloids
were performed using a ZetaPlus (Zeta Poten -
tial Analyzer, Brookhaven Instruments). The
Smoluchowski equation was applied to con-
vert electrophoretic mobility measurements of
the colloids to zeta potentials. The T-potential
measurements were performed at pH = 6.6 in
10-2M NaCl. The respective zeta potential
values for 0.3, 0.43, 1, 2 um were -52, -63, -
45, -47 mV, respectibely. The constant average
diameters for the polydisperse colloid mixtu-
re(s) from the PCS measurements showed that
suspensions were stable during the duration of
the experiments. The zeta potential of the
hematite colloids was -25 £ 5 mV.

The C-potential of both oxidized and APTES
functionalized silicon wafer sample surfaces was
determined by a streaming potential analyzer
(Anton Paar Surpass Electrokinetic Analyzer)
with plane-parallel channel cell method at ionic
strength of 102 M NaCl solution. The point of
zero charge (PZC) for oxidized silicon surfaces
was found to be at pH ~ 3-4 and the PZC of the
APTES functionalized silicon surfaces was found
to be at pH ~8.7 (WU et al., 2006).

2.5. SEM analysis of natural particles as
well as adsorbed material
A Cryo-FE-SEM, FElI Quanta 200 FEG, with



Edax EDX detector was used to investigate
shape and chemical composition of natural
particles. Slurry of suspended particles was put
on a glass sample holder and dried.

2.6. Laser Particle Sizer (LPS)

Natural material was sampled from encrusta-
tions. The solid samples were elutriated.
Suspensions were separated into grain size
classes < 2 ym and > 2 ym using the Atterberg
method. The particle size distribution (PSD) of
the resuspended colloids was analyzed with a
laser particle analyser from Beckman & Coulter
(Laser Particle Sizer (LPS) LS 13320). Analyzed
particle size range was 0.04 ym to 2000 pm.
The particle analyzer applies the technology of
elastic light scattering (ELS) for particle size
characterization. The size calculation is based
on either Fraunhofer diffraction or the Mie
theory. To get information of particle size in the
sub-micrometer range a so called polarization
intensity differential scattering (PIDS) technolo-
gy is implemented in the particle analyzer.
Several optical models can be applied to opti-
mize the PSD results, depending on the nature
of the solid, the suspending fluid and the
wavelength of the incident laser beam. Very
critical values are both the refractive index and
the adsorption coefficient. The physical con-
stants were taken from the literature (CARPER,
71999). In the case of particle aggregates, par-
ticularly for the poorly crystalline Fe oxides
hydroxides, an effective refractive index was
calculated after the suggestions in literature
(GREGORY, 2009) and applied to the collected
data. This approach takes into account the
typical difference between the refractive index
of a single solid particle and a particle aggre-
gate. The aggregate may show a clearly lower
density than the single grain and hence a
lower refractive index. According to these con-
siderations, the effective refractive index can
be obtained from the ratio (f, volume fraction)
of the total solid volume of the aggregate and
the total volume of the aggregate (enclosing
volume):

D=3

f=k?®

D = fractal dimension, k = number of particles.
For the iron oxides a fractal dimension (D) of
2.5 was chosen and the particle number was
set to 50’000 for 500 nm spherical aggregates
(according to Gregory, 2008). The volume weigh-
ted relative refractive index, mF, is given by

m, = f(m-1)+1

with m = relative real refractive index (single
grain/suspension medium). So we obtain an
effective refractive index, Rleff

Rl =m, xRI

fluid

For the PSD analysis of the iron oxides a Rlefr of
1.47 is chosen. An adsorption coefficient of
0.1 is taken. This is an appropriate value for
iron oxide as well as for silicateaggregates
(CARPER, 1999).

2.7. XRD analysis of natural particles
Mineral particles from precipitation experi-
ments as well as from resuspended grain coa-
ting material were analyzed using a Philips
X'Pert MPD diffractometer that was equipped
with a PW 3373/00 Cu LFF x-ray tube and a
PW 3050/10 goniometer. The chosen scan
range for poorly crystalline iron oxides hydroxi-
des was from 10 — 70° 20 with a step size of
0.04° 20, time per step was 20 s. Better cry-
stallized material from encrustations were ana-
lyzed with a scan range of 2 - 75° 20, step size
0.02° 20, time per step 2 s.

2.8. ICP-OES

The concentration of Fe, S, P, Si, Al, Ca, Na, K,
Mg, Mn, Zn, Cu, Mo of mine water samples and
of precipitation samples was measured using a
ICP-OES (PerkinElmer, Optima 4300 DV).
Filtration of the mine water and from the preci-
pitation experiments was performed using a fil-
ter with pore size of 0.025 pm. The filter cakes
were digested with HCIO, before analysis.

2.9. Flow-through experiments

The colloidal deposition experiments using sili-
con wafer samples were conducted in a rect-
angular parallel-plate channel fluid cell made
of Teflon. The inner dimensions of the cell
were 60 mm x 10 mm x 3.4 mm. The substra-
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te was oriented parallel to the flow direction.
After use, the particle suspension was discar-
ded. For comparison and in order to quantify
the influence of half pores on the substrate
surface, the colloid deposition experiments
were conducted for both plane and rough sub-
strates. Exposition time was 40 min. The Peclet
number and the Reynolds number for the
parallel plate flow chamber were calculated
based on the following equations (BAKKER et
al., 2002):
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(Qpp: flow rate; rc particle radius; w: width of
the flow chamber; b: half-depth of a parallel
plate flow chamber, Doo: particle diffusion co-
efficient; p: fluid density, and v: viscosity)

The flow rate in cell was adjusted to obtain the
required Peclet number. For experiments with
individual colloid deposition experiments the
implemented Peclet number range was 104 to
1. For the here applied flow rates, the Reynolds
numbers is in the range of 0.004 to 26.
Adsorption experiments with micrite surface
were performed in a Teflon flow-through cell.
Particle concentration was adjusted to 24 x 106
and 24 x 107 particles/ mL in 10-2 M NaCl solu-
tion and pH = 9 was adjusted using 0.01M
NaOH. Before the micrite surface was exposed
to a colloidal suspension, it was polished and
subsequently etched in a flow-through cell for
60 and 120 min in 0.0004M H,SO, solution
(pH = 4.7) to produce a variance in surface
roughness of the micrite samples. A systematic
calcite dissolution study by Lea et al. (2001)
showed that dissolution kinetics is significantly
reduced by an increased carbonate concentra-
tion (>900 pM) in the solution. Therefore, in
order to minimize the dissolution of calcite
during the deposition experiments, and to
avoid the instability of the colloidal system due
to the released calcium into the system, a con-
centration of 700 pM of NaHCO5 was added
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to the colloidal solution.

To sustain electrostically unvaforable condi-
tions close to the PZC of calcite, the experi-
ments were conducted at the close point of
zero charge of calcite (pHpz=8.8-8.9) (SCHMIDT
et al., 2009, SOMASUNDARAN and AGAR,
1967). Experiments were performed at room
temperature (22 °C).

2.10. Vertical Scanning Interferometry (VSI)
The characterization and quantification of sur-
face topography and roughness variations was
carried out using a ZeMapper vertical scanning
interferometer, manufactured by Zemetrics
Inc., Tucson, AZ. VSl is an optical surface scan-
ning method that provides a large field of view
of up to several mm2 and a vertical resolution
of < 1 nm and a lateral resolution of about 200
nm (LUTTGE et al, 1999). For our measure-
ments we applied white-light interferometry
mode as well as blue-light monochromatic
phase-shift mode. Several Mirau objectives
were utilized. SPIP software (Image Metrology
A/S) was used for surface data analysis as well
as for particle characterization and quantifica-
tion. Statistical topography parameters, so-cal-
led roughness parameters (e.g., DONG et al.,
1992 DONG et al., 1993 DONG et al., 1994a;
DONG et al., 1994b), were applied to evaluate
surface topography data obtained by VSI mea-
surements. We applied converged roughness
parameters (FISCHER and LUTTGE, 2007) to get
information about size, frequency, and distribu-
tion of surface building blocks responsible for
variations in surface topography variations.

2.11. Quantification of colloidial deposi-
tion at calcite surfaces

The individual number of colloids adsorbed
was counted using SPIP software datasets. The
kinetics of the colloidal deposition was deter-
mined by calculating the dimensionless

Sherwood number (Sh) (KLINE et al., 2008),
Sh Ja "

where ap is the radius of the particle, Co is the
bulk colloidal concentration, D« is the bulk dif-



fusion coefficient and, J is the deposition flux
and was found by determining the initial slope
of the number of deposited colloids versus
time and the value was normalized to the area
under consideration.

2.12. 3D computed tomography of
newly-formed minerals in sandstones

A Phoenix x-ray Nanotom (180 kV / 15W nano-
focus computed tomography (nano CT) system)
was used to get spatial information about the
distribution of iron oxide encrustation in sands-
tones. Sandstone samples were cut to a size of
3mm x 3mm x 3 mm. Samples were mounted
to a glass stick. Resulting voxel size of the obtai-
ned data set was 3 um x 3 um x 3 um.

3. Results and Discussion

This chapter provides information about three
main parts of our research performed during
the second year of this project period. The first
section shows results from our experimental
work about particle adsorption at well-defi-
ned, machined surface structures (chapter
3.1). The second section (chapter 3.1) provides
information about both sources and sinks of
colloids at a location used as a »natural labo-
ratory« to study the fate of particles in the
environment. Chapters 3.1 - 3.4 present and
compare results obtained from experiments

using both natural rock as well as well-defined
machined sample surfaces as adsorbent.

3.1. Impact of surface functionalization,
surface topography, and particle size on
particle retention

Favorable conditions (APTES coated surfaces)
vs. unfavorable conditions (silicon oxide layer):
Regardless of particle diameter, the colloid
deposition flux is always higher for APTES coa-
ted surfaces compared to a silicon oxide surfa-
ces (Fig. 1). The simple reason for this result is
the existence of attractive vs. repulsive electro-
static forces (positively charged silica surface
with exposed amino groups vs. negatively char-
ges silicon oxide surfaces) (KLINE et al., 2008).
More interesting is the size-depending beha-
vior of J as well as the difference in J for rough
vs. smooth surfaces. A minimum of deposition
flux J was found for 1 um colloids (Fig. 1). The
slight increase in J for colloids with d = 2 ym
vs. d = 1 pm could be caused by the common
interception (Fig. 2). In the absence of an ener-
gy barrier, for non-Brownian particles the gra-
vitational force is not an important factor (EL/-
MELECH, 1994). The 0.3 pm colloids experien-
ced the highest ratio in J for smooth vs. rough
surface deposition (pit diameter = 400 nm, pit
spacing = 400 nm, pit depth = 100 nm). The J
ratio decreases with an increase in particle size.
Thus, it can be noticed that the effect of surfa-
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Figure 2: Collision frequen-
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ce roughness is more pronounced for smaller
colloids compared to larger colloids. Com-
pared to the classical filtration theory (CFT)
(Fig. 2), the observed colloid deposition beha-
vior is in partial agreement with the predictions
of CFT. Filtration theory does not consider the
surface charge effects, physical forces acting at
the interface, and substrate surface geometry
for calculation. The theory assumes that collo-
ids were irreversibly retained in the primary
minimum of the DLVO interaction energy dis-
tribution (BRADFORD and TORKZABAN, 2008,
ELIMELECH and OMELIA, 1990; JOHNSON et
al., 2007, JOHNSON and TONG, 2006). Hence,
the here observed differences in size-depen-
dant colloid deposition rates between experi-
mental results and calculations according to
the filtration theory can be explained by the
influence of surface topography deviations.

According to fundamental studies about physi-
cal forces acting during particle-surface inter-
action (BRADFORD and TORKZABAN, 2008),
several mechanisms may play a role either for
attachment or detachment, such as rolling,
dragging, lifting (Fig. 3). As reported in the lite-
rature, rolling plays an important role to remo-
ve a particle from the surface under laminar
flow conditions. Particle rolling can be initiated
regardless of its size even at the smallest flow
rates (i.e., at lowest Reynolds numbers) (BUR-
DICK et al., 2007). In order to remove a parti-
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cle from the surface, the hydrodynamic torque
applied to the particle must exceed that of the
adhesion torque (TORKZABAN et al., 2007).
Unlike a smooth surface, a rough surface can
change the center of rotation and therefore in
case of a rough surface a larger applied torque
is required to remove a particle from the surfa-
ce (BURDICK et al., 2005). Because of the here
discussed influence of hydrodynamic forces on
the efficiency of particle retention, a detailed
experimental approach was performed to
quantify the impact of fluid-flow velocity vari-
ation on the deposition of particles at rough
surfaces. The results are reported in chapter
3.6 and compared to the particle deposition
results using micrite surfaces.

The impact of polydispersity on the efficiency
of particle retention at rough surfaces was
investigated. A general result is that an increa-
se in polydispersity leads to a decrease in the
deposition efficiency. Moreover, as the polydi-
spersity increases (from 0.3-0.43 pm vs. 1-2
um) the difference in deposition efficiency bet-
ween smooth vs. rough surfaces decreases.
This can be explained by the hydrodynamic
interactions between particles (i.e., the so-cal-
led hydrodynamic blocking effect (ADAMCZYK
etal., 1995, DABROS, 1989)). When a particle
approaches to an already adsorbed particle, it
will be redirected from the initial (shortest)
path due to EDL repulsions. For our investiga-



Figure 3: Schematic profile
diagram to visualize the
common forces at a fluid-
solid body interface. As an
example, a particle with d
= 0.3 ym is shown at the
structured surface applied
for the study reported
here.

Figure 4: Precipitation experiments
using mine water (pH = 2.5) sho-
wed the occurrence of 2L
Ferrihydrite (Fh) as first precipita-

tions after increase of pH to 2.8.
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tions, the hydrodynamic blocking was found to
be significant for rough surfaces under flow
conditions with Pe > 1. The resulting shadow
area is a narrow zone with an extension in the
size range of the attached particle (VAN LOEN-
HOUT et al., 2009). Hence, the electrohydro-
dynamic blocking increases with an increase in
particle size.

Hematite colloids were used for comparison
experiments. The experiments were carried out
to quantify differences in the adsorption beha-
vior of similar-sized and similar-shaped parti-
cles of different mineralogy. We observed an
increased deposition of hematite colloids com-
pared to polystyrene was observed. Again, the
already discussed influence of roughness was
reported for both favorable and unfavorable
conditions. For a given fluid velocity (1.3 x 10-5
m/s), the deposition ratios (rough vs. smooth
surfaces) under electrostically unfavorable con-
ditions were calculated to be 5.47 (hematite)
vs. 2.41 (polystyrene). A potential reason of
the remarkable difference in retention efficien-
cy could be the difference of the particles sur-

face topography (DRELICH, 2006, HOEK and
AGARWAL, 2006; MARTINES et al., 2008).

3.2. Natural colloids in an alum slate mine
system

Precipitation of particles

The origin, transport, and retention of iron
oxide/hydroxides was studied in an abandoned
alum slate mine. During oxidative weathering,
iron sulfides are removed from the black, orga-
nic-rich alum slate (FISCHER et al., 2009).
Source for iron oxide colloids in this system is
the dissolved matter in the acidic mine water
of the Morassina mine, Thiringisches Schiefer-
gebirge (FISCHER et al., 2007). At sample site
»Oberer See«, the acidic water (pH ~ 2.5) con-
tains relatively high concentrations of iron and
sulfur. Precipitation experiments in the labora-
tory using sampled mine water showed the
occurrence of first precipitations after increase
of pH to 2.8. Subsequently, the pH was incre-
ased to 4.5. The precipitations consisted of a
2-line ferrihydrite (2LFh) (Fig. 4). In the mentio-
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Difgential Voume Figure 5: Schwert-
mannite was for-
med during preci-
pitation experi-
ments in the labo
ratory using sam-
pled mine water
(left: SEM image,
right: LPS particle
size analysis)
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right: LPS parti-
cle size analysis.
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ned pH-range (2.5 — 4.5), ferrihydrite (Fh) is
not stable with respect to schwertmannite
(Sh). The XRD- and ICP-OES-analysis showed
that there is a slow (in the range of months)
transformation from 2-line ferrihydrite to Sh.
This transformation came along with an incor-
poration of sulfate and hence with a decrease
in pH. The initial precipitation of 2-line ferrihy-
drite instead of the thermodynamically favored
schwertmannite was caused by high rates of
hydrolysis in the laboratory experiments (135
gmol OH / mmol Fe / min). Under natural con-
ditions however the direct precipitation of fer-
rihydrite has not been observed in sulfate-rich
environments. This is caused by common slow
hydrolysis rates in natural systems. Such hydro-
lysis conditions may also prevail for the most
sections of the Morassina mine. Ullrich et al.
(2005) showed that the dominant secondary
minerals inside the mine consist of schwert-
mannite (Fig. 5) or XRD-amorphous iron-phos-
phate-sulfate phases.
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Particle coatings (encrustations)

Iron oxide encrustations were sampled in a
mine water streambed. Encrustations consist
of pure 2-line ferrihydrite. SEM images show
the spherical shape of 2-line ferrihydrite parti-
cles (Fig. 6). Particle diameter is around 200 -
500 nm. The spherical particles may also form
aggregates with diameters of up to several
microns. Aggregates may have an isometric as
well as a platy shape. The XRD results show that
the flaky-shaped particles do not consist of
sheet silicates. Particle size distribution was ana-
lyzed using laser particle sizer (LPS). The results
show for virtually all subsamples a bimodal size
distribution. The first size mode confirms the
size range of about 200 — 500 nm, visible in
SEM images. The second size mode shows
however a large portion of aggregated colloidal
particles. According to the XRD results, the app-
lied optical model to evaluate the data collected
by LPS was calculated for Fh aggregates. For a
detailed discussion of calculation of the optical
constraints for porous aggregates analyzed by
LPS see Gregory (2009).
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Currently, in-situ adsorption experiments are
performed in the streambed to get information
about the adsorption kinetics of particles in the
mine water. Substrate material of different
types of lithographic structures on silicon sam-
ples was exposed to the mine water. The in-
situ experiments mimic the topographic range
known from natural rock surfaces (FISCHER et
al., 2008). Due to the well-defined differences
in pit size, shape, and spacing the expected
results will provide important constraints for
the evaluation of the results obtained by labo-
ratory experiments.

3.3. Particle adsorption experiments:

The micrite surface

Adsorption experiments were performed utili-
zing a suspension of latex colloids (d = 1 ym)
in a flow-through cell. Experiments were car-
ried out close to the PZC of calcite (pH = 8.9,
see Darbha, 2010) under electrostatically
slightly unfavorable conditions (pH ~ 9). The
three applied micrite limestone samples sho-
wed surface roughness values of Rqg = 70 nm,
Rq = 85 nm, and Rg = 100 nm, respectively.
After adsorption, the spatial distribution of the
particle density on micrite surfaces was analy-
zed as a function of field-of-view. The result
shows a relatively broad range (Fig. 7). Parti -
cularly, surface sections < 20 ym show a signi-
ficant increase of the density range. The obser-

ved range was found for all of the roughness
types (Fig. 7). According to previous results
about adsorption at rough surfaces, the mean
values of particle density (for large field-of-
view sections) show a strong and positive cor-
relation to the root-mean-square roughness
Rg. The increase of density dispersion was
found for all roughness types as a function of
the decrease of the field of view. In fact, there
is also an increase of the dispersion range with
increasing roughness. The process of disper-
sion is however not completely governed by
roughness variations. We therefore conclude
that the dispersion reflects an intrinsic proper-
ty of the rock that could be related to the den-
sity of grain boundaries of this very dense,
nonporous rock. We also conclude that this
result could act as a general explanation for
the spatial inhomogeneity of particle density at
rock surfaces after adsorption under electro-
statically unfavorable conditions.

3.4. An analog experiment: The impact of
lattice-»constant« variation of a machi-
ned, well-defined silicon surface on parti-
cle retention

The conclusion about the impact of grain
boundaries that modulates the roughness vari-
ations of the etched rock surface was checked
via an analog experiment. A silicon wafer was
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Figure 8: A silicon wafer was machined with pits of con-
stant depth (100 nm) and a step-wise variation of the
spacing of its pit pattern. Particle adsorption experiments
using latex colloids (d = 60 nm, d = 100 nm) were per-
formed using this sample as an analog for the variation
in grain boundary density of mineral aggregates.
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Figure 10: Surface area-normalized particle density as a
function of pit wall density (line density, Id)

machined with pits of constant depth (100
nm) and a step-wise variation of the spacing of
its pit pattern (Fig. 8). Two types of particles (d
=60 nm, d = 100 nm) were utilized for adsorp-
tion experiments in a flow-through cell. Again,
the number and surface-normalized density of
adsorbed particles was analyzed. As a first
result, the overall amount and distribution of
adsorbed particles shows a negative correla-
tion to the pit size (Fig. 9). Particle density was
also quantified as a function of pit density, i.e.,
the density of lines or pit walls on a given sur-
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Figure 9: Surface area-normalized particle density (60 nm
and 100 nm particles in pits, 60 nm and 100 nm parti-
cles outside of pits) as a function of pit size of the analy-
zed sample region

Figure 11: Visualization of adsorbed latex colloids (bright
dots) on a micrite surface. The particles adsorbed at grain
boundaries of the calcite grain aggregates. The grain
boundaries form surface steps (h ~ X0 nm-X00 nm)
generated during calcite dissolution.

face section (Fig. 10). The positive correlation
between the normalized particle density and
the surface line density provides a robust con-
firmation the conclusion made in the previous
chapter about the impact of grain boundaries
on particle retention (Fig. 11).

3.5. Kinetics of particle adsorption on mi-
crite, impact of particle concentration, and
fluid-flow velocity on the deposition of par-
ticles on a rough micrite surface
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Figure 12: Adsorption of Tum latex colloids on rough
micrite surfaces. Surface area-normalized particle density
is shown as a function of field-of-view. Exposition time
was 60" and 120’, respectively.

Repetitive experiments were performed utili-
zing micrite surfaces with Rg = 85 nm in a
flow-through cell to study the impact of para-
meter variation on the efficiency of particle
retention at a rough rock surface.

Mean values of particle density data measured
at large field-of-view yielded 0.014 pm =
0.002 pm?2 after duration of 60’ (Fig. 12). After
120’, the density increased to 0.033 + 0.002
pum2. No saturation was found during this
short period of adsorption. The preferred sites
of adsorption, i.e., the surface steps at grain
boundaries are still almost unoccupied after an
exposition period of 120’. The dispersion of
particle density was however similar for both
reaction periods. This underlines again the
importance of specific sites that are important
for the adsorption of particles on rock surfaces
under unfavorable conditions (Fig. 11).

The variation in particle concentration of the
applied suspension has no congruent impact
on the mean density of adsorbed particles: The
increase of concentration by an order of mag-
nitude resulted in an increase of the mean par-
ticle density of just about 5. Also the density
range is relatively small for small sections (I =
10 pm). We conclude that the simple increase
in particle concentration is not able to provide
a congruent increase in the particles surface
impact probability (see also discussion about
the shadow effect, chapter 3.1).
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Figure 13: Surface-normalized particle density as a func-
tion of fluid-flow velocity. Adsorption experiments were
carried out using regular pitted silicon wafer samples and
latex colloids (d = 300 nm, d = 500 nm)

The variation in fluid flow velocity has a con-
gruent impact on the mean density of adsor-
bed particles. This is, however, an inverse cor-
relation: The 10-fold increase in fluid-flow
velocity results in a reduction of the mean den-
sity of adsorbed particles. Because of this
remarkable result the impact of fluid flow velo-
city variation on the deposition of particles was
object of a detailed study (see next section).

3.6. Impact of fluid-flow velocity on the
adsorption of particles at rough surfaces

A detailed experimental approach showed the
impact of fluid-flow velocity variation on the
deposition of particles at rough surfaces.
Experiments were carried out using a regular
pit pattern on silicon wafers (pit diameter =
400 nm, pit spacing = 400 nm, pit depth = 100
nm). Particle diameters were 300 nm and 500
nm, respectively. The number of particles wit-
hin pits and outside of pits was analyzed as a
function of fluid-flow velocity (Fig. 13). The
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clean
grain surfaces

Figure 14: Example of two
types of grain coatings in
sandstone. Bright laminae
(1) consist of grains with
clean surface, high inter-
granular volume (IGV),
and high amounts of
cements. Hematite grain
coatings (2) are responsi-
ble for a different diage-
netic evolution that leads
to remarkable lower IGV.
The upper image is an
optical micrograph.
Images (1) and (2) were
collected using an industri-
al 3D computed tomogra-
phy system (Phoenix x-ray
Nanotom)

impact of fluid-flow velocity on the efficiency
of particle retention is very different for parti-
cles inside vs. outside of pits. Particles outside
of pits attached close to pit walls.

For small particles (d = 300 nm) deposited in
pits, a positive and linear correlation was
found between particle density and fluid-flow
velocity (Fig. 13). Particles attached to the sur-
face outside of pits show however a more
complicated behavior as a function of fluid
flow-velocity: Both particle sizes show an initi-
al positive correlation. Subsequently, a satura-
tion plateau was found. Here, a further increa-
se of fluid-flow velocity does not result in a
further increase of particle retention. Above a
critical velocity, the net particle retention
decreases as a function of fluid-flow velocity.
Further increase of fluid-flow velocity results in
no net deposition of particles. The fluid-flow
range that results in the reported particle den-
sity plateau is similar but not equal for both
particle types. The results about particle adsorp-
tion as a function of fluid-flow velocity discus-
sed in the previous section represent two points
of the complicated function presented here,
the plateau situation (lower velocity) as well as
the negative correlation (higher velocity).
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4. Outlook: The evolution of fluid-rock
interfaces and the formation of grain
coatings

The results presented here show a variety of
input parameters that are able to govern the
retention of colloids at rough surfaces under
electrostatically unfavorable conditions. Know-
ledge and application of the parameter ranges
investigated here enable quantitative predic-
tions of particle retention in nature and allow
for a prediction of dominating processes dur -
ing fluid-rock interaction.

The example of sandstone diagenesis (Fig. 14)
provides an example how the evolution of par-
ticle coatings at fluid-rock interfaces governs
the further diagenetic evolution. For the exam-
ple shown here, the formation of thick iron
oxide coatings on sand grains hinder the preci-
pitation of high-volume cement minerals, such
as calcite or quartz. During burial diagenesis,
the iron oxide-rich sandstone experienced the-
refore a higher reduction of the intergranular
volume compared to the sandstone without
iron oxide coatings.

The quantitive data about particle retention may
therefore also provide predictive conclusions
about the evolution of fluid-rock interfaces.
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Introduction

Current secondary oil recovery measures allow
for the recovery of a maximum of about 33 %
of the oil in a reservoir. The remaining almost
two third of the energy carrier are lost due to
decreasing pressure, pore blocking, water inva-
sion or hydrocarbon fluid adhesion to the rock.
Therefore, fluids weakening the adhesion of
hydrocarbons to pore walls and increasing per-
meability of the rock by e.g. mineral cement
dissolution, are injected to the deposits in
order to augment production. All such measu-
res however, including enhanced oil recovery
(EOR) methods such as the injection of super-
critical CO, may increase the recovery factor of
the original oil in place by further 10 % only.
Consequently, most of the hydrocarbon wealth
in oil and gas reservoirs cannot be extracted
and is lost to future generations. It is thus of
high importance to understand the fundamen-
tal wetting processes in the pore space, to bet-
ter develop the potential of oil and gas pro-
duction from reservoir rocks and to secure the
fossil energy supply.

In siliciclastic oil and gas reservoir rocks, the
pore space typically faces mineralogically vary-
ing sedimentary grains and various diagenetic
minerals. Most common are mineral surfaces

of quartz, feldspar, phyllosilicates, carbonates
and iron oxides and hydroxides. This mineralo-
gy surrounding the pore space, and the surfa-
ce chemistry, topography and roughness on
the micro and nano-scale rule the wetting
behavior and adhesion properties of hydrocar-
bon fluids, water, or CO, to the pore walls. The
dispersion, migration, adhesion and reactivity of
fluids in rocks depends also on pressure and
temperature conditions, nevertheless, particu-
larly the morphology of pore walls and the pore
and pore-throat shapes, have a significant im-
pact on the behavior of the water-gas contact
depth (WGC) and on the potential recovery of
hydrocarbons from the given reservoir rock.

Each episode of fluid transport through the
rock leaves a significant and characteristic
trace in cement mineralogy, pore morphology,
permeability, but often also in sediment grain
or bioclast alteration. Such processes can be
defined down to the nanoscale and play a cru-
cial role in further mobility of hydrocarbons in
rocks (Hassenkam et al., 2009). Sediment wet-
ting varies with the alteration of the surfaces
and depends on surface roughness, surface
charges, and the chemical composition of the
liquid phase (Al-Futaitsi et al., 2003, Al-Futaisi
and Patzek, 2004). The interfacial tension of
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the fluids strongly depends on the composition
of the coexisting phases (Sutjiadi-Sia et al.,
2008). In addition, the presence of a supercri-
tical (sc)CO, phase can affect the wetting pro-
perties of the other phases due to mass
exchange as a function of pressure (Foullac et
al., 200; Sutjiadi-Sia et al., 2008; Jager and
Pietsch, 2009). It is, however, not clear how
the specific conditions of the reservoir (p, T,
surface chemistry and morphology) affect the
interfacial tension of the relevant fluids. To
understand the fundamental physico-chemi-
stry helps to design new technologies for terti-
ary exploitation measures and for CO,-storage
(Carbon Capture and Storage: CCS). In this
project we investigate the relationship between
various minerals or grains facing the pore space,
to fluids in reservoir rocks and to CO, and scCO,
(Altermann et al., 2008). In the following we
report on the geological and physical character-
ization of the reservoir rock under investigation
and on the characterization of wetting of rough
model surfaces in scCO,.

Characterisation of the rocks and the
pore space

The RWE Dea AG, Hamburg, provided cores
and plugs of sandstone reservoir rocks with
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varying physical properties such as permeabili-
ty, porosity, grain sizes and mineralogy from
north German oil and gas deposits. The sam-
ples are well indurated, but still slightly friable,
fine to medium grained, with sparry cements
and with abundant pale and dull grains (see
e.g. Fig. 1). From each sample several petro-
graphic sections were obtained. The porosity
was stained blue but no other stains (e.g. for
feldspars or carbonates) were applied. In thin
section, the samples may show some indistinct
alternating lamination of coarser and finer
grains and partly with differing cement and
open pore space volume. Some samples howe-
ver, exhibit very distinct lamination defined by
grain size, mineralogy and porosity changes.
Most sandstone samples are structurally
medium mature but compositionally heteroge-
neous and immature. The grains are very well
to well rounded, sometimes sub-rounded
when finer, but appear also facetted, subroun-
ded to poorly rounded because of dissolution
under pressure, along grain to grain contacts
(sutured contacts) and because of grain disso-
lution along boundaries during diagenesis
(comp. below). The sorting of grain sizes and
elongation are moderate to poor. Most grains
are rather subspheroidal although distinctly

Figure 1: Grain under single (left side) and
double (right side) polarised light. Scale in the
upper right corners is 100um. Chlorite is fil-
ling the pore space overgrowing hematite
skins and the grains as pointed out by the
arrows in picture on the left. The open pore
space in the upper right corner of the upper
picture pair displays haematite followed by
chlorite growing tangentially into the open
pore (enlargement in the lower pictures). The
large elongated quartz grain in the upper part
of the upper picture is syntaxially overgrown
by quartz cement. The original grain boundary
is pointed out by the arrow. In the upper right
picture, calcite cement (right arrow) is also
visible. The left arrow points to an altered
feldspar with sericite inclusions. Sericite matrix
can be also found between some grain boun-
daries. In the lower, enlarged view chlorite
growing tangentially (arrows) is overgrowing
haematite skins (arrows). The open pore space
displays small fans of chlorite facing the open
pore. Fluid inclusion trails can be seen in the
quartz grains (pointed out by arrows in the
lower right picture. Sutured grain contact can
be recognised between the two grains on left
hand side of the lower pictures.



elongated grains occur as well. The elongation
seems not to depend on the grain composi-
tion. The sorting varies from laminae to laminae
but is always not very high and smaller grains
always are compacted between larger grains,
with rare coarse sand sizes and common fine
and medium grain sizes present. Rounding of
grains strongly depends on the size, fine sand
being significantly less rounded and less sphero-
idal than medium and coarse sand grains. All
these properties are somewhat obliterated by
widespread syntaxial quartz and albite over-
growth, which appears unambiguous only
when observed under crossed polarisator.

Grain composition is of about 60 % to 70 %
quartz grains. Albite, plagioclase and K-feld-
spar grains are also present and common.
Quartzite, recrystallised chert, vein quartz and
igneous rock fragments constitute less than
5 % of the grain content, the composition of
the sandstones hints towards a cratonic source
with mixed sedimentary and igneous rocks.

This is supported by the presence of detrital
phyllosilicates (muscovite and altered, greenish
biotite) compacted between the quartz, feld-
spar and rock fragment grains. Few rounded,
detrital, opaque ore grains (heavy minerals)
were also found. The matrix varies between silt
size detrital grains, clay minerals (primary and
as alteration products of some unknown, pro-
bably volcanic and igneous rock fragment pre-
cursor), and patches and interstices with hae-
matitic filling (possible alteration).

All samples exhibit a complicated polyphase
diagenetic history. Sutured contacts and grain
dissolution features evidence significant fluid
movement during diagenesis. The diagenetic
minerals were precipitated from migrating bri-
ans in the pore space, as synthaxial and normal
quartz overgrowth cement, but also very com-
monly as albite cements, confirmed by EDAX
analyses (see Fig. 2 and 3). Very often, the first
generation of cement/matrix is that of chlorite
and clay minerals and /or haematite skins sur-

IZK1
MAG: 200 x HV: 20,0 kV WD: 260 mnT

Salz + (Fsp) Chlorite

Figure 2: The left upper
SEM micrograph displays
an overview of the grain
surface with idiomorphic
minerals growing on the
grain into the open pore
space. The right hand
image shows a close up
view of this overgrowth,
displaying idiomorphic
mineral habitus of chlorite,
quartz, albite (not well
developed) and halite skin
(Salz) and the respective
EDX measurements. In the
halite diagram (upper left)
feldspar content is visible
below the halite encrusta-
tion and thus Al and K
peaks are visible as well.

Albite

Quartz
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Figure 3: The left picture
displays an overview of
grain and cements with
respective spots of EDX
analysis, as shown in dia-
grams below. Chlorite,
sericite, calcite, halite
(Salz, NaCl) and quartz
were found. The right
hand picture displays an
EDX elemental map of the
view in left picture. The
large area of calcite
cement appears on the
right side of the picture.
Most of the other area is

Caicite Chioite occupied by quartz
cement.
l—“ b ﬂ A
Quartz Salz

rounding the grains. In a later diagenesis quartz
and albite coatings were generated. Clay mine-
rals, chlorite, haematite coats are present as the
second and third cement generation as well.
Partial decementation — dissolution of these neo-
morphic minerals, is evident in laminae, where
such cements are much thinner and very irregu-
lar, leaving out abundant open pore space and
by partial filling of the interstices with calcite, as
most probably the latest stage of cementation.
This is particularly clear where calcite is the
only remaining pore filling cement and in
direct contact to the detrital grains, but pas-
sing (overlapping) laterally onto quartz and
albite cements. In such cases, it becomes appa-
rent that the process was not a gradual repla-
cement of former cements by calcite, but
instead, the early cements were partly dissol-
ved and transported aside in solution, and only
subsequently, calcite was precipitated from
migrating fluids. Calcite together with other
cements thus, often fills resorption embay-
ments but also dissolution pits in the grains.
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SEM investigations were performed on single
grains broken off from the core samples, pik-
ked with pincers, mounted on a conventional
SEM mount carrier disk with double-sided stik-
king tape, and coated with sputtered carbon.
Elemental mapping was conducted by the
EDX. In most cases cements fully cover the
grains by multiple coats of various minerals.
The outer most layers very often exhibit idio-
morphic crystals facing the open pore space.
The involved minerals are clay mineral plate-
lets, albite twins, chlorite fans, idiomorphic,
pseudohexagonal quartz needles and abun-
dant salt (halite - NaCl) as hoppers and skins.
The faces of these idiomorphic crystals are
absolutely flat and smooth on sub micrometer
scale. Where the coatings build a tangential
skin without idiomorphic faces, the roughness
is just below Tpm scale and can be well obser-
ved by the SEM. Typical crystalline surfaces
with pitted regular crystallographic pattern are
recognizable. As could be expected from the
evaluation of the cements under optical micro-



Figure 4: The LSM and optical photographs show cements of different shape within a pore of the investigated sandsto-
ne. On the left hand side albite blades are visible. In the center of the pore needles of illite grow into the pore space on
quartz overgrowth of a clastic grain. Some of the needles seem also to grow from the albite surface.

scope, only calcite does not produces idiomor-
phic crystals. It has been observed as broken
surfaces only, because it is the latest stage of
cementation usually filling the pore space as
one crystal, poikilotopic infill of several neigh-
boring pores.

AFM investigations were performed on single
grains or small, cemented and bond grain
groups of 2-10 grains, mounted on a small
metal plate sample carrier and fixed by a com-
mercial nail varnish. The video camera mounted
on the AFM table allows for a high magnifica-
tion observation of the grains (500x). It was dif-
ficult, but nevertheless possible, to relocate the
same spots under the AFM and SEM. The mea-
sured surface roughness of the sample depends
on the scale of observation. At all scales howe-
ver, the roughness is significant and the topo-
graphy as shown in the profiles in both direc-
tions, vertically and horizontally, is always steep
and distinct. This provides problems as to the
choice of the right AFM tip. The measurement
precision achieved in vertical direction was of up

to few tens of nm on ideal surfaces; surfaces of
steep and high roughness however, were not
possible to measure exactly.

Further roughness and topography measure-
ments were performed by a digital laser scan-
ning microscope (laser profilometer, LSM
Keyence). The LSM delivers digitally sandwi-
ched surface images of the sample, with high
depth of focus and a quantitative topography
data set in um resolution (Fig. 4). The advanta-
ge of such measurements is the ability of the
LSM to exactly resolve even very steep topo-
graphy, although the resolution is by an order
of magnitude lower than that of an AFM or a
light interferometer. Fig. 5 shows an example
where the grain surface is covered by cement
and hematite. Additionally, needles (illite) grow
into the pore space. Such needles can affect
the fluid transport in the porous network and
retain hydrocarbons. This example also shows
that a microscopic inspection of the pore space
is essential to identify relevant morphological
features and that the complicated surface
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cement

Figure 5: (left) Boundary of grain and part of grain surface (G) The grain covered by hematite skin has been stressed at
the concave areas (dissolution depressions) and cement has overgrown the surface subsequently, while at the pore
boundary illite needles (circle) are growing into the open pore space (Po). The sub-euhedral minerals with platy habitus

are albite (dotted arrow in the right picture).

topography can not be simply described or
measured by an AFM on a larger (>10 pm) scale.

As it is often difficult to identify very small
grains or cements by optical microscopy, and
almost impossible to identify the mineralogy
by the AFM or LSM, therefore the above inve-
stigations were supported by micro-Raman
spectroscopy in order to aid the mineral identi-
fication, performed mostly on thin sections
and on single grain mounts. Our micro—Raman
device is attached to a confocal microscope,
which allows for three-dimensional imaging
and for simultaneous chemical analysis. The
confocal configuration leads to a small sample
volume, from which Raman scattering can be
recorded. Lateral and vertical cross-sections of
the sample can easily be generated with high
spatial resolution, whereby lateral and vertical
1-um-thick optical slices are acquired from the
surface to the maximum depth of 25 pm. The
technical set up [confocal Raman microscope,
alpha300 R; WITec GmbH, Ulm, Germany,
frequency doubled Nd:YAG laser (532 nm,
Prax = 22.5 mW) and a 100x objective (Nikon,
NA=0.90, 0.26 mm working distance)] is des-
cribed in detail in Kremer et al. (in press).

Due to the above described properties, the
pore space in the investigated samples is very
heterogeneous and has a wide range of mine-
ralogical and roughness characteristics. The
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observed variety of the open pore morphology
depends strictly on the shape of the detrital
grains, on the vesicular cement minerals of
tangential and needle-like habitus and on the
fringing dissolution and pressure dissolution of
the grains, that are mostly densely packed and
grain supported. It is thus chiefly the diagene-
tic history and not the sedimentary history in
these samples that rules the gross and nano-
morphology of the pores. In order to simplify
the search for a suitable target for experi-
ments, the pores were classified according to
the key mineralogy, into four main classes,
each comprising several subclasses:

1) Not overgrown, rare grain surface/pore
space contacts of varying mineralogy, but
mainly quartz, feldspar and common volca-
niclasts and heterogeneous rock fragment
surfaces.

2) Quartz cement/pore space contact of botry-
oidal or hypidiomorphic quartz.

3) Calcite cement/pore space contact of vary-
ing shapes but mostly blocky and needle
shaped or irregular, corroded calcite.

4) Heterogenous haematite, illite, chlorite albi-
te cement/pore space contacts of differing
morphologies.

Small Angle Neutron Scattering
A combination of small angle neutron scatte-
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Figure 6: (left) Ultra small angle neutron scattering data of different plug samples from a quartz sandstone reservoir
rock of a north German gas deposit. The intensities show a power law behaviour. With an exponent of about -2.2,
indicating a mass fractal topography. (right) Filling the pores with D,O or a contrast-matching mixture of D,O and H,0

reduces the scattering intensity.

ring (SANS) and ultra-small angle neutron scat-
tering (USANS) experiments on dry and partial-
ly wetted reservoir rock samples has been car-
ried out at the Institut Laue-Langevin (ILL), in
Grenoble, France in September 2010. The
measurements will give insight into the inter-
play between texture, pore surface rough-
ness, size distribution of the cement over-
growth and the distribution of connate water
in the pore network.

Molecular scale interactions between fluids
and mineral surfaces have a crucial impact on
pore volume estimation, on the understanding
of hydrocarbon migration, and on the possible
degree of exploitation. These interactions also
influence the assessment of CO, storage capa-
city and retention mechanisms or of the poten-
tial of geothermal energy generation in aqui-
fers (Pruess and Azaroual, 2006, Pruess, 2008).
The study aims to reveal nanoscale processes in
the pore- space of sedimentary rocks in order
to explain the migration processes and the per-
meability for fluids, gas and supercritical CO,
within sedimentary rocks.

For reservoir rocks it is important to study the
intact porous network within a representative-
ly large volume of a bulk sample. Sandstones,
mainly composed of quartz grains, show diver-
se heterogeneous textures, accessory minerals,
and varying grain sizes of 5 ~ 100 m. Notably,

capillary bound water in the pore system appe-
ars to reduce the permeability. The penetration
power of neutrons allows to investigate the
porosity of such bulk samples with SANS. This
method is more powerful in combination with
ultra small angle neutron scattering (USANS)
for the study of the microstructure of rocks
over a large range of scales (Radlinski, 2006,
Triolo et al., 2000, Sen et al., 2002). The frac-
tal dimension derived from the SANS/USANS
data can be correlated to microscopy data
(Wong and Howard, 1986, Wong and Bray,
1988, Radlinski et al., 2004, Anovitz et al.,
2009) and used as a parameter for the correla-
tion of porosity and permeability of rocks in
conjunction with their pore topology (Pape et
al., 1999, Pape and Clauser, 2000). At the beam
lines D11 and S18 at ILL SANS and USANS ex-
periments were carried out on the same set
of samples. Pore filling and capillary conden-
sation of fluids in porous media was observed
with SANS and USANS by using contrast-mat-
ching H,0/D,0 mixtures (Broseta et al., 2001;
Erko et al., 2010).

In Figure 6 (left) data measured on sandstone
reservoir rock samples of different depth and
different porosity are shown. The scattering
intensities follow a power law behavior, which
is typical for porous rocks with an exponent of
about -2.2, which corresponds to a mass frac-
tal topography of the pore space with a
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Figure 7: High Pressure View
cell (Kriss GmbH, Hamburg,
Eurotechnica, Bargteheide).
The cylindrical cell has two
optical windows. A drop
can be placed on the sam-
ple surface through a capil-
lary. The cell can be filled
0 with two different gaseous

or fluid media. Liquid CO,

fluid 1

capiary tube can be pressurized up to 69
] i idrain MPa and heated to 180 °C.
i \;eel\l‘-' R The cell is equipped with a
T ki contact angle measurement
P system.
drain -

dimension of 2.2. Filling the pores with D,0 or
a mixture of D,O and H,O, contrast-matching
to quartz and feldspar, massively reduced the
scattering intensity. The remaining scattering
contrast is mainly caused by the surfaces of
calcite cement, heavy minerals and other
minor constituents of the rock.

Wettability of rough surfaces at reservoir
conditions

The wettability of the reservoir rock has a large
influence on the productivity of a hydrocarbon
reservoir. In oil fields, depending on the type of
wetting characteristics of the rocks, different
technologies for developing a field are neces-
sary. One of the most prominent effects of the
micro- and nano-morphology on wetting is the
super-hydrophobicity, better known as the
»lotus effect« on glass or ceramics (Barthlott
and Neinhuis, 1997, Neinhuis and Barthlott,
1997, Spori et al., 2008). The lotus effect is
caused by an only partial wetting of the rough
surface profile by the liquid phase in the so-cal-
led Cassie-Baxter regime (Wenzel, 1936;
Cassie and Baxter, 1944). So far, however, it is
not clear how the presence of a supercritical
phase and mass transport between the wet-
ting and the supercritical phase affect super-
hydrophobicity.

To investigate the fundamental processes of
wetting under reservoir conditions we have
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applied a high pressure / high temperature con-
tact angle goniometer (Fig. 7). The instrument
has a cylindrical high pressure view cell (HPVC),
which can be filled with different fluid or gase-
ous media. It is possible to study wettability of
surfaces and surface tension of different media
with the sessile drop and pendant drop
method. Experiments can be carried out at rea-
listic reservoir conditions of up to 69 MPa and
180 °C with different fluids and CO,.

To study the effect of temperature and pressu-
re on the wettability of rough surfaces, a
model surface was created that resembles the
surface of a lotus leaf (Fig. 8). We used a cera-
mic aluminum oxide replica of a two-step-
photolithographic pillar structure. The sample
was coated with a chemically stable, hydropho-
bic fluorosilane layer. Dynamic contact angle
(CA) measurements of water drops in fluid as
well as supercritical CO, were performed at dif-
ferent temperature and pressure conditions. The
pillar surface shows a superhydrophobic beha-
vior with advancing CA of 150-160°, with a
slight increase of the CA with pressure (0.1
MPa') and a hysteresis of about 15° (Fig. 9).
The contact angles at 100 °C show larger slope
(0.4 MPa-") and increased hysteresis (25°) than
the data measured at room temperature. The
temperature and pressure dependence of the
contact angle can be influenced by the interfa-
cial tension of the phases as well as buoyancy
effects due to variations of the density.
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Figure 8: SEM image of a cera-
mic replica of a pillar structure.
The large pillars have a diameter
of 100 pym, the small ones 10
pum. The sub-micron scale topo-
graphy of the sample is domina-
ted by the grain size of the alu-
minium oxide particles of the
slurry used for casting. Due to
the undercut shape of the mas-
ter, part of the small pillars
broke off at separation of the
replica from the negative (D.
Spori, ETH Zurich).
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Figure 9: (left) Microphotograph of a water drop on the superhydrophobic pillar structure in liquid CO,. The surface
was moved with respect to the capillary, to measure the advancing and receding contact angle. (right) Contact angles
of water in CO, at different temperatures and pressures. The data at 100 °C (supercritical CO,) show a higher slope
(0.4°/MPa) and a stronger hysteresis (25°) than the data at room temperature (0.1°/MPa and 15°).

The experiment shows that wetting phenome-
na caused by surface morphology can also
occur under reservoir conditions. Main impact
on the details of the wetting (contact angle,
hysteresis) can be expected from variations in
mass density or surface tension due to mass
transfer with the supercritical phase.

Conclusions

The pore space morphology of reservoir rocks
depends on the size and shape of the clastic
debris and can be drastically changed during
diagenesis due to influence of factors such as
compaction, cementation, and pressure disso-
lution. The above observations have led to the

conclusions that the pore surfaces at the first
phase are rather smooth on a pm scale, and
the pores are well-connected facilitating
migration of fluids. The subsequent stages of
diagenesis, including fluid migration itself,
have changed and complicated however, the
pore spaces morphology. Pores were filled by
minerals and new micro-pores were opened by
dissolution of diagenetic minerals. In addition,
the grains and cements were partially dissol-
ved, forming new pores within some sedimen-
tary layers or laminae. The overgrowth on cla-
stic grains by secondary minerals produced
rough surfaces, leading to more rugged pore
surfaces. The flow capacity of hydrocarbon flu-
ids has been decreased due to authigenic
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minerals forming barriers and blocking the oil
and gas flow. Micro-pore structures and over-
grown grain surfaces have formed larger sur-
faces increasing the adhesion capacity of flu-
ids. Small angle neutron scattering data indica-
te a mass fractal geometry of the pore space
which spans over several orders of magnitude.
In the next step the correlation between scat-
tering data (bulk) and the microscopically mea-
sured roughness (surface) will be investigated.
This correlation provides input for the assess-
ment of the inner roughness of the rock.

The wetting experiments show that the same
wetting phenomena (super-hydrophobicity) as
known from atmospheric conditions also occur
under reservoir conditions. Static and dynamic
wetting properties, however, depend on the
mass transfer on the phases and thus on the
temperature and pressure. Further wetting
experiments on model surfaces and on typical
minerals like quartz, micas, calcite or feldspars
shall provide further insight into the dynamic
wetting behavior.

Our research and experiments aim to answer
guestions imposed by problems occurring in
practical oil and gas exploitation activities. It is
directed by theoretical petro-physical conside-
rations and practical cases, as discussed with
the RWE-Dea, Hamburg, the main oil and gas
producer in Germany.
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Abstract

RECAWA intends to develop a fundamental
understanding of the reactivity and dynamics
of calcite surfaces during crystal growth in
aquatic systems. Therefore, the calcite-water
surface has been characterised at different
hydrochemical conditions and surface diffrac-
tion measurements have been applied to
probe if changes in zeta potential are accom-
panied by changes in the calcite-water interfa-
ce structure. The interaction of calcite with
Selenium is investigated in a mixed flow reac-
tor (MFR) study which is accompanied by Gl-
EXAFS analyses to characterize the Se adsorp-
tion species.

The interaction of calcite surfaces with phos-
phate and phosphonates is the focus of two
sub-projects. The sorption/precipitation mecha-
nisms of PO,3- and HPO32+, respectively, on dif-
ferent calcite powders (precipitated calcium
carbonates and limestone powders) are investi-
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gated to determine sorption isotherms and
phase transformations on the applied surfa-
ces which is of great interest with regard to
phosphate recycling and/or water treatment.
Analytical work includes SEM, XRD and XAFS
spectroscopy for a detailed characterisation
of the calcite powders in different sections of
the isotherms.

Experimental investigations on the interaction
of limestone powder and two superplasticizers
have been conducted with regard to concreting.
These experiments were done at alkaline condi-
tions and lead to massive reactions and changes
in the zeta potential of the solutions and limes-
tone powder when superplasticizers added.
Additional results of quantum-mechanical cal-
culations and force-field modelling demonstra-
ted that the Double Defect Method is able to
quantitatively predict mixing properties of
various iso-structural binary and ternary carbo-
nate solid solutions. In particular, low equili-



brium retention levels of SO,2- and Se0,2- in
carbonates imply that the reasonably large
concentrations SO,2- and SeQ,2- in carbonates
reported in previous studies should be attribu-
ted to non-equilibrium entrapment effects.
Data obtained from atomistic modelling com-
plement our data determined using lab
methods. Further experimental and analytical,
work including in-situ AFM studies using
Iceland spar single crystals, is in progress and
will help to interconnect the present results of
the sub-projects.

1. Introduction

Carbonates are of high economic interest and
represent an important resource for the chemi-
cal and pharmaceutical industry, glass and
paper industry, construction material industry,
for the production of fertilizers and for the qua-
lity of drinking water. Due to the abundance of
carbonate rocks in the earth crust, carbonates
are considered as a mineral mass product.

As the thermodynamically most stable and
most abundant carbonate phase, calcite plays
a prominent role for numerous natural proces-
ses in our environment. Calcite affects in vari-
ous ways the global circulation of matter, regu-
lates the pH and controls the chemical compo-
sition of natural aquatic systems, and has the
ability to fix or structurally incorporate biologi-
cally active and, depending on the concentra-
tion, hazardous elements such as phosphorus,
calcium, magnesium, iron, arsenic, selenium
and other trace elements. Adsorption reactions
are usually rather fast compared to co-precipi-
tation reactions. In particular with respect to
kinetic aspects of trace element sorption, the
molecular level reactions at the mineral/water
interface need to be understood in various
fields of application to improve the effective-
ness of industrial calcite mass products such as
PCCs or filter material for water treatment.
Atomistic models allow studying sorption of
complexes and molecules at the mineral-water
interface and the formation of solid solutions.
These aspects of the interaction of calcite sur-
faces with dissolved reactants require different
simulation approaches. Sorption processes are

modelled using Molecular Dynamics, while
solid solution formation is treated with statisti-
cal thermodynamic tools which combine quan-
tum mechanical calculations and Monte Carlo
simulations.

To achieve the goals of the joint research pro-
ject, experimental and analytical work is divi-
ded in sub-projects which concentrate on dif-
ferent aspects of calcite surfaces.

2. The calcite-water surface and its inter-
action with Selenium

2.1. Structure and speciation of the calci-
te-water interface

To characterize the calcite surface potential as
a function of the composition of the aqueous
contact solution we measure calcite zeta po-
tentials using two methods. (i) Electrokinetic
measurements are performed in a Brookhaven
Instruments zeta potential analyzer using
phase analyses light scattering (PALS). For PALS
measurements we use equilibrium solutions at
three different CO, partial pressures, at atmos-
pheric pressure. Suspensions are pre-equilibra-
ted until the theoretically expected pH is rea-
ched. In equilibrium with pure CO, pH range is
5.8 to 6.8, in equilibrium with air (360 ppm
CO,) pH range is 7.5 t0 9.6, and in equilibrium
with N, (6 ppm CO,) pH range is 8.4 to 10.3.
We observe an increase in the iso-electric point
(IEP) with decreasing CO, partial pressure. (ii)
Streaming potential measurements are perfor-
med on an Anton Paar SurPASS electrokinetic
analyzer. Streaming potential is measured as a
function of pH performing pH titrations in a pH
range from 5.5 to 11. As at these conditions
solutions are undersaturated with respect to
calcite, the calcite must be dissolving during
the measurements. Solution analysis proofs,
however, that this does not have a significant
influence on the solution composition during
the experiments. Hardly any pH dependence is
observed in streaming potential measure-
ments. Zeta potential increases with increasing
Ca2+ concentration and decreases with increa-
sing CO32- concentration.
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Table 2.1: Composition and chemical conditions in the contact solutions used for the surface diffraction study.

Dataset 1 2 3 4 5

solution state eq.: water - air -eq.: water - air -eq.: water - air -non- eq. non- eq.

(eq. = equilibrium) calcite calcite calcite

NaCl (mol/L) 0.097 0.03 0.01 0.01

additions (mol/L) NaOH: 0.002 NaOH:0.003 HCI0.07 NaOH: 0.001 NaOH: 0.0005
CaCl: 0.01 Na,COs: 0.01

p(CO;) (ppm) 360 360 360 -

zetapotential (mV) ~0 ~0 ~9 ~8 ~-25

pH 8.6+0.1 8.6+0.1 7.5+£0.1 10.9+0.1 11.1+0.1

Surface diffraction measurements are applied
to probe if changes in zeta potential are acco-
mpanied by changes in the calcite-water inter-
face structure. We perform in-situ surface dif-
fraction measurements at the GSECARS undu-
lator beamline at sector 13 of the Advanced
Photon Source. Five crystal truncation rod
datasets are recorded at the solution condi-
tions listed in Table 2.1.

Main results of the interface structure analy-

ses are:

— The part of the calcite(104)-water interface
structure, to which surface diffraction mea-
surements are mainly sensitive, does not
change significantly, even for the investiga-
ted extreme differences in the composition
of the contact solutions.

— No indication for calcium or carbonate
inner-sphere complexes on the flat calci-
te(104)—face is observed.

— Two well ordered layers of water are identi-
fied at 2.35+0.10 A and 3.24+0.12 A above
the calcite surface. Water molecules of the
first layer are located above the surface cal-
cium ions and those of the second layer are
located above the surface carbonate ions.

— In contact with solution mainly surface car-
bonate ions relax slightly from their bulk
position and tilt towards the surface by
about 4°.

— A gradual increase in Debye-Waller factors
from the bulk crystal to the solution is
observed.

— Elevated Debye-Waller factors of water
molecules in the second water layer in data-
sets 3 and 4 (high Ca2+ concentration in
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solution), as well as the drop in diffuse elec-
tron density at about 4.2 A above the surfa-
ce in dataset 5 (no Ca2+ in solution), might
be indicative for calcium outer—sphere com-
plexes.

A Basic Stern Surface complexation model is
developed that, in accordance with the inter-
face structure analyses, considers only outer-
sphere adsorption of ions other than protons
and hydroxide. The observed zeta potentials
are well reproduced by the model. A major
advantage compared to previous models (van
Cappellen et al., 1993; Pokrovsky et al., 2000;
Wolthers et al., 2008) is that a physically rea-
sonable value for the Helmholtz-Capacitance
(0.45 F/m2) is obtained. Together with the
Stern layer thickness, estimated from the sur-
face diffraction results (~3.5 A), this value can
be used to estimate the relative permittivity of
the interface water, to be about 18.

2.2. Selenite (Se(IV)O;2?) and Selenate
(Se(VI)0,2-) interaction with calcite

The MFR study on selenite / selenate coprecipi-
tation is ongoing. MFR experiments at pH 7.4
show that the pH has an influence on the
incorporation. As expected anion adsorption
and subsequent incorporation is increased at
lower pH. Partition coefficients at pH 7.4 are
~10-3 for selenate and ~10-2 for selenite, which
still shows that selenium incorporation into
calcite is unfavorable, but the values are relati-
vely large compared to the extremely low va-
lues measured at pH 10.3, which were below
the detection limit of the method.
Comparison of the macroscopic calcite growth
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Figure 2.1: Macroscopic calcite growth rates obtained in MFR experiments on pure calcite (Cc, circles),
in presence of selenite (Se(lV), squares), and selenate (Se(VI), diamonds).

rate obtained in MFR experiments in presence
and absence of selenite / selenate (Fig. 2.1)
shows the retarding effect, these anions have
on calcite growth.

Selenium K-edge EXAFS is used to characterize
the adsorption species of selenate at the calci-
te water interface. Adsorption samples are pre-
pared in batch type adsorption experiments in
pre-equilibrated calcite suspensions at pH 8.3
and 7.5 using calcite powder (Merck calcium
carbonate suprapur) or freshly cleaved Iceland
spar single crystal platelets as substrate. Initial
SeQ,2- concentration is 2 x 10-3 mol/L. EXAFS
spectra measured on powder adsorption sam-
ples (black circles in Fig. 2.2) do, despite the
lower signal to noise ratio, not deviate signifi-
cantly from a reference EXAFS spectrum mea-
sured on a 0.1 mol/L NaSeO, solution (thick
black line in Fig. 2.2). Therefore these spectra
are considered inappropriate to characterize
the adsorption species.

Only spectra measured on single crystal sam-
ples using grazing incidence to achieve surface
sensitivity, show an additional contribution to
the EXAFS most visible around k = 10.7 A
(dashed line in Fig. 2.2) that results in oscilla-
tions in the Fourier transform spectra between

R=2.7AandR =3.7 A. These are likely con-
tributions to the adsorption species spectrum
originating from the calcite surface. Detailed
EXAFS data analysis is still in progress.

3. Fixation and phase transformation of
phosphate at calcite surfaces

It is well known that phosphate is crucial for
increased primary production, but its availabili-
ty as a non-renewable resource is decreasing
dramatically (Gilbert, 2009; Driver et al., 1999).
On the other hand, severe environmental pro-
blems result through the discharge of nutrient
rich waters from urban, agricultural and indu-
strial sources. This leads to the eutrophication
of water bodies and the enrichment of phos-
phate in sewage and wastewaters (Smith,
2003). Therefore, the immobilization of phos-
phate dissolved in eutrophic water bodies and
wastewaters is a promising approach to solve
this problem and to recycle phosphate.

In the past, calcite was used for the remedia-
tion of eutrophied water to immobilise dissol-
ved phosphate (Babin et al., 1994, Prepas et al,
1997, Hart et al., 2003). Laboratory tests demon-
strate the success of calcite application and
show that a calcite barrier can reduce the
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Figure 2.2: k3 weighted EXAFS (left) and Fourier Transform (right) spectra measured on: a liquid SeO42" reference
(thick black line), powder adsorption sample at pH 7.5 (circles), and single crystal adsorption sample measured at gra-

zing incidence at pH 7.5 (dashed line).

phosphate flux from nutrient-rich sediments to

the water. The mechanisms of phosphate fixa-

tion at the calcite surface are decisive for the

efficiency and sustainability (Babin et al., 1994,

Berg et al., 2004), but poorly understood at

the atomic scale to date. Calcite has its point

of zero charge between pH 8.0 and 9.5 (Soma-
sundaran & Agar, 1967), while many other
minerals have negative surfaces already at pH
< 7. Hence, calcite exhibits a positive surface
charge and can be used for anion adsorption.

A detailed explanation of the processes of

phosphate fixation and phase transformation

on calcite surfaces under varying hydrochemi-
cal conditions is investigated. The scientific and
technical objectives cover:

i. the clarification of the mechanisms of phos-
phate fixation and phase transformations
on calcite surfaces

ii. the characterisation of the hydrochemical

conditions and crystallographic parameters
for optimised and effective fixation of dis-
solved phosphate on calcite surfaces

. the identification and development of calci-

te products for the technical application

3.1. Experimental and analytical methods
The uptake of phosphate (PO,3-) by calcite
from saturated calcite solutions has been exa-
mined using three types of calcite powders, (i)
a powdered powder Devonian limestone
(Sancy, FR) with a specific surface area of 1.76
m2/g (SSA, estimated by N2-BET, sample A), (ii)
precipitated CaCO5; (Merck p.a., 102066, 0.2
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m2/g; sample M), and (iii) a precipitated CaCO5
delivered by Rheinkalk Akdolit (PCC, sample B,
37.45 m?/g). Different amounts of calcite pow-
der (0-50 g/L) were added to saturated calcite
solutions (Slcyco3 = 0.6 - 1.2, Ca2+=1.8-2.8
mmol/L, TA(HCO;") = 4.0 - 8.0 mmol/L), produc-
ed from Merck p.a. chemicals (CaCl,, NaHCO3)
and double-distilled H,O (18.2 MQ-cm) as des-
cribed by Lin & Singer (2005). Phosphate was
added in concentrations of 3 to 1000 pmol/L
as H;PO, or Na3PO,x6H,0. pH of the solutions
was adjusted to 8.0 using HCl or NaOH. PO,3-
concentrations of the calcite solutions are com-
parable to conditions of pore water and hypo-
limnion of eutrophic water bodies (Belzile et al.,
1996). The batch solutions and the powders
were shaken for 24 h (Fig. 3.1).

Afterwards the solutions and powders were
separated by vacuum filtration. Residual con-
centrations of Caz+ and PO,3- were analysed by
AAS, ICP-OES and UV-VIS spectrophotometry,
respectively. Total alkalinity (HCOj5) was chek-
ked using an Aquamerck quick test (Merck
11109) and pH values were determined using
a WTW SenTix 81 electrode attached to a
WTW pH330 pH-meter. Changes in the mor-
phology of the calcite sample powders were
checked with REM. P concentrations and spe-
ciation of the powders were analysed by
EDXRF and XANES spectroscopy, respectively.

3.2. Results
pH values remained stable at 8.10+0.15 during
the experimental run. (Over)saturated calcite
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solutions show decreasing trends for Ca2+ and
HCOj5- and P concentrations in dependence of
the SSA, respectively. Overall removal of phos-
phate from the batch solution ranges from
2 % to 100 %, dependent on the applied cal-
cite powders. In contrast to experimental series
of sample A and M, phosphate was eliminated
from the batch solution of sample B series
completely at all starting concentrations of 3
to 1000 pmol/L PO,3-. The addition of small
amounts of calcite B (~10 g/L) results in a
phosphate elimination of min. ~70 %, where-
as calcite A and M result in a decrease of max.
~70 %. Adding high amounts of calcite pow-
der to the batch solution (=25 g/L) results in a
complete phosphate elimination in the sample
B experimental series, whereas the PO,3- con-
centration decreases by max. ~86 % for sam-
ple A and M. In the latter case, the residual
PO,3- load of the solution is increasing with
increasing starting concentration (see. Fig.
3.2 for details).

In general, phosphate concentration decreases
with increasing amount of calcite powder
added to the solution. Depending on the star-
ting phosphate concentration of the batch
solution, total phosphate uptake by calcite
increases more rapidly in sample B series in
comparison to sample A and M (Fig. 3.2 & 3.3).
These results show that the ability of phosphate
uptake can be considered as a function of the
SSA which is crucial in terms of adsorption and
precipitation mechanisms and phase transfor-
mations, respectively.

To evaluate these mechanisms, sorption iso-
therms have been determined. These iso-
therms are in good agreement with those of
Eiche et al. (2008). Van Cappellen (1991) divi-
ded sorption isotherms for phosphate on calci-
te into four sub-sections (Fig. 3.3 a) Section (A)
marks a range of concentration of calcite (Cc)
and PO,43- in which only adsorption on the cal-
cite surface occurs (high Cc/PO,3- values). (B)
shows the precipitation of meta-stable Ca-P
compounds, (C) the transformation into stable
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compounds and (D) the adsorption of phos-
phorus on the newly formed Ca-P surface (low
Cc/PO,3). These sections are different for the
applied calcite powders of the experimental
series. Figure 3.3 b) shows an example for
experimentally determined sorption isotherms
(30 pmol PO437/L) which can be divided in dif-
ferent sections. On the basis of these observa-
tions further analytical investigations will be
carried out.

Processed calcite powders have been analysed
using SEM imaging and, as a novel approach,

82

2165

XAFS spectroscopy (in particular XANES) is used
to identify the speciation of phosphorus and
phase transformations on the calcite surface.
By applying these methods, a main goal is to
understand the different phases of fixation and
sorption and the transition zone (changeover
from A to C in Fig. 3.3 a), respectively, on the
calcite surface at the molecular scale.

First results show that XANES spectroscopy at
the phosphorus K-edge is a suitable tool to
identify the speciation of phosphorus on calci-
te (Fig. 3.4). Two characteristic features are
observed at the P K-edge, the phosphate whi-
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Figure 3.5: SEM images of processed limestone powders; a) section A, ~ 550 ppm P = 6 at/nm2; b) section B, ~ 3600

ppm P = 40 at/nm2.

teline at 2152.0 eV and a shoulder at 2154.6
eV. The latter is characteristic for Ca-Phospha-
tes and decreases with phosphorus concentra-
tion on the calcite powder, which shows a
change in the coordination of phosphate. The
analysed calcite samples are representative for
parts (A) to (C) of the schematic sorption iso-
therm (see Fig. 3.3 a). SEM imaging has been
perfomed for processed sample powders A
and B. Only the limestone powder shows the
occurrence of new phases in and therefore dif-
ferences to the starting material. These phases
have already been identified as Octa-Calcium-
Phosphate (Freeman and Rowell, 1981).

3.3. Summary

Three calcite powders have been processed in
batch sorption experiments. Based on the
post-experimental solution chemistry, powders
have been chosen for further analytical work.
Merck CaCOs, the limestone powder and the
PCC powder show different shapes of the
sorption isotherms. Phase transformations
have been determined by SEM imaging for the
limestone powder surfaces, but more detailed
work including using SEM and EDX on all pow-
ders is necessary and in progress.

First XANES results at the P K-edge show two
different spectral details and a change of the
feature at 2154.6 eV with decreasing P con-
centration. Further XAFS spectroscopy (inclu-
ding XANES/EXAFS) at both the Ca K-edge
(4038 eV) and the P K-edge (2146 eV) is plan-
ned. XPS and XRD analyses of the powders

and AFM studies using Iceland spar single cry-
stals, respectively, are in progress and will help
to complete the characterisation of the atomic
and molecular environment of phosphate at
calcite surfaces.

4. Interactions of etidronic acid and PCC
powders during the calcite crystal growth
Precipitated calcium carbonates (PCC), a puri-
fied, refined or synthetic calcium carbonate,
are an industrial mass product commonly used
during the production of pharmaceutical pro-
ducts, varnish and colours, paper, cosmetics
and in the food processing industry (e.g. Souto
et al., 2008). Moreover, organic additives such
as etidronic acid (HEDP, HPO32+), citric acid or
tartaric acid are used in a wide field of indu-
strial application of calcite chelating, dispersing
or complexing agents in the production of
paper, cosmetics and pharmaceutical products
(Dunn et al., 1994). Our first experiments will
focus on the interaction of HEDP during the
calcite crystal growth.

First batch sorption experiments investigating
the interaction of organic additives on the cal-
cite crystal growth, especially of PCCs, were
conducted in saturated and oversaturated cal-
cite solutions and solution free of calcite.
These solutions were produced as described in
section 3.1. HEDP (etidronic acid, C,HgOP,)
was added in concentrations of 0 to 50 pmol/L
(as organic agent) to the solution. For experi-
ments 100 mg of calcite (Cc) powder (PCCs,
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Merck p.a. CaCO;, Iceland spar) varying in spe-
cific surface area (0.3 to 23.8 m?/g) was added
to 20 mL solution. Additionally, PCCs vary in
crystal morphologies (scalenohedral, prismatic,
rhombohedral). Afterwards, sample vials were
closed and shaken for 24 h (Fig. 3.1). After the
experiments, all solution were filtered and
checked for alkalinity and pH. Ca2+ and P con-
centrations were determined AAS and/or ICP-
OES. Phosphorus concentrations of the proces-
sed calcite powders were determined by
EDXRF analyses.

pH values remained at 8.15 to 8.35 during the
experimental run. (Over)saturated calcite solu-
tions show decreasing trends for Ca2+ and
HCO5 concentrations in dependence of the
SSA. Differences can be observed in solutions
where Cc powder with a max. SSA of ~2 m2/g
are used as crystal seeds. Here, the concentra-
tion of Ca2+ drops more efficiently when HEDP
is available. Overall decrease of Ca2+ and HCO5
leads to a noticeable decrease of the calcite
saturation, which was calculated using the
PHREEQC software (Parkhurst & Appelo, 1999).
Three experimental series with HEDP were con-
ducted. Starting concentrations of 5 and 50
umol/L were adjusted for (over)saturated calci-
te solutions and solutions without Ca2+ and

HCO5 (Fig. 4.1). HEDP is eliminated from a
pure etidronic acid solution by 80 to 90 %.
Depending on the SSA of the applied Cc pow-
der, up to 65 % of the starting HEDP is remo-
ved from the calcite solution. So far, no syste-
matic interconnection of HEDP sorption and
crystal morphology has been observed for SSA
~ 7 m2/g. EDXRF analyses of Cc powders show
P concentrations of 1000 to 1500 ppm.

First results show that the Ca2+ concentration
of a calcite solution decreases stronger when
HEDP is present. Differences in the decrease of
HCO5 compared to solutions without HEDP
have not been observed. From our experi-
ments, this is valid for calcite powders with
SSA ~ 2 m2/g. This observation is supported by
results reported by Lin & Singer (2005) or
Sawada et al. (2003) and shows possible inhi-
bition of calcite growth at these conditions
due to precipitation Ca-P compounds. For
HEDP a linear decrease dependent on the SSA
of the Cc powder has been observed.

Changes in the calcite morphology and the P
speciation and bonding at the calcite powder
surfaces will be tracked using additional analy-
tical methods (SEM, XRD, XPS, XAFS) and, fur-
thermore, within in-situ AFM studies. Promi-

Figure 4.1: Remaining HEDP
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sing XANES measurements have been conduc-
ted at the P K-edge (Fig. 3.4), further analyses
are planned.

5. Reactivity of calcite surfaces during
concreting

Natural limestone plays a key role in the manu-
facturing of Portland cement and thus for the
production of a broad bandwidth of building
products, such as concrete. In order to reduce
the ecological impact of modern cements,
limestone is added to the cement as a filler
material, thus reducing the cement clinker
content. With increasing replacement rate,
however, pronounced changes in the fresh and
hardened concrete behaviour can be observed.
At the fresh state, limestone strongly deterio-
rates the working mechanisms of modern con-
crete admixtures, such as superplasticizers, lea-
ding to pronounced problems in the placing
and handling of the fresh concrete. This beha-
viour is normally attributed to the TOC content
of the natural limestone, as this might interact
with the organic matter of the superplastici-
zers. Systematic investigations regarding this
important mechanism are not yet available.
Further, limestone powder could be identified
to trigger early hydration by acting as nucleus
for the formation of calcium silicate hydrates,
which are responsible for the strength of a har-
dened concrete (Matschei et al., 2007).

One of the primary goals of the research sub-
project described below, was to identify the
interaction mechanisms of modern concrete
superplasticizers with limestone powders (LSP)
of different provenance and composition. On
this basis, eluation tests investigating the dis-
solution behaviour of limestone in both an
aqueous environment (carrier liquid water) and
in an alkaline environment (pH 13, 1.0 mol/
dm3 NaOH/KOH solution) were carried out.
The volume fraction of solids in the solution
was adjusted to be 5 vol.%, allowing for an
undisturbed dissolution process far away from
the saturation limit. Two types of superplastici-
zers, a polynaphtalene-sulphonate (PNS) which
acts electrostatically and a polycarboxylate (PC)

which acts sterically, were investigated. Each
admixture was added to the carrier liquid at a
dosage of 0.5 mass.% of the limestone. All
investigations were carried out at 20 °C. The
suspensions were continuously stirred during
the investigation ensuring a homogeneous
distribution of the particles in the carrier liquid.
At certain time intervals, the pH value, con-
ductivity and temperature of the solution were
determined. Further, samples of 25 ¢cm3 of the
suspension were taken, filtrated and the filtra-
te was analyzed for its Ca, Mg and K ion con-
tent using the AAS method. Ca and Mg ions
have been identified in earlier studies to have a
significant influence on the rheological proper-
ties of the cement suspension (Haist, 2009).

As shown in Figure 5.1 (left), the Ca content in
the carrier liquid strongly increases (back-
ground Ca content NaOH/KOH solution 0.14
g/dm3; NaOH/KOH + PC 0.41 g/dm3; NaOH/
KOH+PNS 5.4 g/dm3) in the first minutes after
addition of the solvent, indicating that pro-
nounced quantities of limestone dissolve in the
carrier liquid. This behaviour is independent of
the presence of superplasticizer and the type
of superplasticizer. After the first dissolution
processes, the Ca content decreases again, in-
dicating precipitation processes occurring in
the solution. This process is identical for solu-
tions with and without polynaphthalene-sulfo-
nates. For suspensions containing the admixtu-
re on polycarboxylate basis, dissolution and
precipitation processes seem to repeat several
times, resulting in an oscillation of the total
calcium content in the filtrate. The results furt-
her indicate, that the organic admixtures beco-
me chemically unstable over time and decom-
pose after approx. 1400 min. (~24 h), resulting
in a further decrease of the calcium content.
Beyond this time, the precipitation process of
calcium seems to continue, possibly accompa-
nied by an oriented re-crystallization of calcium
on the particle surface. However, from the loga-
rithmic scaling of the time axis, no end-member
could be identified from the measured data.

Plotting the calcium content in the filtrate elu-
ated by the limestone normalized on calcium
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Figure 5.1: Calcium eluation of technical LSP in NaOH/KOH brine (pH 13, 1.0 mol/dm3) with and without superplastici-
zer based on polynaphthalin-sulfonate, PNS, or polycarboxylate, PC: absolute Ca content in filtrate (left) and content

normalized by background (right).

content in the solution (with or without admix-
ture), it becomes obvious, that the dissolution
process of limestone and the release of calcium
is strongly inhibited by the addition of both
admixture types. The dissolution process itself
is ascribed to the chemical instability of the
limestone in the surrounding alkaline environ-
ment. Calcium dissolves from the surface of
limestone powder and then precipitates again
on the surface, possibly in a different crystal
structure. At the same time there is an interac-
tion of the superplasticizer with the calcite sur-
face. This inhibits both the dissolution and the
crystal growth, which could explain the time
dependence of the calcium concentration in
the normalized diagram (see Fig. 5.1, right). The
eluation tests prove that limestone powder the-
refore interacts with both investigated super-
plasticizers, however in a different manor. In
order to verify and characterise these processes
in detail, surface sensitive analyses of the reac-
tions between calcite and admixture will be
carried out using AFM and ESEM methods.
Additional eluation experiments are being car-
ried out at the moment.

Based on the results of the eluation tests, com-
bined rheological and electro-acoustical inve-
stigations on pure limestone powder suspen-
sions and cement suspension with limestone
powder fractions were carried out. The rheolo-
gical behaviour of the suspension was deter-
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mined using both oscillatory and rotational
rheometer tests. First results of the rheological
tests have been reported in (Mller et al.,
2009). At the same time, the zeta potential of
the particles and the medium agglomerate size
in the suspension are determined in situ using
electro-acoustical measurement techniques.
Therefore, a defined AC voltage is applied to
the sample, resulting in an electrical field in the
suspension. In case the suspended particles are
electrically charged with a charge of T (zeta
potential in mV), the particles start to oscillate
in the electrical field of amplitude E resulting in
an oscillating pressure wave in the incompres-
sible carrier liquid. This pressure signal is recor-
ded using an ultrasound transducer. From the
amplitude of the pressure signal p, the zeta
potential T can be calculated using Eq. 5.1:

L= 2. 1 . 3n, . 1
E (pp—ps]-c'-d) 2g4e, G(a)- (1 +f(h, 0")

In Eg. 5.1 p, and p, denote the density of the
particle and the carrier liquid, respectively. The
parameter ¢ denotes the speed of sound in the
carrier liquid. The phase content ¢ in the tests
was set to 0.44. n,, g, and g, describe the
dynamic viscosity, the specific dielectrical con-
stant and the permittivity of the carrier liquid.
G(a) and f(A,w’) are correction terms. For furt-
her details regarding this measurement techni-
gue see (Haist et al., 2009).
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Figure 5.2 shows the influence of different
types of superplasticizers on the zeta potential
of limestone powder particles suspended in
water. Both the addition of polycarboxylate
(PC) as well as the addition of polynaphthalin-
sulfonate (PNS) leads to a strong reduction of
the zeta potential of the particles. For the
admixture on PNS basis, this reduction is more
pronounced than for the one on PC basis.
However, also the suspension without super-
plasticizer addition shows significant changes
in the zeta potential in a time frame between
17 and 25 min. after addition of water to the
dry powder. The reasons for this reduction are
assumed to be linked to the calcium eluation
and re-precipitation observed in the eluation
tests. However, the mechanisms for this pro-
cess still have to be clarified by additional tests.
The same is true for the pronounced peak in

the zeta potential time curve at the age of
approx. 23 to 25 min. This peak is observed
independent of the presence and the type of
superplasticizer and also has to be clarified.
The long-term influence of the cement repla-
cement by limestone powder was studied
using tests on hardened concrete. Therefore,
prismatic specimens measuring 40 x 40 x 160
mm3 were casted from the different cement
pastes, demolded after one day and stored in
water until testing. On the specimens, the
compressive and the bending tensile strength
were determined according to DIN EN 196-1.

As shown in Figure 5.3, the replacement of
cement by limestone powder leads to a syste-
matic decrease in the compressive strength. The
reduction of cement, however, is not identical to
the reduction in strength. Despite the large scat-
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ter, for cement replacements by LSP of up to 20
mass. %, a cement reduction by 1 % leads to a
reduction of compressive strength of approxi-
mately 0.7 % for the investigated limestone
powder. Further investigations are in progress.

6. Thermodynamics of mixing in carbona-
te solid solutions from atomistic simula-
tions

In the past project period we have successfully
modelled the thermodynamics of cationic,
(CaMg)z+ = Cd?+and anionic, (CO3)2- = (SO,/Se0 47
substitutions in carbonates. The solid solutions
have been modelled with two different atomi-
stic simulation approaches, namely, the Double
Defect Method (DDM) (Vinograd et al., 2009)
and the Single Defect Method (SDM), which
we have developed for iso-structural and non-
iso-structural substitutions, respectively. The
substitution (Ca/Mg)2+=Cd?2+ has been studied
within two binary sections of the ternary
system CaCO3-MgCO5-CdCO;5. The descrip-
tion of the binary section (CagsMggs)CO5-
(Cdg 5sMgg 5)CO5, dolomite-Cd-dolomite, requi-
red the development of a ternary version of
the DDM (Vinograd et al., 2010), which was
accomplished within the project. The model-
ling of the non-iso-structural solid solutions
CaC05-CaSO, and CaC0O5-CaSe0, with calcite
and aragonite structure types was performed
using the SDM. The SDM provides an algo-
rithm for the calculation of the thermodynamic
properties of virtual end-members with the
compositions of CaSO, and CaSeQ,, which
involves simulation of supercell structures of the
host phases (CaCO; calcite/aragonite) with one
CO32- unit replaced with a SO42- or SeQ42- unit.

6.1. The system CaCO;-MgCO;-CdCO;

The main aim of this study was to derive the
mixing properties along the CaCO;3-CdCO;
(calcite) and (Cag sMgg 5)CO3-(Cdg 5sMgg 5)CO5
(dolomite) binaries and thus to be able to
model the co-precipitation of Cd2+ with calcite
and dolomite. The secondary aim was to provi-
de an additional test for a new set of empirical
pair potentials for Ca,Mg-carbonates develo-
ped by Raiteri et al. (2010). The new force-field
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model has shown excellent performance in the
description of relative stability of all known
polymorphs of CaCO; and of hydration pro-
perties of calcite. The task was to test its accu-
racy in predicting the effects of mixing in the
solid solutions. These aims essentially required
us to model the mixing properties within the
ternary system. The binary systems were model-
led with the standard DDM (Vinograd et al.,
2009). The simulation results are in the excellent
agreement with the available experimental
data. The mixing in the calcite-otavite binary is
essentially ideal. This is in an agreement with
the recent experimental data of Katsikopoulos
et al. (2008). The calcite-dolomite and otavite-
dolomite binaries show the tendency to the for-
mation of the ordered intermediate compounds
with the dolomite structure. The predicted sub-
solidus phase relations are in good agreement
with the experimental data of Goldsmith and
Heard (1961) and Goldsmith (1972). The tem-
perature-composition diagrams are shown in
Figure 6.1 a) & b). Here we wish to emphasize
that this agreement did not required any
adjustment of the force-field parameters of
Raiteri et al. (2010). The Cd-O potential was
obtained by fitting to the formation energies
of several ordered compounds in the otavite-
magnesite system calculated quantum-mecha-
nically by Burton and van de Walle (2003). The
obtained agreement with the experimental
data within the binaries suggests that the
model is sufficiently accurate for the composi-
tions within the ternary system. Figure 6.2
shows the free energy of mixing in the ternary
system at 873 K calculated with the ternary
DDM. The miscibility gaps are shown in the
projection of the free energy surface onto the
ground plane. In Figure 6.3 the activities of the
solid solutions with the calcite and dolomite
structures are compared. Our results suggest
that the mixing of Cd and Ca within the orde-
red dolomite structure is less ideal than within
the calcite-otavite binary. This is the effect of
the third component, MgCQOs;. The increase in
»non-ideality« is due the contraction of the
dolomite lattice relative to the structure of calci-
te, which is caused by the presence of compact
Mg-layers. The next step of our research will be



e e ! ' ! ! Figure 6.1: The subsolidus
1400 1400 b | phase relations in calcite-
. L ] magnesite (a) and otavite-
1200 1200~ - magnesite (b) systems si-
2:; I 1 B mulated with the Monte
3 1000 £ 1000} - 4 Carlo method using the
g § § I £XZ pairwise interactions com-
g ™ E s0or b 4 puted with the DDM. The
S = { { symbols are the experi-
iy 6004 {  mental data from Gold-
40P 1 m; s smith and Heard (1961)
4 | (a) and Goldsmith (1972)
- ofz o!4 ofa nta J1 200, 012 = of4 > o?s ’ o_la . l (b), respectively.
Mole fraction of MgCO, Mole fraction of MgCO,

Figure 6.2: The Gibbs free energy of mixing in
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CdCOg3, system at 873 K simulated with the
Monte Carlo method using the pairwise inter-
actions computed with the ternary DDM. The
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miscibility gaps.
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to use the predicted activity-composition rela-
tions for the calculation of Lippmann diagrams
and for the assessment of relative retention
capacity of calcite and dolomite for Cd2+.

6.2. The solid solutions of CaCO;-CaSO,
and CaCO;-CaSeO, in calcite and aragonite
The thermodynamic description of these solid
solutions is problematic. Indeed, all available
solid solution theories including the DDM con-
sider iso-structural solid solutions. The theory
requires that the both end-members should
belong to the same space group. This condi-
tion cannot be fulfilled, as it is not possible to
build two iso-structural end-members due to
the different geometry of CO32 and SO,2/
SeQ,2- groups. The fortunate circumstance is

that due to the structural difference, these
solid solutions are very dilute. Diluted solid
solutions are typically very disordered and thus,
the regular model description is adequate.
Figure 6.4 shows the enthalpies of mixing of
two hypothetical regular solid solutions with
calcite and anhydrite structure types, for which
complete sets of the end-members are unavai-
lable. We are concerned with the description
of mixing in the vicinity of pure calcite only.
The enthalpy of mixing of a regular solid solu-
tion in the diluted range can be well modelled
with a linear equation, which forms a tangent
to the enthalpy of mixing curve. The white cir-
cle denotes the excess enthalpy of a supercell
structure of calcite with a single defect of SO,2-
substituting for CO52-. The enthalpy of this
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Table 6.1: The total energies of the supercell structures and the total energies of the virtual end-
members in eV calculated with SDM. The last column shows the energy of reference compounds,
whose thermo- dynamic properties are assumed to be known.

Host phase Single defect structure [ Virtual end-member [ Reference compound
Cay5(COs)1e Ca15(C0s)15504 CaSO0, (in calcite) CaSO, (anhydrite)
-39448.321 -40005.622 [ -3022.821 ] -3023.859
Cayg(COs)ie Cayg(C041)15504 Cas0, (in aragonite) CaS0, (anhydrite)
-39447.490 -40003.622 | -3021.921 | -3023.859
Cay(CO5)i5 Ca;5(C05)155e0, CaSe0; (in calcite) CaSeOQ;, (anhydrite)
-39448.321 -39983.964 | -3001.163 | -3002.456
Caie(COs)ie Cais(C0Os)155€04 CaSeQq (in aragonite) CaSeO; (anhydrite)
-39447.490 -39982.142 | -3000.120 | -3002.466

The calculations are performed with CASTEP in DFT GGA approximation with PBESOL functional at 0 GPa

structure necessarily belongs to the enthalpy of
mixing function of the disordered solid solu-
tion, because a structure with a single defect
cannot have any ordering. The enthalpy of this
structure also falls on the tangent, because the
ratio of solute to host concentration is small.
This implies that if it was possible to define a
virtual end-member, which enthalpy falls on
the tangent line, then such a solid solution
would be strictly ideal. The single defect
method is based on the notion that the ent-
halpy of the virtual end-member can be calcu-
lated knowing the absolute enthalpy of the
single defect structure, the enthalpy of the
host phase and the number of the exchangea-
ble units in the supercell. Figure 6.5 shows the
supercell structures of calcite and aragonite
with a single defect of SO,2- used in the study.
Table 6.1 shows the results of the calculation
of the enthalpies of virtual compounds with
CasO, and CaSeO, composition, which form
ideal solid solutions with calcite and aragonite.
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The standard enthalpies of the virtual com-
pounds can be calculated knowing the stan-
dard enthalpy of a stable compound, which
has the same composition as the virtual com-
pound. Clearly, the enthalpy of this compound
should be calculated with the same atomistic
simulation approach, which was used to calcu-
late the properties of the virtual end-member.
In the case of the CaC0O5-CaSO, solid solution
CaSO, anhydrite is a natural choice for the
reference compound. In the case of the
CaC05-CaSe0Q, system, a stable compound
with CaSeO, composition does not exist.
However, there is a possibility to estimate the
standard properties of a compound iso-struc-
tural to anhydrite from the reaction (Eq.6.1.)

CaSeO, + CaS0O,x2H,0 = CaSO, + CaSe0,x2H,0

where CaSe0,*2H,0 is a well characterized
compound iso-structural to gypsum. Our
guantum-mechanical calculations suggest that
the enthalpy change due to the reaction in Eq.



T I T I T I T

100 —

Enthalpy of mixing, kJ/mol

- Virtual end-member _ -
~

75 -

I " Figure 6.4: The virtual end-member
construction for CaC0O3-CaSO, sys-
® tem. The solid circles are the stable
- host phases with calcite and anhydri-
y te structures. The white circle is the
i excess energy of a supercell of calci-
-] te with one CO52- group replaced
with a SO,2- group. The grey circle is
the enthalpy of the virtual CaSO,

il end-member, which corresponds to
ideal calcite-type solid solution.

0.4 0.6

0 02
Mole fraction of CaSO,

6.1 is -10.85 kJ/mole. Neglecting the entropy
change in this reaction and using thermodyna-
mic data for CaSe0Q,*2H,0, CaSO,(anhydrite)
and CaSO,*2H,0 (gypsum) from the Nagra-
PSI data base (Hummel et al., 2002), we obtai-
ned -996.87 kJ/mol for the standard Gibbs free
energy of CaSeO, (anhydrite). Our next con-
cern was to estimate the standard entropies of
the virtual end-members CaSO, (in calcite) and
CasQ, (in aragonite) by calculating the pho-
non density of states of the relevant supercell
structures. The lattice dynamics calculations
were performed with the program GULP (Gale
and Rohl, 2003). The force-field model was
combined from the model of Allan et al.
(1993) for sulphates and a new model of
Raiteri et al. (2010) for carbonates. These cal-
culations have shown that the standard entro-
pies of the virtual compounds CaSO, (in calci-
te) and CaSQ, (in aragonite) are 121.7 and
142.8 J/mol/K, respectively. Knowing the stan-
dard entropy of CaSO, (anhydrite) of 105.32
J/mol/K, and using the enthalpy values from
Table 6.1, we obtained the values of -1226.41
and -1145.87 for the standard Gibbs free ener-
gies of CaSQ, (in calcite) and CaSO, (in arago-
nite), respectively. Assuming that the entropy
changes of the reactions

CaSeO, (in calcite) = CaSeO, (anhydrite)
(Eg. 6.2)

and
CaSeQ, (in aragonite) = CaSeO, (anhydrite)
(Eq. 6.3)

are the same as in the analogous reactions for
sulphates, we obtained the values of -877.11
and -781.81 kJ/mol for the standard Gibbs free
energies of CaSeQ, (in calcite) and CaSeQ, (in
aragonite), respectively.

The obtained values permit straightforward
calculations of the retention levels of SO,2-and
SeO,2 in carbonates equilibrated with aqueous
solutions. Assuming that the maximum possi-
ble ion activity product [Ca2+][SO,2] in agueous
solutions is limited by the equilibrium solubility
product of CaSO,*2H,0 (gypsum), we can cal-
culate the maximum retention levels of SO42-in
calcite and aragonite from the reactions:

CaS0, (in calcite) = CaSO,x2H,0 (gypsum) - 2H,0
(Eq. 6.4)

CaSO0, (in aragonite) = CaSO,x2H,0 (gypsum) - 2H,0
(Eq. 6.5)
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The maximum retention levels of Se0,2- can be
obtained from the analogous reactions:

CaSeQ, (in calcite) = CaSeQ,*x2H,0 - 2H,0
(Eqg. 6.6)

CaSeO, (in aragonite) = CaSe0,%x2H,0 - 2H,0
(Eg. 6.7)

The equilibrium concentration of SO,2+ in cal-
cite according to Eq. 6.4 is defined by the
equation

RT-In x(SO; )= AG} (CaSO, -2H,0) - 2-AG) (CaSO,(calcite))
=—1797.24+47426+1226.41 = -96.57k/ / mol

(Eq. 6.8)

Therefore, the maximum equilibrium retention
level of SO,2- in calcite at 298 K is 1.3*10-17.
The analogous calculations for aragonite give
an even smaller value of 8.3*10-32. The reten-
tion levels of SeO,2- in calcite and aragonite
calculated using the reactions in Eq. 6.6 and
Eq. 6.7 are 7.4*10-24 and 1.5*10-49, respecti-
vely. These small values are essentially determi-
ned by the predicted large enthalpies of the
virtual compounds relative to the enthalpies of
the anhydrite-type phases.

6.3. Summary

Our results show that quantum-mechanical
calculations and force-field modelling provide
useful tools for predicting equilibrium reten-
tion levels of hazardous components in carbo-
nate minerals. Particularly, we have demon-
strated that the DDM is able to quantitatively
predict mixing properties of various iso-struc-
tural binary and ternary carbonate solid solu-
tions. We have also demonstrated the possibi-
lity of a quantitative modelling of non-iso-struc-
tural solid solutions with the SDM.

The particularly interesting result is that the
equilibrium retention levels of SO,2- and SeO,2-
in carbonates are very low. This implies that
the reasonably large concentrations SO,2- and
SeQ,2- in carbonates reported in literature
(Reeder et al., 1994, Pingitore et al., 1995)
should be attributed to non-equilibrium ent-
rapment effects.

7. Conclusion and Outlook

In the past project period, promising and use-
ful results with regard to industrial application
have been achieved. The calcite(104)-water
interface has been characterised by in-situ sur-
face diffraction under varying hydrochemical
conditions. Moreover, experimental results
investigating the interaction of the calcite sur-

Figure 6.5: The relaxed 2x2x2 and
2x2x1 supercells of calcite (a) and
aragonite (b) with one CO32' unit
replaced with Se042" unit. The geo-
metry minimization calculations were
performed with CASTEP in GGA-PBE
A approximation.
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face and Se show that calcite is an efficient
medium to immobilise oxianions and EXAFS
studies characterized the adsorption species of
Se, respectively.

Elimination of phosphate from calcite solutions
by calcite powders shows that P fixation is pre-
dominantly a function of the specific surface
area. Occurrence of sorption mechanisms, new
Ca-P phases and phase transitions, respective-
ly, is different for each applied calcite powder.
Systematic SEM and EDX studies accompanied
by further XRD and XAFS analyses will indicate
points of changeover from sorption to precipi-
tation. Additional AFM studies will help to
understand inhibition and/or growth mecha-
nisms on the calcite powder and single crystal
surfaces. The results achieved to date provide
a basis for forthcoming experimental and
analytical work and are promising for advan-
ces in the application of calcite materials in
water treatment and phosphate recycling,
respectively.

Experiments investigating the interactions of
limestone powder and superplasticizers, with
regard to concreting, show uncommon disso-
lution and re-crystallisation pattern of calcite
at alkaline conditions. Further analytical work
is necessary to describe the observed beha-
viour of the admixtures during the experi-
mental run-time.

Results of quantum-mechanical calculations and
force-field modelling are useful to predict equi-
librium retention levels calcite minerals. In the
following project period, these methods will try
to solve or support specific problems investiga-
ted with experimental methods in the lab.
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Abstract

Powdered calcium carbonates from natural
sources are being widely used as fillers in adhe-
sive systems to improve processing and in ser-
vice performance characteristics. The conver-
ting of limestone and marble to adhesive filler
materials typically includes grinding and in
some cases precipitation and coating to adjust
particle size, processability and chemical reac-
tion with the adhesive. It has been frequently
observed that calcium carbonate powder bat-
ches with apparently similar particle-specific
characteristics (e. g. density, chemical composi-
tion and particle size distribution) may exhibit
significantly varying processing properties in
terms of their effect on rheology, curing and
adhesive performance of the adhesives formu-
lation. This indicates that different calcium car-
bonates as raw materials for fillers obviously
feature intrinsic characteristics which have not
yet been identified and examined sufficiently
and whose effect on the processing and pro-
duct characteristics of highly filled reactive
adhesive systems is essential to achieve a suffi-
cient level of process stability, batch-to-batch
reproducibility and last not least uniform pro-
duct quality. The aim of this research project
therefore is to reveal the structure-property-
relationship between the manifold calcium car-
bonate particle characteristics on one hand
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and the physicochemical and technical proper-
ties of the resulting adhesives formulation on
the other hand.

Introduction

Using leading edge analytical methods, the key
particle characteristics and their influence on
adhesive properties shall be identified to esta-
blish objectively measurable tolerance criteria.
The resulting process window is intended to
provide an optimum balance of technological
target values related to the storage and appli-
cation properties of the adhesive as well as its
material properties after curing within applica-
tion specific limits.

The variable parameters of the test matrix con-

sider the following factors:

— geological source of raw materials

— grinding process and grinding aids

— grinding degree (entire spectrum of particle
size distribution)

— modification state (uncoated, coated with
stearates)

The corresponding resulting analytical effort in
characterizing powdered calcium carbonate
particle properties is the following:

— porosity (Hg pressure porosimetry)
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Figure 1: STA of PCC 6 with derivative of the TG curve
— mineral surface (BET nitrogen adsorption) been analysed extensively. In general, the

— chemical composition of the particle surface
(Tof-SIMS, XPS)

— mineral composition and crystallinity (X-ray
diffractometry)

— zeta potential in aqueous suspension (PCD
measuring cell)

After dissolving the different calcium carbona-

te powders into representative adhesive for-

mulations at a defined filler to prepolymer ra-

tio the following adhesive properties are of

major importance:

— curing kinetics (DSC measurements)

— viscosity depending on shear rate (plate-
plate viscosimetry)

— sedimentation and phase segregation
during storage over a period of 6 months

— change in viscosity during a storage period
of 6 months

— thixotropy and sagging characteristics

Chemical and physical analysis of the cal-
cite fillers

In the first year of the project the physical and
chemical properties of 21 calcite samples have

ground samples (GC and GCC) showed a hig-
her amount of contamination by other mineral
phases (mainly quartz), larger primary grains
and a reduced agglomeration compared to
precipitated products (PCC samples).

The uncoated filler products (GC) differ largely
from the synthetic precipitated ones, the sam-
ples coated with stearic acid (GCC) having
intermediate properties. Depending on the
quality regarding crystalline quality and chemi-
cal purity these samples can be allocated to
one group or the other.

Based upon revision and validation of the
generated data, specific analytical methods
where employed to investigate the surface
properties of coated calcite. In particular the
nature of the coating agent (mostly technical
stearic acid) has been in the focus of attention.

Simultaneous Thermal Analysis STA (ther-
mogravimetry and differential scanning
calorimetry)

The decomposition of the coating agent has
occured at temperatures far below the thermal
decomposition temperature of carbonate (star-
ting at 825 °C). Other components detected
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Table 1: weight loss by decomposition of the coating agent

code Am [w%] code Am [w%]

GC 1 0.08 GCC 1 0.97
GC 2 0.12 GCC 2 0.98
GC 3 0.08 GCC 3 1.11
GC 4 0.11 GCC 4 1.21
GC5 0.10 GCC 5 1.30
PCC 1 2.95 GCC 6 1.76
PCC 2 7.29 GCC7 1.87
PCC 3 4.82 GCC 8 0.39
PCC 4 2.86 GCC 9 1.09
PCC5 2.64

PCC 6 4.52

PCC7 2.40

were physical and chemically bounded CO,,
(crystal-) water, early decomposing carbonates
or hydroxides, and miscellaneous organic con-
taminants.

Fig. 1 shows the decomposition progress of a
coated sample (PCC 6). The mass loss during
the mean interval (here: 210 to 400 °C) is close
— but not exactly — to the amount of the coa-
ting agent (compared to the weight loss of the
uncoated samples, as specified in table 1). In
addition to CO, and small amounts of water,
due to the partial combustion of the organic
compound, a component was detected, which
could be assigned to a technical stearic acid
composition (a mixture of stearic acid and pal-
mitic acid) by infrared spectroscopy respective-
ly its decarboxylated residue. Not all samples
however exhibit a continuous gravimetric loss
in weight. For some samples two or three dif-
ferent temperature ranges of decomposition
could be observed.

For each sample the decomposition tempera-
ture range was determined individually on the
basis of its gravimetric curve to minimize
weight loss not attributed to the decomposi-
tion of the coating.

Table 1 shows the gravimetric change of the
coated and uncoated samples in the decom-
position range. The three groups of samples
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can be clearly distinguished according to their
characteristic loss in weight. The significantly
higher values of the coated precipitated calci-
tes in comparison to the coated ground fillers
indicate a higher amount of coating agent due
to their smaller primary grain size.

The weight loss of the samples PCC 2, 3 and 6
is remarkably high and relates to the volume
fracture of particles smaller than 2 um, while
the BET-values of these samples on a same
level. Although GCC 7 and GCC 9 samples
have similar specific surfaces compared to the
PCCs, the mass loss rate is equal to those of
other GCCs. The data suggest that only small
amounts of the coating agent are chemically
adhered to the particles surface area.

Zeta-Potential

The zeta potential generally depends on
effects related to the particle surface. Hence
this parameter should be able to give evidence
of the surface occupancy. The potential was
determined using the DT 1200 equipment
from Quantachrome. The different calcite fil-
lers have initially been measured in an aqueous
suspension (8 g Powder to 72 ml water) in ac-
cordance with the usual procedure and titrated
with 0.1 M sodium hydroxide to show the
dependence of the potential with increasing
pH. Fig. 2 shows the correlation for the GC
samples. For samples GC1, GC2, GC3 and
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Figure 2: Zeta-potential as function of pH of uncoated calcites in an aqueous suspension

GC4 the potential decreases with increasing
pH values.

While the zeta-potentials of these samples are
located close to the isoelectric point sample
GC 5, which has a much higher specific surfa-
ce (BET) and a finer grain size distribution than
the other fillers, shows a much lower potenti-
al. The observed strong variation of zeta-
potential for different types of calcites has pre-
viously been reported in literature (P. Ney; Zeta-
Potentiale und Flotierbarkeit von Mineralen;
Springer-Verlag KG; 1973; 96-101.)

Coated Calcites have a tendency to bloat in
water. Using pure ethanol in preparing the
suspension however carries the risk of distorting
the measurement by small amounts of water
absorbed on different fillers due to their hygro-
scopic properties. To eliminate the influence fil-
ler humidity on the zeta-potential, GC, GCC and
PCC samples were measured in a defined etha-
nol-water mixture containing10 w% of water.
Table 2 gives an overview of the mean zeta-
potential data obtained in this way and the cor-
responding standard deviation (SD). The values
in column »Data 2« indicate results of validation
experiments carried out to investigate the repro-
ducibility of the described methodology.

Since a well-defined correlation of these results

with other calcite properties could not yet be
established, the data sets will be further exten-
ded to provide a basis for statistical correlation
analysis, which is intended to reveal complex
property-effect relations. For small values a
higher degree of deviation in the results needs
to be taken into account. The observed varia-
tions in the pH values of the samples (6.2 to 8)
have been established after several hours of
homogenisation. It should be noted that the
ph-values were obtained using a standard pH
sensor not being approved for use in alcoholic
solution. Therefore the collected pH-values can
be used for a qualitative comparison of the
behaviour of different fillers and no statement
can be made about the absolute accuracy of
the pH-values. It could however bee observed
that a change in pH has a significant effect on
the zeta-potential.

Therefore in a next set of experiments the pH-
value for all suspensions of fillers in a ethanol-
water mixture was uniformly adjusted to a pH-
value of 9.5 using an aqueous buffer solution
(NH5-solution 25 % (8 w%) / ammonia hydro-
gencarbonate (8 w%)). To avoid precipitation of
the buffer the ethanol to water ratio had to be
changed to 50:50. The results of the zeta-
potential measurements at pH 9.5 according to
this methodology are summarized in table 3.

In contrast to the measurements in table 2
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Table 2: Zeta-potential in an ethanol-water-mixture (10 w%)

code zeta-potential [mV] SD [mV] pH [-] SD []
Data 1 Data 2 D1 D2 Data 1 Data 2 D1 D2
GC1 28.1 26.5 0.6 0.9 71 7.2 0.2 0.1
GC 2 19.5 0.2 7.4 0.3
GC 3 56.7 39.5 54 1.9 7.3 7 0 0.1
GC 4 20.7 0.6 T 0.2
GC5 20.6 0.2 6.2 0
GCC1 3.5 0.4 6.6 0
GCC 2 6.2 0.2 6.7 0
GCC 3 -8 -9.8 0.1 1.1 7.7 Tk 0.1 0.4
GCC 4 -9 0.3 7.8 0,1
GCC 5 -16.5 0.1 8 0.1
GCC 6 45 0.1 6.9 0.1
GCC7 6.8 9.4 0.1 0.1 6.5 6.4 0 0.1
GCC 8 1.4 0 6.9 0
GCC 9 -13.5 0.1 8.2 0.1
PCC1 12.7 0.1 7.5 0.1
PCC 2 8.7 0.2 71 0
PCC 3 9.5 0.1 71 0
PCC 4 16.9 17.9 0.3 0.1 7.3 Tl 0 0
PCC5 9.3 0.1 6.3 0
PCC 6 5.6 0.1 7.3 0
PCC7 3.8 3.5 0 0.2 7.6 7.4 0.1 0

Table 3: Zeta-potential in an ethanol/ aqueous based buffer (50 w%) system with a constant pH value (9.5 +0.1)

code zeta-potential [mV] SD [mV]
Data 1 Data 2 D1 D2
GC1 -7.6 0.3
GC 2 -71 -3.9 0.1 0.2
GC 3 -7.6 0.1
GC 4 -7.9 -6.5 0.2 0.3
GC5 -13.6 0.2
GCC1 -13.7 0.6
GCC 2 -14.8 2.0
GCC 3 -16.6 14
GCC4 -17.3 1.5
GCC S5 -17.9 0.5
GCC 6 -15.3 -13.6 0.9 0.4
GCC7 -17.8 0.3
GCC38 -17.5 04
GCC 9 -15.2 -9.1 0.4 0.2
PCC 1 -12.8 0.2
PCC 2 -3.5 0.2
PCC 3 -6.1 0.1
PCC 4 -16.0 -11.5 0.2 0.2
PCC5 -22.9 0.6
PCC 6 -15.7 0.2
PCC7 -11.4 -8.6 0.2 0.1

zeta-potentials at a uniform alkalinity of pH
9.5 using an ethanol-water-ratio of 50:50 are
all located on a negative scale. The different
results indicate that the chemical environment
has a strong influence on the zeta-potential
analysis and that measurements using different
ethanol/water ratios should not be directly
compared to each other.
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Repeating seven measurements of the samples
GC 2, GCC 9 and PCC 4 exhibited standard
deviations of 23 %, 17 % and 11 %.

In practice the homogenisation of the coated
samples in the solution containing the chemi-
cal buffer appeared to be difficult due to foa-
ming and increasing viscosity of the suspen-
sion. These effects increased with an increa-
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Figure 3: Pore size distribution of GCC 9 powder sample

sing amount of coating agent but accurate
results still could be obtained.

Determination of porosity

The porosity was determined by Hg-porosimetry
(with AutoPore IV 9520 from Micromeritics)
using calcite powders as well as pellets, which
were isostatically cold-pressed at 2000 bar.
Both types of experiments have been used to
determine the open pore volume and the cavity.
Compared to the results obtained using powder
samples the porosity of the pellets generally has
been shifted to lower values. This serves as an
indication, that the porosity of the powder
before compression can be characterized as a
cavity type of porosity. Additional SEM imaging
gave no indication of open porosity up to a
detection limit of approximately 0.6 pm.

Density

For the full range of calcite fillers the density
was measured using a helium pyknometer (tab-
le 4). An increased amount of coating agent
causes a decrease of density. The difference bet-
ween the measured density and the to the the-

oretical value for pure calcite (2.715 g/cm3) can
however not exactly be related to the amount
of coating agent, because technical stearic
acid used in the coating process typically con-
tains undefined fractions of palmitic acid and
inorganic contaminants like SiO, and MgCOs .

Analysis of the surface interaction of coa-
ting agent and calcite

The chemical and physical analysis of the diffe-
rent coated and uncoated powdered calcite
samples reveals how the variable parameters
of the test matrix relate to the characteristic
particle properties of the 21 types of fillers. To
analyse the specific chemical and physical sur-
face interaction between the coating agent and
the calcite surface, calcite crystals were split and
the reaction of the newly generated calcite cle-
avage planes with stearic acid investigated using
FTIR-spectroscopy and ToF-SIMS.

In a first set of experiments reference FTIR-
spectra of the virgin calcite surfaces were col-
lected at different angles of rotation of the cal-
cite crystal in relation to the diamond tip of the
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Figure 4: Pore size distri-
bution of GCC 9 pellet
sample

code densitﬂglcm!’] SD [g/lcm?]
GC1 2.738 0.003
GC2 2.729 0.005
GC3 2.732 0.006
GC4 2.737 0.003
GC5 2.723 0.007
GCC1 2.685 0.004
GCC2 2675 0.005
GCC3 2.668 0.005
GCC4 2.659 0.006
GCC5h 2.662 0.007
GCC6 2.637 0.004
GCC7 2.632 0.009
GCC38 2.707 0.003
GCC9 2674 0.007
PCC1 2.544 0.006
PCC2 2.404 0.008
PCC3 2.493 0.009
PCC4 2.575 0.008
PCC5 2.574 0.008
PCC6 2.491 0.008
PCC7 2.598 0.009
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Figure 5: ToF-SIMS mapping of the distribution of stearic
acid on the surface of calcite crystals after desorption in
isopropanol (negative polarity)

FTIR-spectrometer. Due to the optical anisotro-
py of the calcite crystal a constant angle of
rotation needs to be maintained in comparati-
ve measurements. The virgin calcite surface
was then coated with stearic acid at 70 °C
which is to a large degree similar to the indu-
strial coating process of the powdered calcite
fillers. The presence of stearic acid on the cal-
cite surface could afterwards be easily detec-
ted by FTIR-spectroscopy.

To find out whether the nature of the surface
adhesion between stearic acid and calcite is
dominated by physical or chemical interaction,
it was attempted desorption of excessive stea-
ric acid was carried out in isopropanol at
ambient temperature. Surprisingly 30 seconds
of immersion in isopropanol at ambient tempe-
rature were sufficient to completely remove the
stearic acid from the calcite surface, at least
beyond the threshold of sensitivity of the FTIR-
analysis. Compared to the spectra of the virgin
calcite surface immediately after splitting, the
IR-spectra of the desorbed calcite surfaces show
characteristic peaks indicating the presence of
CO32- which could not be observed before the
coating and desorbing procedure.

To take advantage of a higher resolution and
sensitivity, additional analyses were conducted
using ToF-SIMS at the Institut fur Oberflachen
und Schichtanalytik (ifos) in Kaiserslautern. The
ToF-SIMS measurements confirmed the results
of the FTIR-experiments in so far, as most of the

stearic acid seemed to have been removed after
desorption in isopropanol. However at the edge
of fracture planes a higher amount of residual
stearic acid had collected which obviously resi-
sted desorption due to a strong surface interac-
tion. The total amount of this stearic acid residue
found by ToF-SIMS analysis however is below the
detection threshold of the FTIR-spectrometer.

The results above suggest, that a strong surfa-
ce interaction between calcite and stearic acid
occurs predominantly at dislocations like edges
and fracture planes. Transferred to the case of
coated powdered calcite fillers this observation
could lead to an explanation of the difference
in filler properties due to parameters related to
the geological origin and parameters of the
grinding and coating process. Further experi-
ments and analyses including defined coating
and desorption of stearic acid in combination
with calcite crystals and calcite powders are
planned to gain further insight and understan-
ding of the calcite-coating and calcite-polymer
interaction in highly filled adhesives.

Technical adhesive product validation
Various application-specific test methods have
been established to characterize the uncured
adhesive material In terms of e.g. storage sta-
bility, extrudability, sagging behaviour, sprea-
ding and wetting. The difference in curing cha-
racteristics, which have been previously investi-
gated by Dynamic Scanning Calorimetry (DSC),
in practice determine the pot life and the incre-
ase of shore hardness as a measure for the
curing adhesives cohesive strength.

In this part of the project the correlation bet-
ween the chemical-physical properties of the
different calcite fillers (published in the first
science report of this project) and the technical
product properties of a polyurethane adhesive
formulation including these fillers, have been
investigated.

Sedimentation behaviour after storage

Sedimentation during storage is an undesired
phaenomenon because segregation of the
adhesive formulation leads to non-uniform
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Figure 6: Sedimentation after
different storage times at 50 °C
(1, 4, 8, 12 weeks)
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Figure 7: Sedimentation behaviour of polyurethane adhesive with different calcites

product properties (Fig. 6). If segregation
occurs during storage, the liquid and solid pha-
ses have to be remixed and homogenised
before application which causes increased eff-
ort and expenses.

After preparing adhesive formulations using
the different types of uncoated and coated fil-
lers the amount of supernatant was measured
after a storage period of six months at room
temperature and at 50 °C (Fig. 7).

Especially after storage at 50 °C a correlation
between the used calcite filler and the sedi-
mentation in the polyurethane adhesives A
component becomes obvious. The GC types
with low BET values generally tend to segrega-
te more than the GCC calcites with larger BET
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values. GCC 8 represents in so far an excep-
tion, as its level of sedimentation characteristic
is more similar to the GC types of fillers.
Because of their small particle size causing
high adhesive viscosities, all PCC fillers exhibit
no sedimentation at all.

Extrusion behaviour

The extrusion behaviour is an important featu-
re directly related to the dispensing of an adhe-
sive. In hand operated dispensing tools the
extrusion behaviour relates to the effort neces-
sary to squeeze a certain amount of adhesives
through the dispensing tip. The extrusion rate
was determined using a pneumatic cartridge
dispenser at an operating pressure of 5000 hPa
and measuring the amount of adhesive dispen-



Figure 8: Measuring the cartridge extrudability of an
adhesive-filler-formulation

sed in a defined period of time (Figure 8).
Results in Figure 9 are expressed in g/s units.

Similar to the results shown in the chapter
before the extrusion rate depends on the phy-
sical characteristic of the calcite filler. The GC
formulations with a low viscosity, based on the
low BET of the filler, have a higher extrusion
rate in opposition to the GCC and PCC types.
The same exceptions as in Figure 7 are visible,
GCC 7 is similar to the PCC group and GCC 8
looks like a GC calcite.

Sagging

Sagging relates to flow of an adhesive rope
under the effect of gravity (Figure 10). To de-
terminate sagging according to EN ISO 14678,
an adhesive rope with a certain diameter is app-
lied to a vertical metal plate and the distance of
flow after one minute is measured (Figure 11).

Figure 11 illustrates, that sagging predominant-
ly occurs when uncoated GC fillers are being
used. GCC8 and GCC1 however also exhibit a
significant amount of sagging. The sagging
characteristic of the GC types of fillers relates

to their BET value and particle size.

Sagging does generally not occur when PCC
types of fillers are being used in the adhesives
formulation.

Curing characteristics

Curing of the reactive adhesive starts after
mixing the A and B component. The term »pot
life« relates to the period of time during which
the mixed adhesive can be handled and app-
lied without the risk of loss of adhesive perfor-
mance due to an advanced level of curing lea-
ding to a higher viscosity of the adhesive and
poor wetting properties. Once the transition
from the viscous to the solid state of the adhe-
sive is accomplished, the shore hardness gives
an indication of the attained level of cohesive
strength until the curing reaction is completed.

Pot life

The pot life was determined by measuring the
increase in viscosity after mixing both reactive
components. The pot life is considered to have
expired, once the viscosity has doubled its initi-
al value (Fig. 12).

It should be assumed, that the chemical reac-
tion between the coating agent (stearic acid)
and the adhesives formulation causes a reduc-
tion in pot life. The exception represented by
GCC2, PCC4 and PCC7 however suggest, that
inverse effects related to other particle proper-
ties can cause prolonged pot life even in the
presence of coated fillers.

Shore A hardness

The progression of the shore hardness in time
relates to the speed of cure of a certain adhe-
sive formulation. This parameter is especially
important to determine the time, when an
adhesively bonded structure has developed a
sufficient initial load capacity and can be hand-
led for further manufacturing steps. To access
this characteristic a specimen with defined
thickness (5 mm) is cured under normal clima-
teat23°Cand 50 % r. h. and the shore A hard-
ness is measured (Fig. 13).

As in the case of the pot life, the results of the
shore A hardness after 6 hours of curing show
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Figure 9: Extrusion rate at 5000 hPa and 23°C with a polyurethane A component including different fillers

Figure 10: Sagging of an adhesive rope on a vertical adherent surface
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Figure 11: Flow behaviour of polyurethane A-component with different calcite fillers
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Figure 13: Shore A hardness of a polyurethane mixture with different fillers after different curing time

a non-uniform characteristic. To identify multi-
dimensional property-effect-relations sophisti-
cated mathematical methods of regression
analysis have been applied in the course of the
project taking advantage of the generated
database now comprising sets of analytical
particle characteristics, chemical and physical
adhesives properties as well as technical pro-
duct features.

Analysis of property-effect-relations of
calcitic fillers in adhesives

The data based mathematical analysis is focu-
sed on gaining insight into the influence of
intrinsic properties of calcitic fillers on the che-
mical/physical as well as on the technical pro-
perties of the corresponding formulated adhe-
sives. For this purpose data from validated
measurements were provided for 21 different
calcitic fillers, each of them belonging to one
of the three groups GC, GCC or PCC.
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For the basic characterization of the different
fillers various parameters concerning for exam-
ple the chemical composition, the zeta poten-
tial, the specific surface and the distribution of
particle sizes were chosen. In order to keep the
number of potential influence parameters as
small as possible, the shapes of the particle
distributions were analyzed in such a way that
they can well be approximated via 5 parame-
tric bimodal densities. A further analysis of the
so-defined input parameter space was carried
out to detect and eliminate multicollinearities.
As a first result it could be confirmed that 6 of
the input variables can be explained on a 95%-
level via linear combinations of the remaining
independent ones.

In the next step of this subproject mappings
between the set of remaining influence para-
meters and the set of the corresponding adhe-
sive properties, the so-called output parame-
ters, will be identified via the estimation of
mathematical regression models. In order to
account for the unbalance between the num-
bers of model parameters to be estimated and
the available measurements, a further reduc-
tion of the input space via principal compo-
nent analysis, respectively factor analysis will
be performed previously. As models for regres-
sion purely linear models as well as models
that are non-linear in their parameters will be
considered. In parallel a partial least squares
regression (PLS) approach, that simultaneously
considers the structure of the output space,
will be investigated. Finally the best model for
each of the adhesive properties will be identi-
fied via cross validation technigues. A study of
the corresponding relevance diagrams that are
computed from the identified models then is
expected to reveal the impact of the individu-
al calcitic filler properties on the chemical/phy-
sical as well as on the technical properties of
the corresponding formulated adhesives.
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OAP process optimization

Based on classical quality management tools
according to Ishikawa, FMEA and R&R, the
FGK has developed a method of process capa-
bility analysis (OAP method: Output Accepted
Process), with which natural mineral raw mate-
rials (clays, kaolins, feldspars, carbonates) are
tested for their influence and their stability in
manufacturing processes. To identify the domi-
nant process parameters and their range, to
control the coating process in an industrial
environment, a first inventory of the proces-
sing steps, the critical parameters and the
actual process control was performed accor-
ding to the OAP® procedure in cooperation
with the industrial partner. In this inventory the
actual process and product flow as well as the
status of the process control (including the
handling of non-conformities) »as is« was ta-
ken into account, indicating a high degree of
process capability and closed loop controls. On
the basis of the chemical and physical analysis
of the calcite fillers additional parameters have
been identified, which may be used e. g. in the
filler coating process as a basis for raw materi-
als and process control. Due to the lack of suf-
ficient detection and measurement possibilities
these parameters can however only be asses-
sed as sum-parameters, which impedes their
specific use and integration in the actual pro-
cess control.

Therefore during the upcoming phase of the
project additional effort will be taken to qualify
methods like e.g. the measurement of the zeta-
potential of a filler suspension and to imple-
ment them into an enhanced process control,
as described in the phase model presentation
of the adhesive production (Fig. 14).
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Figure 14: Simplified phase model presentation of the adhesive production process using calcite fillers, including the

additional control factors specified for the coating process

Summary

In the current stage of the project the identifi-
cation of the intrinsic, chemical-physical mate-
rial characteristics of the filler particles to a
large degree has been accomplished. The
influence of various types of fillers on the flow
behaviour and curing reaction of adhesives
was previously investigated by means of rheo-
logy and analysis. Technical test methods,
which are specific to the use of adhesives, have
now been applied adjacent to the analytical

technigues of the objective chemical and phy-
sical property characterization. The technical
product validation comprises aspects related to
storage stability and processing properties
(before curing), and »material properties« (af-
ter the curing process).

The acquired experimental data are being cor-
related and evaluated by means of advanced
regression analysis. As a first result it could be
confirmed that six of the filler property input
variables can be explained on a 95 %-level via
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linear combinations of the remaining indepen-
dent ones. In the next step mappings between
the set of remaining influence parameters and
the set of the corresponding adhesive proper-
ties, the so-called output parameters, are iden-
tified via the estimation of mathematical re-
gression models. In order to account for the
unbalance between the numbers of model pa-
rameters to be estimated and the available
measurements, a further reduction of the in-
put space via principal component analysis,
respectively factor analysis will be performed.

To analyse the specific chemical and physical
surface interaction between the coating agent
and the calcite surface, calcite crystals were
split and the reaction of the newly generated
calcite cleavage planes with stearic acid inve-
stigated using FTIR-spectroscopy and ToF-
SIMS. The ToF-SIMS measurements and the
results of the FTIR-experiments reveal that a
large amount of coated stearic acid can easily
be removed from the calcite surface by des-
orption in isopropanol. However at the edge of
fracture planes a higher amount of residual
staric acid had collected which obviously resi-
sted desorption due to a strong surface inter-
action. Projected to the case of coated powde-
red calcite fillers this observation could lead to
an explanation of the difference in filler pro-
perties due to parameters related to the geolo-
gical origin and parameters of the grinding
and coating process. Further experiments and
analyses including defined coating and desorp-
tion of stearic acid in combination with calcite
crystals and calcite powders are planned to
gain further insight and understanding of the
calcite-coating and calcite-polymer interaction.
To identify the dominant process parameters
and their range, to control the coating process
in an industrial environment, a first inventory
of the processing steps, the critical parameters
and the actual process control was performed
according to the OAP® procedure in coopera-
tion with the industrial partner. On the basis of
the chemical and physical analysis of the calci-
te fillers additional parameters have been iden-
tified, which may be used e.qg. in the filler coa-
ting process as a basis for raw materials and
process control once the corresponding analy-
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tical methods have been sufficiently qualified for
their application in an industrial environment.
In the future the knowledge of the technically
relevant characteristics of the calcite filled
adhesives provides the basis for avoiding the
risk of deviating batches due to fluctuations in
the supply of raw materials and the potential
to reduce the effort in selecting new cost-opti-
mised sources of raw materials. As a result the
development cycles of new adhesive products
with improved application characteristics are
shortened and new adhesive products with
improved characteristics will be available to
e.g. the transportation or the building and
construction industry.
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Abstract

During mechanical tunnel driving in fine grai-
ned soil or rock the excavated material often
sticks to the cutting tools or conveying system,
which may cause great difficulties in its exca-
vation and transport. In the InProTunnel project
this problem is faced on different scales parti-
cularly for the method of Earth Pressure Ba-
lanced (EPB) shield tunnelling. Major influences
from tunnel boring machine (TBM) operation
are identified by project data analyses, clog-
ging propensity is evaluated by a new labora-
tory test, alternative manipulation techniques
are developed based on modifications of the
physico-chemical and electroosmotic beha-
viour of clay minerals and will be tested in an
especially designed clogging test system.

1. Introduction

In the course of the joint research project »Inter-
facial Processes between Mineral and Tool
Surfaces - Causes, Problems and Solutions in
Mechanical Tunnel Driving« (InProTunnel) the
problem of clogging during tunnel driving in
fine grained soil or rock is investigated particu-
larly for the method of EPB shield tunnelling.

Clay and Interface Mineralogy, RWTH Aachen University

2) Chair of Engineering Geology and Hydrogeology, RWTH Aachen University

Three university institutes and four industrial
partners are working on new techniques to
identify the relevant effects and interactions on
different scales. Furthermore, new manipula-
tion methods for the avoidance or reduction of
adhesion-caused impacts are investigated. The
resulting proposals for solution will have a
positive effect on the efficiency, sustainability
and profitability of tunnelling projects.

In a first step, data deriving from TBM opera-
tion, geological and environmental parameters
are analysed (cf. ch. 2). Detected correlations are
used to identify positive or negative effects with
respect to the sticking of excavated material to
the cutting tools or transportation equipment.

Secondly, new laboratory tests to investigate
and classify different soils and rocks are deve-
loped as until now no suitable test procedure
or classification scheme for the clogging po-
tential is available (cf. ch. 3). The adhesion of
clays or clayey soft rocks in mechanical tunnel
driving has already been investigated in several
research projects (Jancsecz 1991, Wilms 1995,
Thewes 1999, Burbaum 2009); nevertheless,
no generally accepted (standardized) test cur-
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Figure 1: Graphical multi-axes evaluation of TBM and geological/geotechnical data

rently exists to determine the clogging beha-
viour from a practical (tunnel) construction
point of view.

Clay minerals show a mechanical behaviour
which cannot simply be extrapolated from clas-
sical soil mechanics. The mechanical properties
of fine-grained soils like clays are intimately rela-
ted to the chemical properties of the respective
minerals and pore fluids. Additionally, it is well
known, that electric fields strongly affect the
mechanical behaviour of soft soils. Since these
processes are of great importance for the occur-
rence of adhesion and/or clogging as well as for
the development of methods for their reduction
the acting mechanisms are investigated on the
micro scale in a third part of the project (cf. ch. 4).

Finally, new manipulation techniques based on
chemical modifications as well as electroosmo-
tic methods will be tested in a realistic test
setup. These tests are presently in the design
state (cf. ch. 5).

2. Data Analysis from TBM tunnelling
projects

2.2. Project Database

The data generated by tunnel driving with
TBM (penetration, thrust forces, pressures of
annular grouting etc.) are crucial information
for the interpretation and prediction of advan-
ce rates and potential troubles. The same applies

12

for survey data and geological or geotechnical
information.

Based on a powerful SQL database an applica-
tion to collect, store, process and analyse the
data of tunnel projects has been developed.
Project partners have direct access to the data-
base by means of a web-based graphical user
interface (GUI). The application is designed as
a socalled »thin-client« based on a central ser-
ver database. Thus the application is indepen-
dent from operating system and can be acces-
sed from anywhere via internet. Only an inter-
net browser is needed to run the application.

The basic function of the database is the sto-
rage of TBM data. Moreover, survey and geo-
logical/geotechnical data or any other type of
process data referenced to chainage or time
can be incorporated. All kinds of data can be
processed and analyzed in graphical or tabular
format regarding chainage or time. Standardiz-
ed charts and tables as well as individual ones
can be generated. Even a multiaxes evaluation
of the data is feasible. Thus, the system is
capable to interconnect all data of a project to
become aware of existing correlations. Detec-
ted correlations can be used to identify positi-
ve or negative effects from different parame-
ters with respect to e.g. the degree of sticking
of excavated material.

In the framework of the InProTunnel project da-
ta from one tunnel project in southern Germany,



where clogging problems were encountered, are
available in the database. In figure 1 values for
the local water inflow at the face, the relative
amount of sticking of excavated material to
the cutting wheel as well as the contact force
of the cutter head are given for an approxima-
tely 3 km long tunnel part. Moreover, the
respective geology is plotted in the background.
The chart shows, that the clogging of the cutter
head is strongly related to the water inflow at
the face which is directly linked to the respec-
tive geology. Another fact is, that the sticking
of excavated material to the cutting tools leads
to an increasing contact force of the cutter
head, when regarding the respective geology.
The needed energy and the corresponding
construction costs increase.

2.2. Influences on clogging from geology

and TBM operation

When regarding the processes that lead to

clogging problems in a TBM drive one has to

distinguish between primary and secondary

causes. Primary causes are mainly the follo-

wing geotechnical conditions:

— The composition of the subsoil, especially
the type and amount of clay minerals,

— The slaking durability,

— The water content of the soil prone to clog-

ging and/or the availability of free water in the

adjacent soil.

In this connection not only one layer or type of

soil has to be regarded, but all materials that

will be excavated at the same time have to be

taken into consideration.

The secondary causes of clogging result from
the interaction between cutting technology and
subsoil. During the excavation and transport of
the material the mechanical wear causes a loss
of strength which may even lead to a complete
disintegration of the composite structure. The
varying consistency of the fine grain fraction
and its percentage with respect to the total soil
mass are major influences on the clogging pro-
pensity. In several TBM drives it could be obser-
ved, that a higher sand fraction in the excavated
material led to considerably lower adherences.

Adherences may occur at all surfaces that are

in contact with the excavated material during
excavation, transport or disposal. The material
first sticks to the tool surfaces due to adhesion
forces. Clogging problems will follow when
the amount of adhering soil leads to a narro-
wing in the transportation ways:

— The material is compacted and pressed to
the tool surfaces or already adhering soil. By
this, also material that normally shows no
clogging propensity often tends to stick.

— Because of the possibly high pressure the
adhesive forces may be considerably higher
as well.

— If the inner strength of the soil (cohesion) is
higher than the forces acting during excava-
tion and (unpressurised) transport soil
agglomerations can persist. When pressed
through narrowings these aggregates may
be squeezed or sheared. This leads to an
exposure of their inner parts, where the
water content and the clogging tendency is
often much higher than in the rest of the
excavated material.

If the adhering soil has no lateral support, high
adhesive forces and/or cohesion is needed to
prevent it from breaking of. Usually clogging is
observed much less on moving parts, where not
only gravitational forces like on stationary parts,
but also rotational or shear forces are acting.
However, the mechanical wear of the material
in connection with the machinery working on
the TBM leads to a massive rise of the tempera-
ture, which again results in very tough and per-
manent adherences. This can be very unfavou-
rable, when these hard adherences act as a
kind of support for softer material. For exam-
ple, during a TBM drive the roller bit boxes are
often filled with fairly wet soil. On the frontside
and the backside this material is sliding (rota-
ting) over the material in the excavation cham-
ber or at the tunnel face, which frequently leads
to the described effects. Such kind of adheren-
ces can be very long-lasting and can be carried
far beyond the areas of subsoil that is originally
prone to clogging.

As already seen before (cf. Fig. 1) the occur-
rence of clogging is very much dependent on
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Figure 2: Adherences in the roller bit box of an EPB-TBM

the availability of water and the resulting con-
sistency of the excavated material. When the
original subsoil is relatively dry and only the
tunnel driving operations cause a contact with
water, then sometimes layered adherences are
formed. In figure 2 heavily protracted adheren-
ces with such a layered structure are shown.
The original colours are grey in the inner part
(1), brown (2), grey (3) and light grey on the
surface. When the picture was taken, the
outer cutting wheel openings were almost free
from clogging. Only the roller bit boxes sho-
wed the protracted adherences from earlier
occurrences of water inflow. In the cross sec-
tion A-B it can be seen how the adhering soil
has been pulverized in the (rotating) contact
surface to the material in the excavation cham-
ber, has lost water due to the high temperatu-
re and changed its colour from a dark to a ligh-
ter grey. This very hard layer acts as a kind of
protection for the softer soil within the roller
bit box, which had to be removed by hand in
the end.

3. Laboratory testing of the clogging
behaviour

3.1. Cone pull-out test

For a better identification and quantification of
the mechanisms affecting the clogging beha-
viour on a laboratory scale, the so called »cone
pull-out test« has been developed (Feinende-
gen et al. 2010). The equipment and the test
procedure are shown in figure 3.
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The sample material is compacted in a stan-
dard proctor device, a steel cone is inserted
into a pre-drilled coneshaped cavity and loa-
ded for 10 minutes with the magnitude of the
applied load between 3.8kN/m2 and 189kN/m?2
depending on the consistency. The load is then
taken off and the specimen is placed in a test
stand where the cone is pulled out with a velo-
city of 5 mm/min. The tensile forces and the
displacements are recorded.

Different clay types with varying mineralogy
and plasticity have been tested up to now in a
number of test series with different cones and
soil consistencies. Table 1 shows the relevant
properties of some selected clays.

3.2. Preliminary tests

In the following, some exemplary results of
preliminary tests on the so called »clay 3«, a
medium plastic clay from a quarry in the Wes-
terwald (Germany) are illustrated. One impor-
tant difference -amongst others- was, that the
test cones in the later main experiments (cf. ch.
3.3) consisted of stainless steel, which has dif-
ferent surface characteristics than the con-
structional (black) steel that was used in the
preliminary tests. The results thus cannot be
compared directly.

It should be mentioned, that all curves shown
in the following normally represent the mean
values of four tests. Only when the deviation is
too large, the respective data are neglected.

Figure 4 shows the progress of the vertical ten-



Table1: Tested clays

Figure 3: Cone pull-out test

Clay 3 13 14 15 16
Plasticitylr | % | 276 | 211 | 129 | 50.7 | 385
Liquid Lim.w. | % | 47 493 (18597 | 723 | 455
Plastic Lim.wp | % | 194 | 28.2 | 30.7 | 21.6 70
Lossonign. (% | 4.1 3.9 2.6 4.9 n.d.
Calciumcont. | % | 0.1 01 0.2 16.4 | nd.
<0.063 % | 88.0 | 88.0 | 97.0 | 95.0 | 96.0
<0.0002 % ]| 72.0 | 59.0 | 33.0 | 49.0 | 86.0
Smectite % - 20 | 350 | 175 | 100
Kaolinite %] 295 | 652 | 36.0 | 395 -
llite %] 235|125 | 70 | 200 -
Calcite % - - - 4.0 -
Chilorite % - - 1,0 - -
Quarzite %| 47 203 | 15.0 | 16.2 -

sile stresses for clay 3 tested with different
cone inclinations at a consistency of I = 0.70.
It can be seen, that with the »nearly flat« cone
0 (10°) tensile forces can only be measured for
displacements less than 3mm, while with the
»steep« cone 4 (72.6°) they are acting over a
quite large range up to 11Tmm. After several
comparative tests, only cone 3 (58°) was used
furthermore, since it provided the most cha-
racteristic results for all analysed soils.

In figure 5 the respective results for different
consistencies tested with cone 3 are shown.

Here the stiff material (I = 0.85) shows quite
high tensile stresses at very short displacement
ways whereas for the softer material the maxi-
mum decreases with tensile forces still acting
over large ways. An integration of these tensi-
le stress-displacement curves delivers the »Pull
Energy« which represents the energy that is
needed to pull the cone out of the soil.
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Figure 4: Tensile stress - displacement curves for different
cone inclinations
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Figure 6: Adhering soil for IC = 0.20 and IC = 0.4
(0° = viewing direction)

In addition to the tensile stress measurements,
after each test the mass of adhering soil (cf. fig.
6) was determined by weighing. This parameter
is defined as »adherence« in the following.

When plotting the pull energy, which was deri-
ved from the tensile (= bond) stresses, over the
consistency and comparing it to the measured
adherences, a good correlation could be obser-
ved from the first tests series (fig. 7). Both the
clogging potential as well as the adherence
show relatively high values in a soft to stiff
consistency and a decrease towards the »wet«
and the »dry« side. This corresponds quite well
with the experiences from practice (Weh et al.
2009a, b). Clogging problems mainly occur,
when the material in the excavation chamber
is in or gets into a plastic state. They are usual-
ly much smaller when the soil is very dry or
near liquid.
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Figure 5: Tensile stress - displacement curves for different
consistencies
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Figure 7: Pull energy and adherence over consistency

3.3. Main experiments

In the main experiments four different clays
were examined: clay 13, like clay 3 from the
Westerwald; clay 14, the extremly plastic so
called »Ypresian Clay« (= »London Clay«); clay
15, the again well-known »Boomse Klei« and
clay 16, which represents a pure smectite.

In figure 8 the curves of the pull energy over
the consistency are shown for these four clays,
whereas in figure 9 the corresponding adher-
ences are plotted. It can easily be seen, that the
(quantitative) correlation of these curves is not
always as good as in the preliminary tests, but
the (qualitative) shape is still somehow similar.
Nevertheless, from figure 9 a direct compari-
son of the four soils can be drawn. Clay 14,
the »Ypresian Clay«, shows a characteristic
steep developing with a very high maximum of
adherence (1150 g/m?) at a consistency of I =
0.54. The curves for clay 15, the »Boomse
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Figure 10: Draft of a classification scheme

Klei« and the pure smectite (clay 16) are more
even with considerably lower adherences of
275 g/m2 and 350 g/m? respectively. Finally, for
Clay 13 from the Westerwald the maximum
value of 700 g/m2 lies in between, but the cur-
ve is a bit irregular.

3.4. Evaluation of the clogging potential
Based on the results obtained so far, a draft of
a classification scheme to quantify the clog-
ging potential of different fine-grained soils
has been developed (fig. 10). Classes of high,
medium and low clogging potential are assig-
ned to the diagram with the adherences deri-
ved from the cone pull-out tests plotted over
the consistency.

One can directly identify the very high risk of
clogging for clay 14. In particular, the sharp
increase of the curve up to the maximum of
1150 g/m2 is a strong indication for problems
to be expected. Also Clay 13 with a maximum
adherence of 700 g/m2 will lead to extensive
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1200 —
n ——Clay 13

[T -®Clay 14
1000 - 1 1 1 -+ o - { = ‘Clay 15
i == Clay 18 |

@
a
=1

Adherence [g/m®]
@
2
o

00 0.1 0.2 0.3 04 05 08 o7 08 08 1.0
Consistency Value L; [-]

Figure 9: Adherence over consistency

clogging. But also for the two other clays note-
worthy adherences have to be reckoned with.

In this connection it should be mentioned, that
all clays presented here were deliberately cho-
sen as »sticky« clays. Other samples were exa-
mined that showed adherences of less than
100 g/m2 and can thus be defined as »not
prone to clogging«. Anyhow, the ranges of
high, medium and low clogging potential are
up to now defined arbitrarily. There is still a
strong need for a verification by the EPB tun-
nelling praxis!

4. New manipulation techniques

4.1. Theoretical background of the chemo-
mechanical coupling of clays

Clay minerals are characterized by strong elec-
trical attractive and repulsive forces that vary
significantly in magnitude depending on mine-
ralogical composition and the charge on their
surface as well as on their edges. Thus the clay
mineralogy becomes important in geotechnical
engineering with fine-grained soils. The region
in the particles size vs. stress field where
chemo-mechanical coupling may take place
reflects the relevance of double layer pheno-
mena as well as the relative balance between
local contract-level electrical forces and boun-
dary-skeletal forces resulting from Terzaghi’s
effective stress (Santamarina et al. 2002).

The chemo-mechanical coupling plays an
important role for the engineering response of
the material. Numerous authors have already
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Figure 11: Variation of the liquid limit of Smectite and Kaolinite for different dielectric constant (left) or electrolyte con-

centration (right) of pore fluids (after Spagnoli et al. 2010b)

investigated the problem (Mesri and Olson
1970; Anandarajah and Zhao 2000, Spagnoli
et al. 2010a). Dielectric constant and electroly-
te concentration of the pore fluids are impor-
tant controlling parameters, particularly in the
case of 2:1 expanding clays such as Smectite.
Kaolinite (1:1 non-expanding clay) and lllite
(2:1 non-expanding clay) do not respond in the
same way. In fact, they have a very thin diffu-
se double layer (DDL) expansion (Gajo and
Maines 2007) due to the negligible isomorphic
substitution. With increasing salt concentra-
tion the DDL thickness decreases leading to
smaller specimen volume. For the following
discussion, it will be assumed that the DDL the-
ory is applicable.

Clay particle systems are frequently described
as a series of parallel clay particles. The Pois-
son-Boltzmann equation (Mitchell and Soga
2005) for a single particle can be used to
obtain the midplane electrolyte concentration
and potential between two particles. An
approximate indication of the influences of
particle spacing and pore fluids chemistry can
be seen in terms of thickness of the DDL.
However, the variation of liquid limit for
Kaolinite with fluids of different dielectric con-
stant or electrolyte concentration is almost
negligible compared to the variation which
occurs for Smectite (Fig. 11). The difference in
chemo-mechanical behaviour of Kaolinite and
Smectite is probably due to the existence of
two different mechanisms governing the liquid
limit. One mechanism might be controlled by
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the thickness of the DDL which governs the
liquid limit. Sridharan and Venkatappa Rao
(1975) stated that the liquid limit of soils is
mainly controlled by the amount of DDL held
water. The most important conclusions, con-
cerning the structure of the double layer as
function of the electrolyte concentration (and /
or dielectric constant) of the fluid is, that the
extension of the double layer in solution decre-
ases with increasing electrolyte concentration
(or decreasing dielectric constant).

This can be seen from the fact that the liquid
limit for Smectite is 455 % with water and
89% with a non polar fluid. Since liquid limit is
the amount of fluid which must be added to a
soil to allow the layers most distant from the
soil particle to acquire the properties of free
water (Sridharan et al. 1988), it can be stated
that the fluid content at the liquid limit is con-
tributed also by the fluid content due to the
diffuse double layer. Therefore, the liquid limit
is @ measure for water (or fluid) held as double
layer water (held with rigidity) plus water (or
fluid) in the liquid state. For this reason, the
decrease in liquid limit for Na-Smectite with
non-polar fluids can be explained by a sup-
pressed or thin double layer which is in accor-
dance to equation (1).

(28]

where 1/k is the DDL thickness (in nm), T is the
absolute temperature given in K, ng the ionic
concentration in the bulk solution in mol/l, ¢,
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Figure 12: € - potential measurements for Kaolinite (left) and Na-Smectite (right)

and ¢ are the electric permittivity of vacuum and
the relative dielectric constant of the pore fluid,
respectively, whereas v? is the valence of the
prevailing cation. The constants are the elemen-
tary charge (e = 1.602-10-19 C) and the gas con-
stant (R = 8.3145 J/mol-K) (Israelachvili 1997).

For Kaolinite a change in the fluids dielectric
constant (or electrolyte concentration) does
not lead to any appreciable change in double
layer thickness. In addition, it could be stated
that the DDL for non-swelling clays is very
small or not existing. Hence, the diffuse double
layer approach does not apply for such clays.

4.2. Z-potential measurements

The electrokinetic behaviour of clay suspen-
sions was investigated using an electroacoustic
technique (DT1200 C-potential analyzer, Dis-
persion Technology, Inc., USA), which is based
on the determination of the dynamic mobility
obtained from the electrokinetic sonic amplitu-
de signal (ESA) of the charged particles in non-
dilute suspensions (Galassi et al. 2007). Simulta-
neously the electrophoretic mobility p is calcula-
ted using the following equation (Dukhin and
Goetz 2002):

1= ——— " G(s, )] + F(Du,m,p))
3n(p, — PP,

)

where ¢ is the dielectric constant of pore fluids,
&g the dielectric constant of the vacuum, pp the
density of the particles, ps the density of the
dispersion, pm the density of the medium, G is
a function, Du the Dukhin number, o the fre-
guency and ¢ the volume fraction (Dukhin and
Goetz 2002). The advantage of this technique
is the ability of propagating ultrasound
through samples that are not transparent for

light and therefore this technique offers a uni-
gue opportunity to characterize concentrated
dispersions (Dohnalova et al. 2008).

In figure 12 the variation of the C-potential for
dispersions of Kaolinite and Na-Smectite with
different ionic strength and pH is shown. It can
be observed that for Na-Smectite, the T-poten-
tial is negative for the whole pH interval. It is
essentially independent of pH. In contrast, the
C-potential of Kaolinite becomes more negati-
ve with increasing pH. Increasing the ionic
strength the values of C-potential become less
negative. With a 1M electrolyte concentration
for both materials, the T-potential is slightly
positive (between 2 and 3 mV). Experimental
results show that the CT-potential is in general
more negative at high pH, low ionic concen-
tration and low ion valence (Santamarina et al.
2002). The increasing negative T-potential of
Kaolinite in case of pH rise can be attributed to
the deprotonation of the aluminol group on
the edges of the Kaolinite, forming a comple-
xed anion which contributes to the rise of the
negative surface charge and subsequently to
an increase of the repulsive forces among par-
ticles. The different electrokinetic behaviour of
the tested clays results from the fact that
Kaolinite has OH™ termination sites on the
gibbsite face as well as on the edges, while
Smectite has OH™ sites only on the edges
which play a negligible role in determining the
electrokinetic parameters (dominated by the
constant negative charge of faces) of Smectites
(Benna et al. 1999). Others have found that the
C-potential of Smectite, though relatively con-
stant at - 30 mV between 10-> and 102 M, did
fluctuate up to 10 mV with changes in the
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Figure 14: Variation of the clogging for Na-Smectite mixed with water or 1 mol/l NaCl (left)

and with additional application of an electrical field (right)

concentration of indifferent electrolyte (Hunter
1981). As only 5% of the negative charge of
the 2:1 clay minerals is controlled by the pH
value, whereas 50% or more of the surface
charge of 1:1 minerals are controlled by the pH
value (Das 2008), it can be stated, that the T-
potential of swellable clays is less sensitive to
pH variations than that of 1:1 minerals. Regar-
ding the positive values of the T- potential for
1M NaCl, we are not sure whether this is due
to the rapid sedimentation in the measuring
chamber or due to the higher ionic strength.

4.3. Variation of the clogging of clays

Several modified direct shear tests were per-
formed for Kaolinite and Na-Smectite mixed
with water and 1 M NaCl to reach a consisten-
cy of 0.5. The sample was gently places at a
metal surface, loaded with very low pressure
(15-75 kPa) for 10 minutes and then sheared
with a shear rate of 0.5 mm/min. With this test
the shear resistance of the interface between
clay and metal may be described by the
Coulomb criterion. It has two components: the

120

adhesion (resistance at zero normal stress and
a frictional component (adhesive friction; des-
cribed by the angle ). In this case, the adhesi-
ve shear strength of clay on metal is less than
the applied shear stress and also less than the
internal shear strength of the clay (Kooistra et
al. 1998). Spagnoli et al. (2010c¢) described the
strong variation of adhesive shear strength for
Na-Smectite for different pore fluids while for
Kaolinite no variation occurred. It is interesting
that for Na-Smectite with water as pore fluid,
the shear resistance is independent of the nor-
mal stress. The results (fig. 13) show for Na-
Smectite a slight decrease of adhesion strength
but a general increase in internal shear strength.
From a pure mechanical point of view, clog-
ging occurs during modified shear tests if:

a=e
e 97C
tan ¢ — tan &

. 3)
It is theoretically possible to predict if sticking
will occur when the adhesion (a), the cohe-
sion (c), the adhesive friction angle (8), the
internal friction angle (¢) and the normal
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Starting from the assumption stated by the
DDL theory the clogging of Na-Smectite mixed
with water and 1 mol/l NaCl, adjusted to diffe-
rent consistencies (0.55, 0.65, 0.7, and 0.85)
was investigated using the cone-pull out test.
Figure 14 (left) shows that the clay mixed with
the 1 mol/l NaCl fluid does not stick any more
to the cone. In fact, the increased internal
shear strength of the clay due to the mixing
with a fluid with higher electrolyte concentra-
tion, leads to a general drop of the stickiness
of the material.

Geotechnical engineers have investigated and
applied electroosmosis to consolidate and
strengthen clayey soils and mine tailings since
the 1940s (Casagrande 1947). Other success-
ful field applications of electroosmotic consoli-
dation included Bjerrum et al. (1967) and Lo et
al. (1991). Davis and Poulos (1980) studied the
use of electroosmosis to aid pile driving in clay-
ey soil. However, electroosmosis could also be
used to reduce the clogging of the material.
Therefore, experiments with the cone pull-out
test were performed. The procedure is the
same as explained before. In this case the cone
was used as cathode while the proctor pot was
the anode. A potential of 2.5 V was used in all
tests by applying DC for 10 minutes. After this
time the cone was pulled out. Fig. 14 (right)
shows the results.

The drop in clogging for both clays is clearly
visible. By applying an electric charge to the
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steel parts, water can be transported through
the clay by electroosmosis to the interface bet-
ween the clay and the steel. This creates a film
of water at the clay-steel interface and there-
fore reduces the adherence. However, the use
of DC could be a disadvantage. Extended elec-
trical laboratory investigation was performed
by using AC. Not only current intensity but also
water flow depend on the electric impedance
of the electrode-soil system (ERS impedance), i.
e., the current intensity depends on the soil
resistivity and on the electrode-soil contact
(ERC) impedance. It has been shown that for
DC measurements the contact impedance is
often crucial for the system impedance where-
as for high frequencies (e. g. 10 kHz) the influ-
ence of the contact impedance is of minor im-
portance. Electrical impedance spectroscopy
(IS) measurements were carried out (two elec-
trodes) to study the properties of the electro-
de-soil system (ERS) and especially the influen-
ce of the contact impedance on the ERS impe-
dance. IS measurements on clay samples were
performed in the frequency range from 1 Hz to
1 MHz using the IAlI impedance analyzer
PSM1735. Fig. 15 shows that AC signals are
more effective in reducing adherence than DC
signals due to the lower resistivity. Therefore,
with AC generally lower field strengths are
needed to reduce the adherence time.

However, application of electroosmosis during
operational tunnel heading could lead to pro-
blems in the tunneling practice. By applying a
negative charge to the steel surface of the



TBM, this steel surface is protected from corro-
sion. However the anode will corrode faster
compared to an uncharged surface. The anode
will not only wear out faster; a rusted anode
will also have a lower conductivity and as a
result the amount of water transported by
electroosmosis will be lower. Furthermore, the
voltages used to generate an electroosmotic
flow will electrolyze the water. Therefore hydro-
gen and oxygen gas will develop due to the fol-
lowing half reactions for water electrolysis:

at the anode: 2H,0 — 4e™ — O, (g) + 4H+

at the cathode: 2H,0 + 2e” — H, (g) + 20H"

The oxygen developed at the anode will pro-
bably not cause problems. However the hydro-
gen gas is flammable, and if mixed with oxy-
gen at the right concentration it can explode.
When an electric current passes through a clay
specimen, the clay is heated and the tempera-
ture will rise. As the specific resistance of clay
is many times larger than that of steel, the heat
development in the clay is many times larger
than in the steel electrodes. Also the influence
of the electrical current and magnetic fields on
computers and electrical machines inside the
TBM is difficult to predict.

5. Clogging test system

To transfer and prove the results of the new

standardized adhesion laboratory test and to

verify new manipulation techniques, a Clogging

Test System (CloggTs) will be developed. It is

designed to support the geotechnical cohesice

soft ground evaluation and conditioning related
to clogging affinity in early project phases. The
test also aims at coming closer to some geolo-
gical-geotechnical aspects and to the reality of

TBM layout with respect to material excavation

and conveying processes in EPB-TBM. Some

major demands on the test procedure are:

— To construct a robust, effective and econo-
mic clogging test system adapted to multi-
ple use.

— To log those operational TBM data relevant
for detecting clogging. Among those are
visual notes, advance rate, face contact
force of the cutting tool, torque of cutting
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and conveying tools, cutting tool revolution
(rpm), temperature, and if so, the amount
of additives given into the system. It is plan-
ned to vary operational data during testing.

— To avoid or control unwanted processes and
other effects on operational data. Among
these are face support managing (including
material conditioning, excavation mode
variation), not well documented geological
changes and TBM technical adaptations.
Empirically, these effects may complicate
the assessment of the clogging affinity of
the subsoil in TBM drives.

— To enable a systematic and complex investi-
gation of clogging and soft ground material
conditioning. This includes the detection of
index properties and other characteristics of
the ground and additives. Besides classical
parameters also parameters relevant to clog-
ging like ground water saturation, slake
durability, adhesion stress, C-potential, clay
mineralogy, void ratio, swelling potential or
cation exchange capacity (CEC) are involved.

— To test geomaterial samples taken undistur-
bed if possible. High quality samples (bore
cores) are preferred. By this, further geologi-
cal/geotechnical ground characteristics that
may be of importance for the adhesion/clog-
ging propensity can be involved. Among
those are low-scale geological interbedding
and fissuring (e. g. fissured clays), ground
water saturation, anisotropic ground proper-
ties and mixed tunnel face conditions.

— A complex approach with well defined
testing conditions may contribute to a bet-
ter understanding of the sometimes puzz-
ling situation with respect to stickiness of
soft ground materials.

— To assess the transferability of medium-scale
test results to TBM projects.

— To evaluate the efficiency and applicability
of chemical or physical conditioning (clay
surface manipulation) of soft ground mate-
rials regarding technical, operational and
environmental aspects as well as the reuse
of the excavated material.

The clogging test ground samples in bore cores
(diameter approx. 100mm, length approx. 0.5
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- 1.0 m) are cut using open steel cutting tools.
The opening ratio and the design of these
tools will be varied. Driving and rotation of the
cutting tool assembled on a drill pipe is reali-
zed by a linear rotary drive on a guidance. The
bore cores to be cut are fixed to prevent them
from sliding and extruding. The material trans-
port is realized with a screw conveying system
which is affixed to a drill pipe. The test system
is inclined as for the screw conveyor position in
EPB drives. A simplified plan of the clogging
testing system is shown in figure 16.

The process measuring and control units are
used to set and vary testing parameters.
Advance rate, face contact force and possibly
revolution of the cutting wheel are planned
to be varied during tests. These parameters
shall simulate a range of operational data
typical for TBM drives in clays, clay soils and
clayey soft rocks.

For a conditioning the of material an adapted
dosage unit is used. Water, electrolyte solu-
tions, slurries or foam can be added to the
system in front or behind the cutting tool using
a channel inside the drill pipe. For possible
electrokinetic tests the cutting tool could be
used as cathode. For foam conditioning an
adapted foam generator can be used.

6. Summary

In the joint research project InProTunnel the
problem of clogging during EPB tunnel driving
in fine grained soil or rock is investigated on
different scales.

From the analyses of project data, amongst
others based on a SQL database, some factors
of prime importance for the occurrence of
clogging problems were determined. In addi-
tion to the evident parameters (clay) mineralo-
gy and particle size of the excavated material,
in particular the significant influence of the
water content and/or water inflow and the
resulting (change of) consistency of the mate-
rial could be identified.

With the cone pull-out test a practical labora-
tory test to investigate different soils with
respect to their clogging behaviour could be
designed and put into practice. Based on the
newly defined parameter »adherence« a draft
for a classification scheme for the clogging
potential has been developed. Anyhow, the
new tests still needs to be verified by the EPB
tunnelling praxis.

In the context of a comprehensive examination
of the chemomechanical coupling of clays the
influence of different pore fluids and their
impact on the mechanical behaviour has been
investigated. Shear tests and cone pull-out
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tests show the effectiveness of modified elec-
trolyte concentrations as well as the applica-
tion of an electric charge to the steel parts with
respect to a reduction of the adhesion.

Finally, the different factors affecting the clog-
ging propensity, that have been identified so
far, will be studied in a TBM-like medium-scale
test. The respective test setup is currently in the
concept state.
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Abstract

The article focuses on the status of the rese-
arch after the second project year. In addition
to the basic characterisation of the chosen
reference material mixture for sanitary slip
casting, as presented in previous publications
for the Geotechnologien Science Reports, it fo-
cuses especially on the characterisation results
of the basic raw material components, which
in the second year of the project were investi-
gated. These are the basis for the funtional
characterisation of novel body concepts and
reference systems for the experimental valida-
tion of the simulation model. The development
of first body concepts, derived from the mine-
ralogical characterisation of the raw materials,
is supported using a principal FMEA-based as-
sesment of influences on the functional beha-
viour of the body as casting slip. Parameter
analysis and statistical design of experiment
techniques are being implemented to experi-
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mentally evaluate basic mineralogical influen-
ces within the context of a slip composition
including differerent additive contributions.
Significant interactions have to be specified and
and to parameters effects ranked for further
development. These insights will be the basis
for laboratory pilot scale tests, which will in the
next project phase focus on identifying and
validating processing parameter influences.

The characterisation results have furthermore
been used to develop simplified reference sys-
tems for the experimental validation of the
simulation. After a short standstill in the mo-
dell development, caused by the relocation of
the simulation expertise provided by CME from
RWTH Aachen to the Materials and Process
Simulation Group in Bayreuth, the results are
being transferred into a binary, up to ternary
model approach, based upon a simplified com-
position and particle system. The simplifica-



tion, performed in varying degrees, is based on
the translation of the identified mineralogy of
the components into particle systems with par-
ticle size and ratio aspects, charge specifica-
tions of identified surfaces and surface poten-
tial effects in different settings and environ-
ments. As the experimental validation is ambi-
guous due to the limitations of the experimen-
tal techniques for the basic systems, recom-
mended literature as well as first approach
validation experiments are used to generate
basic input. The status of the development of
the hybrid model algorithm, first implementa-
tion of parameter settings so far, resulting
input requirements and the next steps to be
taken are discussed. In this regard the impor-
tance of the working procedure for rheologi-
cal slip characterisation, developed within the
project for functional characterisation of the
systems is highlighted.

Introduction

This article highlights the status of the interdi-
sciplinary project, in which the impact of che-
mical and physical characteristics of the mine-
ralogical surfaces of the mineral raw materials
on the process will be exemplary clarified for
highly automated sanitary ceramic pressure-
casting systems. The primary goal of this pro-
ject is to enable the raw material suppliers and
the ceramics industry to develop adapted sta-
ble raw material mixtures and casting slurries
and establishing stable and robust processes
by way of quantitative predictions from simu-
lation calculations. These are validated by sta-
tistical experiments including the effectiveness
of additives and process-defining parameters.
It provides a novel approach for extracting and
processing technology of the raw materials,
engineering of performance characteristics
during the production by additive modification
of the surfaces, and adequate process control
during pressure-casting in the ceramic produc-
tion. Due to the high complexity of the subject,
the project relies on a strong interaction bet-
ween the different partners from the proces-
sing chain, represented by the partner from
sanitary ware industry, a raw materials supplier,

a supplier of additives for the ceramic industry,
expertise in the field of colloid chemistry and
analytical characterisation and modelling com-
petence. This cooperation already resulted in
the specification of a working procedure for a
for unambiguous capable and transferable
rheological slip characterisation, useable for
the whole process chain, which has already
been presented to the relevant ceramic indu-
stry at the 2010 annual Meeting of the Ger-
man Ceramic Society [1].

Experimental results

The fact that common techniques used to con-
trol the raw materials fail to detect differences
in raw materials characteristics which correlate
to known process variations requires the inve-
stigation of important intrinsic material charac-
teristics as well as their influences on the rheo-
logy and the process ability. The composition
of the joint project group offers a unique basis
to perform the conventional ceramic product
and process characterisation as well as measu-
rement of colloidal parameters (rheology, ca-
tion exchange capacity zeta potential, flow
potential), state of the art mineralogical analy-
sis and submicron particle size measurement,
which cannot be achieved by regular produc-
tion laboratory equipment, but constitute the
essential basis for the input in the numeric cal-
culations as well as process and product deve-
lopment. The results presented here build upon
the results previously presented in preceding
GEOTECHNOLGIEN Science Reports No. 12.

Characterisation of the aplied raw ma-
terials

Based upon the knowledge of sanitary pressu-
re casting bodies present in the consortium, a
specified mixture of plastic clay components,
feldspars, kaolin, quartz as well as alternative
kaolin and clay components for a production-
relevant casting slip have been specified, using
the relevant bandwidth of mineralogical and
particle size composition in regard to functio-
nal characteristics. In the preceding publica-
tions the initial characterisation of the body
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composition as sum of the components by
chemical analysis, particle size measurement
using sieve analysis, sedimentation and laser
light scattering, specific surface measurement
using BET, as well as thermal analysis has been
presented. Zeta potential measurements at dif-
ferent pH settings of the system, supported by
the measurement of eluted cation and anionic
components using ICP, have been performed.
This composition has been used as reference
basis for the development of a sodium silicate-
based deflocculant system by Z&S, aimed at
optimal deflocculation and stabilisation of the
slip. In the following the results of the separa-
te raw materials characterisation, essential as
basis for the development of novel body for-
mulations, additional deflocculant systems and
reference systems for experimental validation
of the numeric calculations are presented.

As described in the prececding articles patricle
size analysis plays a significant role in the defi-
nition of the specification of the particle model
for simulation. The results from the chemical,
mineralogical and colloidal charactersiation of
the different patricle size fractions of the body
composition (0.63 pm, 0.63 =2 pm, 2 — 6.3
pgm, and 6.3 — 63 pm), which had to be obtai-
ned using a special fractioning technique con-
ceived by KIT/CMM, due to the high amount
of the fine fraction of the clay mixture as spe-
cified by sedigraph analysis (50 % < 0.63 pym),
were used for first assessment of the particle
charge distribution for the clay fraction.
Particle size and morphology data, eminent for
the description of rheological characteristics
and microstructural development of the body
during slip casting formulation, have been
derived from a comparison and evaluation of
the available particle size analysis techniques.
For the submicron range alternative measure-
ments to sedimentation and laser light scatte-
ring like acoustic spectrometry, dynamic light
scattering techniques as well as new laser scat-
tering equipment using different light beam
settings (and using Mie theory based evalua-
tion) for edge diffraction effects have been
implemented by the project partners.To gene-
rate a fist assessment of the morphology and
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an »actual« size distribution of the fractions,
samples were freeze-dried for electron micro-
scopy image analysis. Most important conclu-
sion from this previous investigation is that in
the chosen composition there is a noticeable
transition at the 2 pm fraction: the lower frac-
tions, mainly below 0.63 pm, consist of main-
ly plate-like particles with a general average
length about 300 nm and a stack thickness of
50 — 70 nm (with aspect ratio 1:6.8) with a
clay-based chemical composition, whereas
above 2 micron a grain type size with high
SiO, contents, indicating quartz and feldspar
to be main components, prevails. This implies
a different validity of different measurement
techniques for different fractions, the new
laser scattering techniques and acoustic spec-
trometry providing also a validated possibility
for the measurement of the fraction below
2 um, as this fraction, in this case mainly below
0,63 um, cannot adequatly be measured by
regular light scattering and sedigraph These
results have been presented at the annual
meeting of the German Ceramic Society to
support further implementation for the essen-
tial focus on the submicron fraction character-
isation in clay minerals [2]. Regarding the raw
materials characterisation as presented here
laser light scattering results have been used for
the general classification of the particle size
distribution of the raw materials, whereas for
the specification of the particles for the frac-
tions reference is made to the previous results
of the fractioned composition.

In Table 1 the characterisation results of the
clay raw materials, including chemical analysis
by X-ray fluorescence, mineralogical phase
analysis by X-Ray diffraction using the Auto-
quan software for Rietveld analysis [3], CEC
measurements and the amount of soluble
salts, also a strongly influence the behaviour of
the raw material, due to surface interactions
and influences in the ionic concentration, are
summarized. For a simplified description of the
surface and edge charge and the charge distri-
bution of the particles the previously imple-
mented estimation, based upon pH dependent
CEC measurement after Dohrmann [4], is used.



Table 1. Characterisation results for the raw materials components.

Raw Materials: clay mixture M.::;Lflm Clay D Clay E Clay G Clay H Clay L Kaolin A Kaolin B
Chemical Analysis

Si0; [wi%] 70.69 56.95 56.78 68.07 79.31 71.40 54.42 55.00
AlOy [wi%] 23.37 35.28 37.04 2490 16.21 2250 4113 40.80
TiC, [wi%] 1.57 1.69 2.10 1.34 1.3 1.63 0.09 0.52
Fe;Os [wi%] 147 1.51 1.79 1.47 0.87 1.07 1.38 1.23
Ca0 [wt%a] 0.19 0.zz2 0.25 0.25 0.16 0.18 0.09 0.10
K0 [wi%] 228 3.45 2,16 281 1.48 2.32 2.36 1.94
MgO [wt%s] 0.45 0.56 0.48 0.36 0.34 0.51 0.28 0.25
Na,0 [wi%] 0.09 017 0.13 017 =005 0.20 0.07 0.04
80, [wi%] 0.07 0.06 017 0.22 0.05 o.or 0.08
L.oi [wt%a] 6.89 13.34 11.30 B8.47 5.00 7.40 11.94 12.40
Density [g/em?] 265 2.54 265 264 266 266 268 264
Specific Surface

BET [m?g] 206 30.83 T4 23.08 15.5 223 9.5 8.84
Sieve Analysis (wet sieving)

>63 [wt%a] 216 6.97 0.14 0.99 8.53 0.94 0.02 0.27
<63 [wt®s] 97.84 93.03 99.86 29.01 91.47 99.06 99.98 99.73
PSD By laser light scattering using Malvern M Typ S with I 12

< 8pm [wol%] LAl 90.8 97.2 7T 62.1 81.0 52.4 46.0
< 2pm [wol%] 298 485 51.9 338 245 30.5 129 9.1
d10 [um] 09 0.5 05 0.7 09 08 16 22
ds50 [um] 36 2.1 19 33 5.1 33 7.7 89
d90 [um] 146 76 52 13.9 39.0 11.9 228 28.0
Soluble Salts*

Al [magrkg] n.b. 159.7 <05 7926 57 nb. 0.4 nd.
Ca [magrkg] 373 204 105.4 82.7 354 49.0 6.7 106.0
K [maikg] 389 24.7 204 113.3 16 116.0 17.3 13.0
Mg [magrkg] 243 6.4 58.2 48.1 16.9 43.0 34 220
Na [markg] 395 113 6.8 1253 5.5 16.0 13.5 15.0
Chlorid [malkg] 19.4 46.6 13.9 23.2 125 91.0 261 120
Sulfat [malkg] 63.8 109.0 524.4 48.2 158.7 1310 1379 128.0
Nitrat [malkg] n.d. =48 <48 8.1 <48 n.d. 6.1 n.d.
Phosphat [malkg] nd. n.d. nd. n.d, n.d. n.d. n.d. nd.
Conductivity **° [us/em] 512 179.0 1265 69.6 50.0 60.1 -
pH-Value®® - 48 5.8 8.0 6.6 T4 59 -
CEC meqg/100g 81 121 10.3 83 4.3 86 27 1.4
pH® a7 6.2 83 88 93 75 79 75
M logical phase Analysis by X-ray Diffraction’

Quartz [%6] 353 74 6.1 318 54.2 6.2 4.0
Na-Ca-Feldspars [%] 26 39 1.0 32 04 27 1.0

K-Feldspar [%6] 1.4 1.3 1.7 14 1.9 -

Rutile [%] 16 1.9 16 1.3 1.2 1.4

Kaolinite [%] 282 36.5 55.6 258 211 26.6 75.4

Muscaovite [%] 1.7 175 9.1 15.4 7.6 131 19.6

Ilite [%] 74 137 9.1 1.7 5.3 58

Swellable phases [%] 11.8 17.8 15.8 9.7 83 127

Sum of clay minerals [%] 591 855 896 626 423 58.2

CEC meqg/100g 8.0 12.0 10.0 10.0 5.0

Estimati llabl [%] 100 15.0 12.0 12.0 6.0

Swellabl tent | [%6] 12.0 18.0 16.0 10.0 8.0

' For PSD measurement the material was di P d in an aq lution of 0,1 wt% Na,P,0;.

 Measurements performed by FGK, d using F hofer Approxi i

M d during the deter

of

4 Average value from duplo measurement
"Averaqe value from triple measurement
® Measured during CEC determination

" Data from KIT/CME

n.d. = not determined

129



Table 2. pH dependence of the particle size measurement using acoustic spectrometry for the frac-

tion < 0.63 pm of the mixture.

PSD-measurements as f(pH) for Ffraction < 0,63 pm by acoustic spectrometry using DT 1200’

pH 2,1 pH 3,4 pH 5,8 pH 8,9
d10 [um] 0.62 0.11 0.09 0.20
d50 [um] 0.63 0.84 0.53 0.89
dg90 [um] 0.65 6.17 5.37 4.07
mean [um] 0.63 2.68 12.51 1.89
std.dev. 0.01 0.31 0.31 0.55
Fit unimodal bimodal bimodal unimodal
Fit-error [%] 34.00 5.31 3.46 23.00

' For PSD measurement the material was dispersed in demin. water, pH-adjustment with NaOH and HCI

1 as f{pH) for diff wol% Clay D

00 -

10,0

150 1

20,0

250

Zeta-Potential [mV]
Zeta-Potential [mV]

30,0

5.0 -

Zetapotential as fipH) for different vol% Clay H

—— [wol-%]13.88

rH

350 + - [vol%] 4.19 200 | - [vol%] 4.01
el — [vol%]8.95 —a [vol%]8.58
—m— [val-35] 14.44
45,0 - = 25,0
Figure 1: pH dependent zeta potential measurement for Clay D and H.

Regarding the possible meta-stable character
of the material within the pH range investiga-
ted (pH 4 to pH 8) a comparison with referen-
ce data from literature [5] is being implemen-
ted as orientation for the validation experi-
ments and the numerical calculations. For the
estimation of surface potentials, necessary for
the simulation approach, the influence of pH,
ionic strength and volume concentration for
selected clays is being investigated and as far
as possible experimentally validated. First
results are presented in the chapter on the
reference systems for the experimental valida-
tion. To investigate the possible influence of
delamination effects within the pH range the
pH dependence of particle size measurement
of the fraction < 0,63 pm was investigated
using acoustic spectrometry (Quantachrome
DT1200 Zeta Potential, Table 2). Within the
pH range used no significant effects could be
detrmined, lower and higher pH values howe-
ver indicate larger deviations, due to the mea-
surement limitations (see fit error, Table 2).
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Development of reference systems for
experimental validation of the simulation
As a basic reference system for the validation
experiments different approaches have been
investigated. A first approach, based upon using
a well-defined Ca-bentonite with a high mont-
morrillonite content (up to 96 %, dsy around 3
um) to provide a defined amount of swellable
material in a basis reference system, had to be
abandoned due to the strong gelation of the
material, impeding initial characterisation as
well as experimental implementation.

Based upon the characterisation results of the
clay raw material and the kaolin (Table 1), feld-
spar and quartz components the choice was
made to convert to the specified clay raw
materials and their mixtures with specific diffe-
rences in the amount kaolinite, quartz and
amount of swellable material. For a first appro-
ach the clays D (37 % kaolinite - 7 % quartz -
18 % swellable material - total clay content
86 %), E (56 % kaolinite, the content of quartz,



Viscosity n

Figure 2: Rheological characterisation of
Clay D and H at different pH values and
ionic concentrations.

Viscosity n

swellable material and total clay content being
comparable to clay D) and H (21% kaolinite -
54 % quartz, 8 % swellable material and total
clay content comparable of 42 %) have been
chosen. Clay D and E should indicate how the
amount of kaolinite and other clay compo-
nents (illite, muscovite) could be treated in the
modelling; clay H introduces the dilution
effetct by the quartz influence.

For each these clays corresponding defloccula-
tion curves have been measured by Z&S using
the developed additive systems. For later
implementation first assessments of the ionic
concentration due to the additive dissociation,
influencing the electrolyte environment of the
particle system, have been established. In this
regard the possible approach of the descrip-
tion of the permittivity, which in the context of
the project cannot be unambiguously defined,

is under investigation [6]. For the estimation of
the surface potentials, necessary for the simu-
lation approach, the influence of pH, ionic
strength and volume concentration for these
selected clays is being investigated. In figure 1
the difference between the zeta potential of
clay D (high amount of swellable metarial) and
H (high amount of quartz) is displayed.
Measurement limitations however are reached
measuring the clay materials without the use
of additives at higher volume fractions and at
the specified pH values.

Implementation of different ionic concentra-
tions by using KCI did not generate reliable
results by exeedingly high zeta potential rea-
dings. Especially the determination of a reliable
particle size by acoustic spectrometry proves
to be difficult in these settings. Further litera-
ture research regarding measurement settings
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and validation of the results is therefore being
performed. For the experimental validation of
the functional behaviour of the systems under
these settings rotational viscosimetry measu-
rements are being performed. Figure 2 pre-
sents first results. Clay D seems to stabilise at
a higher viscosity at pH increase. Clay H
works in an opposite direction, however at a
higher viscosity level than clay D. Mixture
sequences are being experimentally proces-
sed and will be adapted to the progress in
model development.

Clay

30 20

Reference SSKG_1  SSKG_2

10

Physical-technical characteristics
SSKG_3

Development of body compositions for
laboratory scale pilot testing

A first investigation into the effect of the pla-
stic clay components in the body formulation
by standard characterisation of the rheological
and physical characteristics (like cast forma-
tion, dry bending strength, deflection and dry
shrinkage) of a mixture sequence by succesive
replacement of the plastic content by kaolin
confirmed the significant influence of the pla-
stic components, especially by significant shifts
in rheology (figure 3.). As the exchange of kao-
lin might not be a feasible route for production
slip compositions, alternative systems have to
be investigated.

kaolin

Figure 3: Body development and

SSKG_4 characterisation by succesive repla-

specific density [g/L] 1783 1806 1767 1763 1762 1799 cement of the plastic clay fraction
g Fordcup [s] 32,59 60.86 27.48 24.98 26.45 196 by kaolin content.
= 1. Gallenkamp [*Gal] 336 335 337 335 327 298
= 2. Gallenkamp [*Gal] Smin 333 334 335 327 313 273
thixotropy acc. to 3 1 2 8 14 25
= viscosity @ 100s* 0.23 038 0.7 0.14 0.16 113
§ jiscosity @ 0.01s" 282 218 6.3 56 1168 | 2803
it thixotropy [%] n. SV 33.45 874 26.86 132.99 14.49 23.08
= specific density [g/L] 1799 1806 1804 1797 1794 1808
3 Fordcup [s] 39,51 7411 | 3061 | 3749 | 9242 273
g 1. Gallenkamp [*Gal] 331 327 333 322 255 270
L 2. p [*Gal] Smin 317 312 315 257 65 184
- thixotropy acc. to Gallenkamp 14 15 18 65 190 86
i y @ 100s" 0.25 0.42 0.19 023 058 1.21
§ < y @ 0.01s" 42.57 3301 | 9258 | 3493 | 9333 | 1319
B thixotropy [%] n. SV 15.59 18.14 12.19 228 68.89 19.87
= cake [mm/h) 95 14.7 i 73 9.2 nm.
2 dry bending strength [N/mm?] 1.74 09 218 2.66 3,03 054
g deflection [mm] 77411 78/76 | 7812 | 76/73 | 73/68 | 91/94
= dry 1%] 201 201 2.68 136 4.03 2.35
E total 1% 10.58 1107 | 1047 | 1037 10.1 13.75
8 firing shrinkage [3%] 875 9.25 8 7.25 633 11.67
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Raw material Reference

Figure 4: Body development by suc-

Clay D 15% 0% 0% 15% cesive replacement of the clay frac-
Clay E 5% 0% 5% 0% tion with swellable material content
Clay G 5% 12% 15% 15% and initial functional characterisation
ClayH 13% 19% 15% 15%
Clay L 63% 69% 65% 55%
Physical-technical characteristics
specific density [g/L] 1783 1762 1770 1775
E Fordcup [s] 41 34 37 37
i 1. Gallenkamp [*Gal] 324 336 332 335
- 2. Gallenkamp [*Gal] Smin 236 331 328 316
thi py acc. to Gallenkamp 88 5 4 19
= specific density [g/L] 1798 1800 1803 1801
& Fordeup [s] 67 35 38 44
‘F: 1. Gallenkamp [*Gal] 271 336 330 325
g-3 2. Gallenkamp [*Gal] Smin 130 320 309 248
- thixotropy acc. to Gallenkamp 141 16 21 77
g cake formation [mm/h] 11.81 9.94 9.12 11.44
'E- dry bending strength [N/mm?] 1.77 172 1.81 1.65
& deflection [mm] 94/87 91/84 82/80 78/77

Based upon these results a second approach
was conceived, based on modification of the
amount of swellable material within the plastic
fraction by clay exchange. For this reason the
clays D and E, identified as main contributants
of swellable minerals, have succesively been
replaced by the other clay components. Figure
4 specifies these mixture compositions and
identifies quantitatively the significant influen-
ce of the swellable metarials. From this mixtu-
re range the composition without clay D and E
(M1) is chosen as first basis for the statistical
experiments to identify the key parameters
and their interactions in comparison to the
reference system. In figure 5 the significant dif-
ferences in rheological behaviour of both mix-
tures at different practicable specific densities,
as derived from the developped rheology mea-
surement routine, are presented. Especially at
lower specific densities a significant viscosity
increase in the case of the mixture M1 -
without swellable material- is detected, confir-
ming the necessity of these components for
adequate pressure casting slips. The next step
is to quantify these influences within the con-
text of production slip compositions, to be
tested on a laboratory scale.

Statistical Design of Experiments fort he de-
velopment of laboratory scale casting slip
To support de development of the laboratory

scale casting slips, a screening of the relevant
influencing factors, the magnitude and signifi-
cance of their influence and their interactions
is of importance, especially in regard to the
project goal of developing and maintaining
robust processes based upon improvement of
relevant material and definition of process
parameters with adequate control possibilities.
In this regard the use of statistical design of
experiment techniques [7], as implemented by
V&B to support the development of the rheo-
logy measurement routine, is perceived as a
necessary mean of screening these interactions
within a manageable effort.

For this purpose the previously performed
FMEA-based parameter analysis was used to
specify dependent and independent variables
or factors, background variables to be conside-
red and levels settings for the relevant factors.
As target value a stable rheological behaviour
in time is specified, measured by the key data
from the rheology measurement routine deve-
loped within the project. This routine, inclu-
ding a defined sample preparation, has proven
to provide an essential basis for measurement
comparabilty within the consortium. For this
purpose the jump test routine with succesive
changes in shear rates from 0.5 s-! to 100 s-'
and back is chosen for rheology measurements
at specified time intervals. The proven compa-
rability renders a unique possibility to split the
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Viscocity at shear rate 100 s-1

Figure 5: Rotational visco-

simetry at shear rate 100
5”1 for the reference and

DOeta [100 s-1] Reference LG 1790

Beta [100 s-1] M1 mixture LG 1772

the M1 mixture at diffe-
rent specific densities of

16 1 Beta [100 s-1] Reference LG 1647
M eta [100 s-1] M1 mixture LG 1668

14

the slip (LG = specific den-

12

sity in g/L)

Viscosity [Pa.s]
=

08

0.6 7

0.4 7

0,2 4

direct 24h

48h

efforts for the designed experiments within the
consortium, thus providing the possibility use
the available capacity to expand the amount of
measurements and so enhance the reliability of
interpretation of the results, inherent to stati-
stical experimental design.

From the FMEA analysis of parameters influen-
cing the rheology, a total of 13 influencing fac-
tors was defined, from which 5 were identified
as main factors to be adressed for the identifi-
cation of the interaction of the mineralogical
surfaces with additives on rheology on a labo-
ratory scale (see table 3). The factor mineralo-
gy (specified by the measured mineralogical
phases including the amount of swellable
materials) is introduced by the forementioned
body compositions. As main factor also the
kaolin quality is specified, based upon the
practical experience that different amounts of
soluble salts, inherent to the kaolin quality,
may influence the rheology and its stability.
Therefore an alternative kaolin quality is intro-
duced (see »kaolin B« in table 1).

For the specification of the additive combina-
tion as well as the specification of the levels,
like the amount added, the developed additi-
ves, also including polyacrylates and phospho-
nates, which addtionaly to the electrostatic
functionality implement sterical stabilisation,
were pre-tested using the chosen body com-
positions. In this case for each additive type the
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qualitative levels for the dosage are quantitati-
vely specified for experimental implementa-
tion. Regarding the use of filtration aids at this
stage 2 alternatives are defined. Specific densi-
ty of the slip as well as temperature and water
guality have been defined as background vari-
ables, here to be controlled but kept constant
within specified tolerances. The other factors
derived from the assessment, mainly proces-
sing parameters derived from production prac-
tice, adressing recycling of casting slip, ageing
in production and upscaling influences on
mixing and slip transport, will be adressed in
subsequent test plans.

For the screening of the identified main para-
meters at first a so called 25-1 screening plan is
being implemented, developed using the stati-
stical software »statistica«, already sucessfully
implemented at V&B. This plan is builds upon
a base design of 5 experimental factors with
each 2 levels, leading to 16 combinations to be
tested, which are randomized and divided over
the participating project partners. Each partner
will prepare and measure one specified addi-
tional combination in duplo from his selection
for reproducability and repeatability control, as
well as 1 combination, specified to be measu-
red by each of the partners separately to vali-
date the anticipated comparabilty of results.
The experimental design takes into account
that 2 factor interactions can be adressed, but
3 factor interactions are neglected in this



Table 3: The statistical experimental setup for the evaluation from basic mineralogical interactions

to processing influences on laboratory scale in the development of body composition concepts

mineralogy 2-level (swellable) 2-level (swellable)
bactericide 2-level (with-without)
kaolin quality 2-level (2 qualities) 2-level (2 qualities)
amount of additive 2-level (low-high) 3-level (non-linear)
additive type 2-level 3-level
filtration support-
add 2-level 2-level
water quality X
recycle slip quality X
amount recycle slip X X
slip temperature X X
slip processing (X) X
ageing time X X
processing X
— - =1 p| al pl 2°Tpla
Half 2 Plan % experiment an, 51 n
Exp:;ir:‘iental 16 combinations 72 combinations 16 Z Plar;i 16
en 4+2 comb./Partner 18+3 combin./Partner nations | ombinations
stage. Furthermore mixed interactions of Modelling

dependent variables might not be detected,
which is inherent to the statistical experimental
design. To increase the resolution of the results
this plan can be »folded« to 32 combinations,
adding a second »block« of measurements to
adress possible differences by repetition. As a
next step a plan based upon 6 factors, with an
increased number of additives and amounts of
additive by a 3 level approach (adressing the
non-linear deflocculation behaviour more reali-
stically) has been designed, leading to a total
of 72 combinations to be evaluated by expan-
sion of the original set of experimental data.

The results as generated by rheological analy-
sis will be evaluated within the tolerances as
specified by the industrial partners. Based
upon these results, which are supported by
additional measurements by the partners
(additional oscillation measurements, conduc-
tivity, pH development, casting performance)
additional influences and their interactions to
create optimal and stable casting performance
will be specified to be included in following
experiments. The results of the experimental
validation will be presented and discussed in
following publications.

The performed model development so far has
been based upon the simulation of a colloidal
system, consisting of spherical particles in an
electrolyte, motivated by previous studies [8, 9]
on aluminum oxide particles, and showing
repoducible results. To exemplify the capabili-
ties of this approach the phase diagram was
ampled as defined by two parameters: pH
value and ionic strength. Varying these para-
meters enabled the simulation of the transition
from a stable suspension to a state of agglo-
meration, by increasing ionic strength and pH
value, as presented in the previous publica-
tions. Based upon the results the single com-
ponent spheric particle model has been exten-
ded to a binary version, where the two com-
ponents can have different material nature,
sizes, densities etc. The algorithm now simula-
tes two main components, derived from the
raw material characterisation: small clay parti-
cles below 2 pm to be further specified and
large particles (> 5 um), specified as quartz
patricles. The description of the particles regar-
ding charge distribution and surface potential
is, as mentioned before, based on assumptions
from experimental validation where possible,
otherwise from reference values from literatu-
re [5, 10].The simplified binary model already
allows a study of the influence of the chemi-
cal/minerlogical nature and the size of colloidal
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Table 4: The 251 screening plan for the specification of the mineralogical composition effects
and the interaction of the mineralogical surfaces with additives on rheology

Combination Partner (:::::::::] kaolin quality additive type amount of additive Hlu'a:l:dm:gan
2 FGK M1 kaolin A 51A1 low Castmate
7 FGK reference kaolin B S1PT2 low FH1

15 FGK reference kaolin B S1PT2 high C

10 FGK M1 kaolin A S1A1 high FH1
17 FGK reference kaolin B 51PT2 low FH1
18 FGK reference kaolin A 51A1 high Castmate
12 S5KG M1 kaolin B S1A1 high =

4 S5KG M1 kaolin B S1A1 low FH1
12 S5KG reference kaolin A 51PT2 high FH1

5 S5KG reference kaolin A S1PT2 low (=

19 S5KG reference kaolin A S1PT2 high FH1
20 S5KG reference kaolin A S1A1 high Castmats
11 VE&B reference kaolin B 51A1 high FH1

6 VEB M1 kaolin A 51PT2 low FH1
14 VE&B M1 kaolin A S1PT2 high Castmate
3 V&B reference kaolin B 5141 low Castmate
21 VE&B M1 kaolin A 51PT2 low FH1
22 V&B reference kaolin A 51A1 high Castmate
8 ZES M1 kaolin B S1PT2 low =

1 785 reference kaolin A S1A1 low FH1
16 &5 Mi kaolin B S1PT2 high FH1

9 285 reference kaolin A S1A1 high = 1
23 285 M1 kaolin B S1PT2 high FH1
24 ZE&S reference kaolin A S1A1 high C.

particles on the rheological properties of the
investigated system, being an essential para-
meter for the production process. At the least
basic trends in behaviour will be derived from
the simplified description, guiding further
explorations of more complex and realistic mo-
dels (like the transition to a ternary system).

For the simulations, a combination of two dif-
ferent techniques has been used: Molecular
Dynamics (MD) [11] and Stochastic Rotational
Dynamics (SRD) [12] (also known as Multipar-
ticle Collision Dynamics). These techniques al-
low various thermodynamic and rheological
properties of a system, with the use of statisti-
cal mechanics, starting with the microscopic
and mesoscopic components, which in this
case are the fluid and the colloidal particles
respectively to be modelled. With the MD
technique, the following interactions between
colloidal particles are included in the simula-
tion: screened Coulomb repulsion, van der
Waals attraction, contact repulsion and short-
range lubrication forces. The SRD, on the other
hand, is used in combination with MD in a
hybrid manner, in order to include the long-
range hydrodynamic interactions between col-
loids and thermal fluctuations due to random
collision between fluid particles and colloids.
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To incorporate the dependence of the stability
of colloidal systems on pH value now the so-
called charge regulation model [14] is imple-
mented in the program. It manages to model
the adsorption-desorption reaction of electro-
lyte ions on the surface of colloidal particles.
An expression of the effective surface potenti-
al of colloidal particles is worked out as the
function of the pH value and the ionic strength
of electrolytes. Experimental data therefore are
needed to calibrate the model to adjust its
parameters to the used material.

To show the tendency of the behavior of the
binary component model including this regula-
tion model a small system cell of the size 8.88
um by 4.44 um by 4.44 pm is modelled. The
volume fraction of colloidal particles is 40% (as
specified from industrial partice) and the tem-
perature is 303K. 1182 Alumina particles of
the radius 0.185 pm and 591 quartz particles
of the radius 0.25 um are considered. The col-
loidal dispersions are now sheared with the
rate 100 s1, comparable to the testing proce-
dure implemented for the clay characterisa-
tion. lonic strength and pH value have been
varied to investigate the stability of the colloi-
dal dispersions and transitions between diffe-
rent states. In Figure 6 snapshots of three sta-
tes with pH value 6.5 and different ionic
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Figure 6: Snapshots of a cluster
state (left), a stable colloidal sus-
pension (middle) and a repulsive
state (right) with the pH value 6.5
and the ionic strength 1*10-2,
1%10-3 and 1*10-4 mol per liter
respectively. Lighter color indicates
higher speed than darker color.
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strengths are presented. At a high ionic strength
corresponding to salt concentration of 1*10-2
mol per liter, the repulsive coulomb interaction
is strongly screened. The colloidal particles
agglomerate to form clusters due to the domi-
nation of the van der Waals attraction, which
under shear attach themselves to one of the
boundary planes and change shape with time
due to the motion of the surrounding fluids.
With decreasing ionic strength to 1*10-3 mol
per liter a stable suspension is observed in result
from the balance of the screened Coulomb
repulsion and the van der Waals attraction, with
a nearly linear velocity profile of colloidal parti-
cles (see Fig. 7), like a Newtonian fluid.

Further decrease of ionic strength to 1*104
mol per liter leads to a repulsive state where
the colloidal particles rearrange their configu-
rations under shear. Except in the boundary
layers colloidal particles can move in both
directions irrespective the velocity of the sur-
rounding fluid. The particle velocity profiles in
the direction perpendicular to the shear flow
as presented in Fig. 7 show the different natu-
re of these states. The variation of the shear
viscosity with the ionic strength as shown in
the left diagram in Fig. 7 can be used to furt-
her explore the difference between these sta-
tes. As can be seen from the plot, the shear
viscosity of the repulsive state is much higher
than for the stable suspension state and the
cluster state. The strong increase of the visco-

k. l‘ i P [0.: (”ght)

10"
ionic strength (mol/1)

sity would originate from the increase of the
effective particle size in the repulsive state.
Similar transitions are observed as varying the
pH value from 8, 10 to 12 with a fixed ionic
strength 1*10-4 mol per liter. It has to be kept in
mind that the parameters used in above simula-
tions are up to now simple modifications of the
single component system [8, 9] to include the
second component of quartz particles, the
system kaolinite/quartz at the moment being
regarded as more suitable for the modelling.

The difficulty in the definition of the particle
for the binary and ternary system originates
from the description of the surface types,
which can be allocated due to the mineralogi-
cal characterisation:

Kaolinite as 1:1 layer silicate contains three
types of surfaces: siloxanplanes (Q4), gibbsitic
planes (Al-OH bonds) and edges (broken
bonds from silanol and aluminol groups). Here
no permanent surface charge can be determi-
ned and edge charges are variable by adsorp-
tion and desorption of protons at the edges.

lllite/Muscovite as 2:1 layer silicates contains
two siloxanplanes and edges. In this case the
particles are specified with high permanent
negative surface charge (0.26 to 0.34 Cm-2)
due to substitution in the 2:1 layers. Strong
specific sorption of counter ions (K+) might
cause much lower zeta potentials compared to
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swellable clay minerals like smectites in gene-
ral or montmorillonite in special. Edge charges
vary by adsorption and desorption of protons
at the edges.

Smectites like montmorillonite as 2:1 layer sili-
cate also contain siloxanplanes and edges,
showing intermediate permanent negative sur-
face charges (0.10 to 0.14 Cm-2) due to sub-
stitution in the 2:1 layers, subject to specific
sorption of large mono valent (e.g. Cs*, which
are not common ceramic clays) or »common
sized« tri and quadro valent cations (Fe3+, A3+,
Si4+) due to oxidation and/or dissolution of
soluble salts in the clay material, with variable
edge charges by adsorption and desorption of
protons at the edges.

On this basis the following assumptions are
discussed for modelling: the siloxan surface of
kaolinite can be treated similar to quartz, the
edge charge being estimated as most impor-
tant. Quartz and feldspars could be regarded
as similar for modeling. For the approximation
of a binary system the raw clay materials selec-
ted could be treated simply as a binary mixtu-
re of quartz and kaolinite resulting in a mass
ratio 90:10 for Clay D and 60:40 for Clay H.
For the transition to a ternary system the edge
zeta-potential of the different silicate systems
can be modeled as the linear combination of
those of quartz and alumina. The ternary
modelling will be based upon kaolonite, quartz
and swellable minerals, using different edge
zeta-potential settings. The effect of the solu-
ble salt ions (like Al3+) ands the liquefier inter-
actions can be included later on in the model-
ling by the charge regulation model to model
the adsorption-desorption reaction of electro-
lyte ions on the surface of colloidal particles,
influencing the zeta potential. For the first
steps these factors are neglected. To derive
necessary input for the effective surface poten-
tial and the isolelectric point of the used mate-
rial the experimantal results and reference data
[10] are investigated, the literature however
delivering distinctly different values within a
partially unspecified context for the mineralo-
gical components.
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An important task in the next step towards the
simulation of clays is the introduction of plate-
like particles into the system. The main chal-
lenge to be overcome for this task results from
the fact that —in contrast to the case of spheri-
cal particles, where symmetry allows great sim-
plification of the problem- the theoretical and
computational framework needed to obtain
the inter-particle interactions are not yet fully
developed [15]. As mentioned in prevoius
publications two different, likely complementa-
ry, approaches have been defined. The first
option, »glueing« of point-like particles (or
spheres) to a plate-like structure [15, 16], obtai-
ning the interaction between platelets by
adding the interaction between the correspon-
ding point-like particles, can only be achieved
at relatively high computational cost, arising
from the many interactions between pointlike
particles that need to be taken into account in
order to obtain the total force and torque on
each platelet at each step of the simulation.
The second approach is to obtain the solution
to the Poisson-Boltzmann equation of a disc
immersed in an electrolyte [17]. This method
has the advantage of computational economy,
but must be treated carefully regarding the
constraints on the charge distribution on the
platelet. In the spirit of the charge renormali-
zation theory it is expected that suitable para-
meterizations of the model would extend the
validity of the used approximations beyond
their original theoretical constraints. In the
next project period the plate-like clay particles
will be implemented in the program by using
this approach.

Outlook

The research during the next project phase will
concentrate on development of the numerical
simulation of binary and ternary systems and
the development of the numerical computa-
tion of platelike particles. The development
will be based upon characterisation and expe-
rimental validation using the selected clay
materials and their mixtures, as well as litera-
ture evaluation regarding reference data on
surface potential dependency on pH, ionic



concentration and volume fraction. The stati-
stically designed experimentation will be evalu-
ated and expanded to provide the basis for
new material mixture concepts to be tested on
a laboratory pilot scale, based upon the deve-
loped rheological evaluation method. From the
evaluation of the interactions of the mineralo-
gical composition with the developed additives
new additive concepts will be optimized and
developed.
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Summary

The addition of clay to growing media aims at
constant supply of potassium, phosphorus and
micro nutrients, pH-buffering, improvement of
rewettability, and cohesion of growing media.
The identification of suitable clays and their
classification is a prerequisite for product and
cultivation safety. A range of different clays hig-
hly variable in their mineral parameters were
selected for experiments on nutrient buffering
(P) and Mn toxicity, their ability to improve the
rewettability and binding capacity of growing
media. From batch experiments and growth
trials it was derived that a threshold value for
the sum of exchangeable and easy reducible
Mn in clays for growing media is not justified,
as even very high Mn contents in clay were not
phytotoxic. The P binding capacity of clays was
strongly correlated with the oxalate extractable
Fe and Al content. A newly developed capilla-
ry rise method (WOK) was used to characteri-
ze the rewettability of growing media. The
speed of rewetting mainly depends on the
fineness of the amended clay. Surface free
energy (SFE) data of the growing media indica-
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te that those with a good rewettability show
also high values for SFE. Compared to the kao-
linitic and illitic clay amendments, bentonites
show no significant increase in the SFE. Sur-
faces of clay minerals exhibiting originally polar
and hydrophilic surfaces, can render hydro-
phobic when coated with weakly or non-polar
organic matter moieties. Dissolved organic car-
bon (DOC) sorption was found to be positively
correlated with the specific surface area (SSA),
cation exchange capacity (CEC) and amount of
dithionite extractable Al and Fe. Clays contai-
ning expandable clay minerals with high CEC
and SSA (e.g. smectites) and those rich in Al-
and Fe-oxides seem to be less effective for
improving rewettability, whereas an addition
of non-expandable clays with lower SSA, CEC
(e. g. kaolinitic and illitic clays) and amorphous
oxide content appears more promising. New
insights on the adsorption of DOM on clay
mineral's surfaces will be obtained in the third
year by chemical analysis of the surface with X-
ray photoelectron spectroscopy (XPS), surface
topography analysis and contact angle measu-
rements. A new method for the determination



Table 1: Properties of growing media and their constituents that pertain to »quality«

(adapted from Schmilewski, 2008).
Chemical Physical Biological Economic
pH structure and stability pathogens availability
nutrient content water and air capacity weeds price
buffering capacity bulk density microbial activity consistency of quality
noxious substances wettability storage life cultivation technique

of the binding capacity of clays in blocking
media is currently being tested and will be
studied together with determinations on K-
dynamics.

Introduction

Concept on function und effect of clays in
growing media related to practice

A suitable rooting medium is fundamental for
plant growth. Horticultural crops have certain
requirements which the grower needs to fulfil
with the help of individually tailored growing
techniques and cultivation measures. For the
selection of growing media constituents each
should possess optimum characteristics for the
specific culture. Modern horticulture with
computer-controlled irrigation and fertilisation
programmes, potting machines, pricking ro-
bots, climate-controlled greenhouses and just-
in-time production requires dependable, quali-
ty-assured growing media. Specialist compa-
nies rely on ready-made growing media which
are either part of the manufacturer's standard
range or special mixtures produced at the gro-
wer's request. For the development of formu-
lations and the production of growing media
suitable for this market a large number of che-
mical, physical, biological and economic cha-
racteristics of the constituents must be taken
into account (Table 1).

Due to its characteristics Sphagnum peat has
been the most important constituent of orga-
nic growing media for several decades. A high
water and air capacity in combination with
other favourable features make peat ideal for
this purpose. After fertilising and liming, peat
is the sole constituent of many growing media.
Nonetheless, peat has also some drawbacks

arising from the relatively poor wettability
when dry, limited nutrient buffering capacity,
and structural stability. Mineral amendments,
especially those rich in clays, are commonly
incorporated into the organic media in order
to improve physical and chemical conditions.

In horticultural practice, clays are amended to

peat in amounts of 10-80 kg/m3. The amend-

ment aims mainly to improve the following
three different properties of the growing
media:

1. Buffering of nutrients. Clay amendment
shall ensure that optimum conditions adju-
sted at start of the crop remain constant
during cultivation. Relative large amounts of
clay are needed.

2. Rewettability during irrigation. Due to the
large specific surface area and charged surfa-
ce sites, hydrophilic mineral surfaces of clay
minerals coating the surfaces of peat should
have a positive effect on the wettability of
inherently water repellent growing media
and the amount of plant available water.
Relative low amounts of clay are needed.

3. Binding capacity. For the use of pricking
robots when transplanting young plants and
also for the production of peat blocks (e.g.
4 x 4 x 4 cm) for mechanical sowing the co-
hesion of the growing media shall be impro-
ved by the amendment of a suitable clay.
Relative low amounts of clay are needed.

As a certain clay can hardly support all of the
required properties, also blends of different
clays are used in growing media industry. Clays
available show great differences in their mine-
ral parameters, e. g. texture, mineralogical com-
position, layer charge, and oxide content.
Chemical as well as physical characteristics of
the growing media strongly depend on the
kind of clay amendment. Currently no proven
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Figure 1: Scheme for
the interactions growing
media constituents with
solution.
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standards are available for evaluation of clay
for use in growing media and to design gro-
wing media perfectly for specific crops and
production methods. Here improved knowled-
ge of the mechanisms and processes of these
clays in growing media helps to identify suita-
ble clays and to make the prognosis of clay
properties more reliable.

Surface chemistry of growing media con-
stituents

The amendment of clays or clay blends to peat
together with the addition of fertilizers and
lime in a growing medium has a strong effect
on the surface chemistry of its constituents.
Clay and peat stem from very different envi-
ronments and a distinct number of exchange
reactions can be assumed. E. g. the clays used
in this project from Mesozoic-Tertiary weathe-
ring mantle of the Rhenish Massif are undersa-
turated for the binding of dissolved organic
matter (DOM), whereas peat is known to be a
source for DOM. For this reason the external
surfaces of clay minerals might act as a sink for
DOM, whereby in turn the adsorption of DOM
can modify the surface properties of the clay
minerals. Here the interaction of water with
peat and clay minerals defines the physical and
chemical properties of the growing medium,
as virtually all chemical and biological reactions
take place at the solid-water interface. A sche-
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me of the interactions of water with the gro-
wing media constituents is shown in Fig. 1.

The solid-water interface is important because
it controls the retention and transport of
nutrients and pollutants and provides physical
support for plants. Also contained in the pore
solution besides inorganic solutes is DOM, its
fate and transport highly depending on interac-
tions of the solid-water interface. On addition,
many chemical species in the growing media
solution can interact with each other. Solute
behaviour is controlled by multiple solid phases,
different clay minerals, oxides and organic mat-
ter, which have a complex and heterogeneous
nature. The type of surface reaction has a deci-
sive role for the potential of the solid phase for
the desired properties listed above.

Water repellent surfaces of growing
media

Water repellent (hydrophobic) growing media
can cause problems as, after drying out, they
require a long time to rewet (Michel et al.,
2007). For that reason the rewettability could
become a property with major repercussions
for plant growth (Doerr et al., 2000). Organic
material in peats used for growing media com-
prises many substances which are only weakly
or non-polar. As a consequence they are not
able to form hydrogen bonds with water mole-



cules and hence exhibit often distinct water
repellence (hydrophobicity). On the other
hand, charged mineral surfaces are usually
hydrophilic as they are capable of forming
hydrogen-bonds. Thus, when incorporated
into a water repellent sandy soil or a growing
medium, it is expected that charged clay mine-
rals show a positive influence on the wettabili-
ty, by increasing the surface area, masking
hydrophobic organic surfaces and exposing
hydrophilic clay surfaces (McKissock et al., 2002;
Lichner et al., 2006). The effect of mineral
amendments on the wettability of soils was
subject to several studies. Nevertheless, the
results were somewhat inconsistent. Indication
was obtained that the variations observed
depend to a great extent on the formation of
organic coatings on mineral surfaces. The
adsorption of weakly or non-polar organic
matter moieties can render a hydrophilic mine-
ral surface hydrophobic (Chenu et al., 2000;
Doerr et al., 2000). The hydrophilic reactivity of
mineral surfaces and accordingly their positive
influence on wettability can be reduced or
even lost, when the minerals tend to accumu-
late hydrophobic organic compounds derived
from soil organic matter or peat on their exter-
nal surfaces.

For soils sorption of dissolved organic matter
onto mineral surfaces was found to be affec-
ted by the parameters CEC, SSA and content
of amorphous oxides (e. g. Kaiser and Guggen-
berger, 2000; Kahle et al., 2004). The stability
of organic coatings depends on the type of
bond, which is not only dependent on the che-
mical composition of DOM, but also on mineral
surface properties. Basically it has to be assu-
med that wettability is largely influenced by the
sorption of DOM and, as the wettability is a
dynamic property, also desorption processes.

In the study on rewettability of growing media,
the effect of certain clay amendments, highly
different in their mineral parameters (mineralo-
gical composition, specific surface area, oxala-
te and dithionite soluble Fe- and Al-oxides, tex-
ture) was determined. Processes and reactions
responsible for the variations in growing media
wettability are assessed and used to rate the
effectiveness of the amendment. The results

will be used to find reliable criteria for the selec-
tion of suitable clays for improving wettability.

Clays for improving P buffering capacity
The amendment of clay to peat-based growing
media is supposed to improve both physical
and chemical properties of growing media.
Pure white peat is nearly non-buffered and the
buffering capacity for the nutrients potassium
and phosphorus can be increased by the addi-
tion of clay. A buffered growing media can
absorb nutrients in large amounts by binding
them and is able to release them again in the
solution of the growing media when plants
deplete the nutrient concentration. By this,
fluctuations of plant demand or fertigation can
be balanced and optimal growing conditions
can be maintained.

The buffering capacity of a clay in growing
media is mainly caused by its contents of
amorphous Fe- and Al-oxides. Therefore P fixa-
tion varies widely between clay minerals and
the choice of the »right« clay is very important.
In horticultural practice the basic fertilization
of a growing media is generally not sufficient
to supply the plants over the whole vegetation
period with nutrients and subsequent fertiga-
tion is necessary. The nutrient concentration in
the fertigation solution should reflect the
nutrient demand of plants. Growth rate and
nutrient uptake of plants differs widely bet-
ween species and cultivars and is dependent
on environmental conditions. Therefore opti-
mum fertigation concentration can be deter-
mined only with uncertainties.

Thus, i) clay characteristics affecting P buffe-
ring capacity were determined and ii) the in-
fluence of the buffering capacity of peat/clay-
growing media on the safety of plant cultiva-
tion at varied concentrations of P fertigation
was investigated.

Progress within the project

The work in the first two years focused on the
two sections »Buffering of nutrients« (1) and
»Rewettability during irrigation« (2). In prelimi-
nary studies in the section »Binding capacity«
(3) different methods were tried out and ex-
tensive experiments on blocked growing me-
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Table 1: Physical, chemical and mineralogical properties of seven clay samples from the Westerwald area, representing
saprolithic clay (S), bentonite (B), translocated clays (U) and blends (M).

Sample | sand/silt/clay | CEC SSA Algy Fe,x | Mineralogical composition <2 ym
(wit%) (mmolgkg) | (m?g) | (a/kg) | (g/kg) | fraction (d = dominant, t = traces)

018 42/45/13 287 11 0.34 0.61 | illite, kaolinite (d); chlorite, quartz (t)

06B 41 /38 /21 840 106 2.24 2.96 smectite (d); illite, kaolinite (t)

07B 46 /41/13 881 92 1.77 1.53 | smectite (d); illite, kaolinite (t)

27U 2/52/46 223 20 0.09 0.02 | kaolinite, quartz (d)

28U 2/18/80 435 44 0.26 0.11 kaolinite, illite (d)

36M 2/35/63 256 30 0.16 0.33 | kaolinite (high crystallinity), illite (d)

38M 25/40/35 572 62 1.06 0.87 | kaolinite, illite (d)

dia by mechanical agitation will be carried out
in the third year.

Determinations on Manganese toxicity (section
1) on clays with different contents of active Mn
(sum of exchangeable and easy reducable Mn)
reveal that a threshold value for Mn in clays for
growing media is not justified (Dombrowski
and Schenk, 2010). Even very high Mn con-
tents in clays only resulted in small increase of
Mn concentration in the solution of the gro-
wing medium. Additionally plants tolerated
high Mn-concentrations in the growing media
solution because, i) Mn was complexed by DOM
and thus is less phytotoxic ii) silicic acid dissolved
in growing media solution alleviated the harm-
ful Mn effects. Results on the P binding capaci-
ty of clays, strongly correlated with the oxalate
extractable Fe and Al content of clays, are des-
cribed in detail in the result section.

For the determination of the rewettability of
growing media the capillary rise method was
used. For this purpose a WOK-apparatus allo-
wing 8 simultaneous measurements was in-
stalled at Klasmann-Deilmann GmbH. The ef-
fectiveness in improving the wettability of gro-
wing media was found to depend on the sur-
face properties of the clay minerals amended
which govern the binding of DOM. Amend-
ments with non-expandable clay minerals with
low SSA, CEC (e.g. kaolinite and illite) and clays
with a low amorphous oxide content appear
most promising (Walsch and Dultz, 2010). The
fineness of the clay was observed to be a deci-
sive factor for improving the rewettability.
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Material and Methods

Rewettability

Seven clay samples with distinct differences in
mineral parameters (Tab. 1) and a blend of dif-
ferent Sphagnum peats with a moderate
degree of decomposition were used.

The growing media was limed (6.0 kg/m3) and
fertilized (1.1 kg NPK 14-16-18 standard ferti-
lizer per m3 growing media. The rewettability
of the growing media mixtures was assessed in
terms of capillary water uptake (WOK, Dutch
RHP foundation) and contact angle (CA) mea-
surements (OCA 20, Data Physics). In the WOK
apparatus dry samples are placed in cylindrical
rings (500 cm3) on a layer of water and the
increase in water content is logged over time
for 24 h (Fig. 2).

Hydration of particles in the growing media
was determined in an environmental scanning
electron microscope (ESEM; Quanta 200, Fei).
As peat surfaces consisting mainly of C are
covered with clay minerals rich in Si, the
degree of coverage of the peat surface can be
described by the C/Si ratio. By energy dispersi-
ve X-ray spectroscopy five different sections
each of 6 mm? size were determined.

The adsorption of peat derived DOM on mine-
ral surfaces was determined in batch adsorp-
tion experiments. DOM solutions for adsorption
experiments were extracted from limed and fer-
tilized peat. Batch adsorption experiments were
carried out for 24 h at 20 °C in the dark. DOC
concentrations were measured with a total
organic carbon analyser (liquiTOC, elementar).
Aromaticity of the adsorbed DOC and DOM-
fractionation phenomena due to adsorption



were determined with a Cary 50 UV-Vis spec-
trometer (Varian). According to Chin et al. (1994)
absorbance values were recorded at a wave-
length of 280 nm, where electron transitions
occur for a number of aromatic substances.

P buffering capacity

The influence of P buffering of peat/clay gro-
wing media on the safety of plant cultivation
was characterized in a plant experiment. At
first nine clays with different P fixation capaci-
ty were selected for the determination of plant
availability of P in peat/clay growing media. To
assess the P fixation clays and growing media
were shaken in a P solution (1000 mg P L") at
a ratio of 1:10 for 24h. Oxalate soluble Fe and
Al were extracted using 0.2 M oxalate solution.
Based on these data two clays with a low P fixa-
tion (04S and 01S) and two with a high P fixa-
tion (06B and 39W) were selected for the plant
experiment and mixed with peat (80 vol-%
peat, 20 vol-% clay).

For each growing media a calibration curve
was established to determine the amount of P
needed to obtain a CAT extractable P concen-
tration of 25 mg P/L growing media, which is
usually adjusted in horticultural practice. CAT
(0.01 M CaCl, + 0.002 M DTPA) is commonly
used for the extraction of potentially plant
available P in horticultural growing media (Alt
& Peters, 1992). The growing media were
equilibrated in an oven at 50°C for 48 h, then
at room temperature for another 48 h prior to
determining the CAT extractable P concentra-
tion. Previous work showed that this incuba-

Figure 2: WOK apparatus
used for the determination
of the time dependent
water uptake capacity.

tion procedure is highly correlated with CAT
soluble P after 9 weeks of storage.

Seedlings of Impatiens walleriana F1 »Candy ®
Coral Bee« were planted in 600 ml plastic pots
(D 12 cm) filled with the different growing me-
dia and pure white peat as control. Volume
weight of growing media was determined
according to standard method of VDLUFA
(1991). All growing media were fertilized with
1.5 g L-1 of a P free compound fertilizer (Ferti
8® — N : P,O5 : K;0 =20:0: 16 + micronu-
trients) and pH was adjusted with CaCO; to
pH 6 (0.01 M CaCl,). The CAT soluble P con-
tent of 25 mg P/L growing media was obtained
by addition of Ca(H,PO,), according to the
calibration curves. The fertigation solution con-
tained in mg/L solution: 120 N as KNO5 and
NH,NO;, 130 K as KNO3, K,S0, and KH,PO,,
10 Mg as MgSO,*7 H,0 and 200 Flori® 10.
The P concentration of the fertigation solution
was varied (in mg P/L solution): 0 (= no P), 17
(= sufficient P) and 35 (= excess P). Plants were
harvested after 10 weeks cultivation after mea-
suring plant height and diameter and length of
internodes. The P concentration in plant d.m.
was measured after wet digestion and the P
concentration in the solutions was determined
with the ammonium-vanadate-molybdate me-
thod. Treatments were replicated five times
(each replicate consisted of 5 plants) in a com-
pletely randomized design and statistical ana-
lysis was performed with the program R 2.8.1.
Means were compared between treatments at
o = 0.05 using Tukey-Test.
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Figure 3a, b: Environmental scanning electron microscope
(ESEM) observation of a peat-based growing media amen-
ded with a translocated clay (27 U) submitted to hydra-
tion conditions. The image shows a leave of Sphagnum
moss peat covered with clay platelets in the dry state (a)
and directly after beginning of condensation (b). Note
that condensation starts at sites where clay minerals coat
the peat’s surface. Water droplets are marked with arrows.
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Figure 4: Coverage degree of peat surfaces with clay
minerals expressed by the C/Si ratio (n=5). Low values
indicate highly covered surfaces.
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Results
Rewettability

ESEM observations

Growing media submitted to hydration show
clearly that the condensation of water starts
on the hydrophilic clay particles coating the
external surfaces of the peat compounds (Fig.
3a, b). The formation of water drops on the
surface of peat indicates high contact angels
and strongly hydrophobic properties.

Saprolithic and translocated clays have the
strongest effect on surface coverage of peat
compounds with clay minerals (Fig. 4). Here
already 20 kg/m?3 are sufficient to reach lowest
C/Si ratios indicating maximum coverage
degree. Bentonites and clay blends still increa-
se the coverage degree of the peat’s surface by
the addition of 30 kg/m3. Bentonites show
small effects even at the largest amended
amount. Here C/Si-ratios are comparable with
growing media amended with saprolithic and
translocated clays in amounts of 10 kg/m3.

Water uptake is improved for all samples by
the amendment of clay (Fig. 5), strongly de-
pending on the clay parameters. Clays consi-
sting mainly of illite and kaolinite (saprolithic
and translocated clays) show fastest water
uptake (50 vol.% within 10 min).

At C/Si ratios <20, where the surfaces of peat
are most completely coated with clay minerals,
all clay-peat systems show the highest water
uptake rate. Highest variability is observed for a
saprolitic clay rich in illite and kaolinite, where
the water uptake rate ranges from 2.6 to 15.5
(%V/v)/min. Bentonites show only minor effects,
water uptake ranges from 1.47 to 3.63 (%VvN)/
min. The translocated clay is most effective to
improve water uptake rate with small amen-
ded amounts. Larger added amounts show
only slight improvements. For the clay blend
and bentonite, the absolute amount of amen-
ded clay showed minor effects, but water
uptake rate is quite higher than that of original
peat (1.3 (%V/v)/min). The results show a good
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correlation of the surface coverage degree ex-
pressed by the C/Si ratio and rewettability deter-
mined by the capillary rise »WWOK« method. The
determination of the C/Si ratio in a relatively
short procedure is a suitable method to identify
suitable clays and the amount of clay needed.

Effect of clay particle size on water uptake
characteristics

Time dependent water uptake measurements
on growing media with clays of different parti-
cle size fractions reveal that the initial particle
size of the amended clay has a strong influen-
ce on the water uptake rate. For fine aggrega-
te sizes <0.5 mm the fastest water uptake was
observed (Fig. 6). Note that in horticultural
practice irrigation is often performed in the
ebb and flow mode. If the uptake rate is high
the time needed for irrigation can be shorte-
ned. After the total duration of the experiment
of 1440 min (24 h) in the WOK apparatus the
differences in water uptake rate are low. This is
not relelevant for horticultural practice, where
the differences at the beginning of irrigation
are most important. Here the growing media
where the smallest aggregate size (< 0,5 mm)
and the highest amount of amended clay (20
kg/m3) shows the fastest water uptake rate in
the time period up to 15 min.
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Figure 6: Time dependent water uptake of a growing me-

dia (fineness of peat: 0-10 mm) to which translocated clay
36M was added in two different amounts (10 and 20 kg/m3)
und two particle size fractions (<0.5 and 0.5-2.0 mm).

Effect of different clays on water uptake cha-
racteristics

From the water uptake curves, it becomes evi-
dent that the growing media differ significant-
ly in their rewetting behaviour (Fig. 7). Pure
peat showed the slowest water uptake, whe-
reas the increase in the volumetric water con-
tent of mineral amended growing media was
generally faster. Up to 50 % water saturation,
also marked variations in the rewetting beha-
viour among the different mineral amend-
ments were observed. Amendments of smecti-
te rich clays (06B and 07B) caused only a minor
increase in water uptake velocity, while kaolini-
tic and illitic mineral amendments notably
enhanced the rewetting. It can be concluded
that the wettability of a growing media is a
dynamic property, which is to a great extent
influenced by the clay mineralogy and also
other mineral parameters.

Formation of hydrophobic coatings on
clay mineral surfaces

Mineral surfaces provide a variety of reactive
functional groups on their surface, which
allows strong interaction with dissolved orga-
nic and inorganic substances. Consequently,
batch adsorption experiments with peat deri-
ved DOM revealed that both, the bulk samples
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Figure 7: Time dependent water uptake of peat-based growing media amended with different
clays in an amount of 30 kg/m3. For comparison, the water uptake of the pure peat is shown.

as well as the clay fractions adsorb relatively
high amounts of dissolved organic substances
(Fig. 8). For the samples under investigation,
the adsorbed C content varies between 20 and
180 mmol C kg1, with the highest amount be-
ing adsorbed by the samples rich in smectite
(06B and 07B).

The composition of the organic coatings on
the mineral phase was determined by UV-Vis
analyses of the equilibrium solutions after the
batch adsorption experiments (Fig. 9). Here, a
decrease in light absorbance values (Abs,gg)
indicates a high removal of aromatic organic
substances from the solution due to the sorp-
tion onto mineral surfaces.

The extent of sorption was found to be depen-
dent on the mineral parameters of the samples
(Fig. 9, a, b, ). Linear regression analysis sho-
wed that sorption of aromatic compounds cor-
relates well with the SSA, CEC and amount of
oxalate soluble Al and Fe, which is consistent
with findings reported elsewhere (e.q. Kaiser
and Guggenberger, 2000; Kahle et al., 2004).
Absorption at 280 nm shows strongest corre-
lation to the SSA (12 = 0.86), which is most like-
ly due to the higher surface area available for
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DOC sorption. Considering liming and fertiliza-
tion, it can be suggested that DOM sorption is
most likely also mediated by the solution che-
mistry. For instance Feng et al. (2005) found
that sorption of peat derived humic acid onto
kaolinite and montmorillonite increased with
increasing ionic strength and decreasing pH,
and that the presence of Ca2+ largely enhan-
ced the sorption. Subsequently, DOC linkage
to negatively charged mineral surfaces via
cation-bridges appears to be an important bin-
ding mechanism, which is also indicated by the
positive correlation (r2 = 0.66) between adsor-
bed DOC and the CEC of the clay amendment.
The correlation with the sum of oxalate extrac-
table Al and Fe (r2 = 0.71) is indicative for DOC
binding onto poorly crystalline Fe and Al mine-
rals (Mikutta et al.,, 2005). It can be assumed
that the amount and composition of adsorbed
DOM as well as the mineral parameters are the
key to explain the observed variations in wet-
tability and accordingly the differences in the
effectiveness of the mineral amendments.

Effect of hydrophobic mineral coatings on
water uptake rate
Adsorption of peat derived DOM onto mineral



I clay fraction
3 bulk sample

0- T T =
01s 06B 07B 27U 28U 36M 38M

Figure 8: Sorption of peat derived DOM on bulk clay sam-
ples and the clay fractions.

surfaces influences the wettability of the gro-
wing media in a negative way (Fig. 10). From
the non-linear regression it becomes evident
that variations in wettability of the growing
media can be attributed to a high extent to
differences in the affinities of the mineral sur-
faces for aromatic DOM compounds. Most
probably the hydrophilic behaviour of the
mineral surfaces is affected by the adsorbed
organic compounds forming hydrophobic
surface coatings, diminishing their positive
effect on the wettability.

Conclusions on rewettability

It was shown that the absorption of aromatic
organic compounds changes the hydrophilicity
of clay mineral surfaces. The intermolecular in-
teractions involved in the formation of hydro-
phobic coatings can be very complex. However,
significant effects can be expected if specific
properties of the dissolved organic matter is
varied (molecular size, configuration and pola-
rity or hydrophobicity) and also specific surface
properties of the adsorbents (texture, minera-
logical composition and the distribution of
reactive functional groups). Additionally, the
properties of the organic and inorganic reac-
tants can be affected by aqueous phase proces-
ses (e. g. hydrolysis, hydration, dissolution, and
precipitation). Here the composition and pro-
perties of the aqueous solution (e. g. pH, ionic
strength, presence of bridging-cations or com-
petitive anions) have to be considered as well.
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Figure 9: UV-Vis light absorbance values of the equili-
brium solutions after batch adsorption experiment. Note,
a decrease in the Abs,gg-values indicates a high removal
of peat derived aromatic organic substances due to sorp-
tion onto mineral surfaces. Abs,gg-values are shown in
relation to mineral properties a) CEC, b) SSA and ¢) oxala-
te soluble Fe and Al. The dashed line is the 95% confi-
dence interval of the linear regression (solid line).

For instance, Tarchitzky et al. (2000) explained
the role of polyvalent cations for water repel-
lency with the enhanced formation of coatings
on mineral surfaces, resulting in a reduction of
the hydrophilic reactivity. Additionally it has
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been suggested by HurraB and Schaumann
(2006) that bridges by polyvalent cations may
cause an aggregation of the humic substances
tht would also result in a lower wettability.

The results of our study show that the obser-
ved differences in rewettability can be mainly
attributed to the extent and kind of organic
coatings on the mineral surfaces. Obviously
the formation of these coatings relies on diffe-
rences in the sorption properties of the mine-
rals and, in turn on distinct mineral properties.
Mineral amendments containing expandable
clay minerals with high CEC and SSA (e. g.
smectites) and amendments rich in amorphous
Fe and Al compounds seem to be less effecti-
ve, due to their high affinity for peat derived
DOM, especially for hydrophobic DOM consti-
tuents (Fig. 11). Accordingly, an addition of
non-expandable clays with lower SSA, CEC
and amorphous oxide content (e.g. kaolinite
and illite) seems more promising.
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P buffering capacity

The nine selected clays differed clearly in their
P binding capacity and content of Y Fe,,+Al,
(Fig. 12). The P binding of the clays correlated
positively with the Y'Fe, +Al,,, but could not
fully explain the whole variation in P fixation. It
is assumed that the surface of the oxides dif-
fers widely, which will be investigated in furt-
her experiments.

After ten weeks cultivation the varied P ferti-
gation resulted in clear differences in plant
growth and quality among the treatments and
growing media.

Without P fertigation the elongation of shoots
was reduced in pure white peat and the two
clays with low P binding capacity 04S and 018,
compared to peat/clay blends containing clay
06B and 39W. Also P fertigation increased
internode length in these blends (Fig. 13). The
same trend was observed in plant diameter
and height (data not shown).
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In all growing media the dry matter yield of the
plants not fertigated with P was reduced com-
pared to those receiving P. Without P fertiga-
tion yield of treatments in pure white peat and
in the peat /clay blend 04S was lower than in
the other three peat/clay mixtures (Fig. 14).
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Figure 12: Relationship between the content of oxalate
soluble Fe and Al and the P binding of nine different clays
in a batch experiment with a P supply of 10000 mg kg-1.
Marked clays were used in the plant experiment.
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Figure 13: Length of internodes of Impatiens walleriana
depending on growing media type and P conc. in fertiga-
tion solution. Different capital letters indicate significant
differences between growing media at the same P ferti-
gation level and different small letters indicate significant
differences between fertigation treatments (p<0.05).

The increasing P supply via fertigation resulted
in increased P conc. in plant d.m. in all growing
media. Without P fertigation, P concentration in
shoot d.m. was the lowest in treatment pure
white peat and the peat/clay blend 04S and the
highest P concentration was obtained in the tre-
atment 06B. The same differences between gro-
wing media were observed with fertigation con-
centration 17 mg P L1 solution, but no longer at
the highest P fertigation level (Fig. 15).
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tigation solution. Different capital letters indicate signifi-
cant differences between growing media at the same P
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To characterize the capacity of different clays
to supply P to plants the P amount contained
in shoot d.m. was calculated for the treatment
without P fertigation (Fig. 16). The clays 01S,
06B and 39W supplied about twice as much P
to plants compared to pure peat and peat/clay
blend 04S. In the latter treatments plants did
not exhaust the P amount determined by CAT
extraction whereas in the other treatments
even more P was taken up than characterized
as plant available by the extraction. In all gro-
wing media more P was fertilized than deter-
mined as plant available or taken up in shoot
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Figure 16: Amounts of fertilized and CAT-extractable P
per plant container (0.6 L growing media) and P contai-
ned in shoot d.m. of Impatiens walleriana depending on
growing media type.

d.m., which was more pronounced in blends
with clays having a high binding capacity (01S,
06B and 39W). At the same CAT level, in this
case 25 mg/L growing medium, peat/clay
blends containing clay with a high P binding
capacity supplied more P to plants indicating the
capacity to buffer fluctuating P supply. In horti-
cultural practice P availability in growing media
is characterized by CAT extraction procedure.

Conclusions on P buffering capacity

The P binding capacity of clays was strongly
correlated with the oxalate extractable Fe and
Al content. However, this factor did not fully
explain the observed variability. Low availability
of P reduced internode length and supported
compaction of plants. But at the same time
d.m. production was decreased indicating that
shortage of P is not a successful strategy to pro-
duce more compact and better shaped plants.
Peat-clay blends containing clay with a high P
binding capacity provided up to twice as much
P to plants than those with a lower binding
capacity, thus buffering fluctuations in P uptake
and P fertigation. The common extraction pro-
cedure for horticultural growing media tended
to underestimate the plant available P in peat-
clay blends with high binding capacity. To
improve the understanding of P binding of clays
specific surface of oxides will be investigated.
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1. Introduction

In this project we aim to develop a low-cost
technology to remove ionic constituents from
raw waters such as arsenic species. The propo-
sed technology is based on the reactivity of
schwertmannite, an oxyhydroxosulfate of the
mean stochiometry FegOg(OH)sSO, (molar
mass 772.89 g/mol). This mineral typically
forms in acidic and sulfate rich mine waters as
a secondary mineral upon oxidation of Fe(ll) in
a biologically mediated process. Schwertman-
nite can be generated in a biotechnological
process after aeration of mining process wa-
ters. It forms surface-rich aggregates of need-
le-like nanocrystals. It rapidly transforms into
ferric hydroxides of high specific surface area
once exposed to water containing at least
some alkalinity. Our rationale follows the con-

Table1: 16S rRNA probes used for FISH analyses

1) Department of Hydrology, University of Bayreuth, UniversitatsstraBe 30, D-95440 Bayreuth

GEOS Ingenieurgesellschaft mbH, Gewerbepark »Schwarze Kiefern«, D-09633 Halsbriicke

Department of Environmental Microbiology, Tech. University of Freiberg, Leipziger Str. 29, D-09599 Freiberg
Department of Earth and Environmental Science, Section Crystallography, University of Munich, D-80333 Munich

Central Facility for Electron Microscopy, University of Ulm, 89069 Ulm, Germany

Institute for Groundwater Management, Technical University of Dresden, 01062 Dresden

cept to make use of this transformation reac-
tion by adding biosynthesized schwertmannite
to contaminated raw waters where it genera-
tes a large sorption capacity to remove the pol-
lutants (Peiffer et al., 2008).

2. Materials and Methods
2.1. Microbial Investigations

2.1.1. Depth profile of activity of microorga-
nisms in schwertmannite

A Schwertmannite core from the carrier mate-
rial of the pilot plant was collected with a hol-
low drill and cutted into 0.5 cm layers (volume
of each layer=1.7 cm3). The mineral was dis-
solved with 0.2 M oxalic acid and the cells

Probe Target Probe sequence (5'-3') Reference
BSC0459_deg | Ferrovum myxofaciens TCCAGRTTATTCGCCTGA modified by Hallberg et
al., 2006
GALTS0084 Gallionella TrefC4 CCACTAACCTGGGAGCAA Hallberg et al., 2006
Helper 1 Upstream of GALTS0084 GATATATTACTCACCCGTTCG | Hallberg et al., 2006
Helper 2 Downstream of GALTS0084 GCCCCCAGGCCCGTTCGA Hallberg et al., 2006
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were washed with 1x PBS buffer. The resuspen-
ded cells were analysed with the LIVE/DEAD®
BacLight™ Bacterial Viability Kit (Invitrogen,
L13152) and FISH (fluorescence in situ hybridi-
sation). The FISH analyses were performed after
Hallberg et al. (2006) with probes for Ferrovum
myxofaciens and Gallionella TrefC4 (tab. 1).

2.1.2 Biologic Analysis / Interface Bacteria —
Mineral

We investigated samples from cultures of the
species Leptospirillum ferrooxidans. To investi-
gate the interface between mineral and orga-
nic matter the organic matter had to be fixa-
ted. This was done by physical (high pressure
cryo-fixation) and chemical methods (2.5 % glu-
tardialdehyde/2.0 % paraformaldehyde mixtu-
re in 0.2 M cacodylate butter (pH 4.5)). Several
steps for drying and contrasting followed. The
fixated samples were embedded in Epon and
cut into 70 nm thick sections with a DIATOM
diamond knife on a microtome for the TEM.
For the SEM work, the samples were critical
point dried and coated with platinum. Samples
were taken from two positions: from the sedi-
ment and from a bioactive TERMINOX foil.

2.2 Schwertmannit generation

The designed pilot plant consists of an oxida-
tion basin with removable growth carriers as
well as an aeration and a precipitation tank.
The overall volume is about 10.5 m3 and the
oxidation basin has a capacity of 8.14 m3. Due
to the high flow rate of the circulation pump
(approximately 30 m3/h) low gradients of pro-
cess parameters can be guaranteed. The water
inflow is intensively aerated. A chain cleaner
assembled at the bottom of the oxidation ba-
sin removes dropping schwertmannite to the
sludge colllecting channel. From there the
sludge is pumped to a storage tank where the
sludge can sediment and thicken. The thicke-
ned sludge can be recycled to the oxidation
basin or pumped into big bags for dewatering
by gravity.

From the chemical engineering point of view,
the designed pilot plant is a hybrid type of bio-
reactor. It has physical characteristics of a
fixed-bed reactor in parallel with a circulation

reactor. The advantages of this special reactor
design are avoiding plugs in the fixed-bed
(growth carrier) and a free circulation inside
the oxidation basin.

The pilot plant was operated continuously
since the start of the project.

2.3. Mineralogical and Structural Analysis

2.3.1. Mineral analysis

The crystal structure of the prepared precipita-
tes (see below) was examined by XRD. XRD
measurements were performed on a Stoe pow-
der diffractometer and on an Oxford Diffrac-
tion area detector diffractometer, both using
Mo-ka; radiation. Scanning electron microsco-
pe (SEM) analyses of the biologic samples were
performed with a Hitachi S-5200 field emission
scanning electron microscope equipped with
an EDX and a STEM detector. For the SE-pictu-
res an accelerating voltage of 4kV was used
and for the EDX and STEM analyses 20kV was
employed. SEM pictures of the mineral sam-
ples were taken on a JEOL 6500 F SEM with
5kV accelerating voltage.

Specific surface areas were measured by Bru-
nauer-Emmett-Teller (BET) method (Brunauer
et al., 1938) using a FlowSorb Il 2300 (Fa. Mic-
romeritics) and N,/Ar (80 %/20 %) as adsorbate.
Different methods from literature to produce
schwertmannite were compared. The first
method was published by Bigham et al. 1990:
2L of MilliQ water were heated to 60 °C and
10.8 g of FeCl;*6H,0 and 3 g of Na,SO, were
added. The solution was kept at 60 °C for 12
minutes. The orange suspension was then pla-
ced in a dialysis bag and dialyzed against MilliQ
water. The water was changed daily during a
period of 33 days. The precipitate was then fil-
tered and vacuum dried. This sample will be
referred to as dialyzed schwertmannite. A se-
cond recipe originates from Pentinghouse and
was first published by Regenspurg et al. 2004:
5 g of FeSO, was dissolved in 1L of distilled wa-
ter. Then 5 mL of H,0, (32 %) were added. The
solution became brown-red, and after only
few minutes, a rust-colored precipitate could
be observed. After 24 h of ripening in solution
at 25 °C the obtained material was vacuum-
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dried. We will refer to that material as fast-
H,0,-schwertmannite. The method of Penting-
house was also applied in a modified way.
H,0, (0.03%) was pumped over 24 h continu-
ously (flow rate: 5 mlL/h) to 100 mL culture m-
edia iFe containing 25 mM ferrous iron (John-
son and Hallberg, 2007). The synthesis was
performed at 30 °C. After the ferrous iron oxi-
dation and the precipitation the precipitate
was harvested by centrifugation (6000 g, 15 min)
and freeze dried. The samples will be called
slow H,0,-schwertmannite. A third recipe was
described by Loan et al. (2004) and samples
were synthesized in a slightly modified way
with 2.5 g of Fe,(SO,);exH,0 that was dissol-
ved in 500 ml of MilliQ water in glass bottle
and stored at 85 °C for 24 hours. The precipi-
tate was vacuum dried and this sample will be
referred to as 85 °C-schwertmannite.

2.3.2. XAS

XAS experiments were conducted at the SUL-X
beamline at ANKA synchrotron facility in
Karlsruhe, Germany. The investigated samples
were synthesized by the dialyses bag method
described above but initial solutions were
modified by addition of arsenate, chromate or
vanadate to replace sulfate. Samples were pre-
pared with concentrations of 1.65 mmol
(16.5 %), 2.5 mmol (25 %), 5 mmol (50 %)
and 10 mmol (100 %), respectively, the per-
centage indicates the ratio of heavy metal to
sulfate. Goethite and lepidocrocite samples
were synthesized as references and exposed to
solutions of arsenate, chromate or vanadate
respectively. The solutions for the chromate
standards contained 0.7 mM, 2 mM and 10
mM chromate, 1 mM and 5 mM arsenate and
1 mM vanadate, respectively.

2.3.3. Density functional theory (DFT) calcula-
tions

Using systematic density functional theory
(DFT) calculations we study the structural, ener-
getic, and sorption properties of schwertman-
nite as well as goethite(101), akaganeite(100),
and lepidocrocite(010) surfaces with different
terminations. The exchange and correlation
potential is treated within the LDA/GGA+U
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approach which is explicitly suitable for the
strongly correlated FeOOH system.

2.4. Schwertmannite Transformation and
Arsenic Adsorption

2.4.1. SchwertmanniteTranformation tests
Stability experiments were carried out for four
months using 5 g/L (equivalent to 7.75 mmol/L
S0,2") sediment load in milli-Q water using poly-
propylene reactor vials with regular shaking (4-
5 times per day) at room temperature and at-
mospheric pressure. The system was investiga-
ted at four different pH conditions, i.e., 5.0,
6.0, 7.0 and 8.0. The pH adjustments were
done with NaOH/HCI prior to addition of
schwertmannite samples. Due to release of
protons in the course of ageing processes
(equation 2), additional pH adjustments were
done daily using 1.0 N NaOH and the amount
of NaOH consumed was noted. Samples were
collected at regular intervals for four months.
Similar stabilization experiments were conduc-
ted at pH 3.0, i.e., within the stability range of
schwertmannite (pH 3-4.5) to distinguish the
role of higher pH on the fate of sulfate. The
solid phase was separated by filtration and
oven dried at 60 °C.

2.4.2. As(lll)-Schwertmannite interactions

Three different schwertmannite (SHM) speci-
mens produced through chemical and biologi-
cal processes were used in the current study.
SHM_MS was synthesized in a mine water tre-
atment plant (GEOS, Freiberg, Germany) by
microbial oxidation of Fe(ll) between pH 2.9-
3.2 (Glombitza et al., 2007) from SO,2- rich
mine waters. One schwertmannite sample was
synthesized by fast synthesis method called
»oxidative synthesis« as described by Regens-
purg and Peiffer (2005). 10 g of FeSO,.*7H,0
was dissolved in deionized water and ~ 5 ml of
32% H,0, was added drop wise to accelerate
the oxidation of Fe2+ to Fe3+. The reaction was
preceded for 24 hours and the pH remained
stable at 2.4. The precipitated orange coloured
solids were filtered and oven dried at 35-40 °C.
The samples were used directly for further expe-
rimental purposes without any treatment, cal-



led here after SHM_FS. Schwertmannite was
also synthesised as described by Bigham et al.
(1990) The specimen is called SHM_DS.

The sorption studies were conducted as batch
experiments. The suspension was allowed to
equilibrate for 5 days with a sediment load of
0.25 g/25 ml at pH 3.0 and initial As(lll) con-
centrations ranging from 0.13 to 1.33 mmol/L.
Preliminary kinetic experiments demonstrated
that equilibrium is achieved after this time. The
suspension was continuously stirred during the
whole reaction time. The pH of the As(lll) con-
taining solutions were adjusted to pH
3.0+0.05 before addition of schwertmannite
to avoid possible transformation of SHM at
changing pH conditions (J6nsson et al., 2005).
The ionic strength was maintained at 0.01
mol/L by NaNOs. Experiments were performed
in the dark in the presence of oxygen in poly-
propylene reactor vials that were preconditio-
ned by 10 % nitric acid overnight. After the
equilibration time samples were filtered
through < 0.45 pm cellulose filter papers and
the aqueous phase was analyzed for pH, Fe(ll),
Fe(t), SO,2- and As(t) concentrations. Solid pha-
se was characterized by XRD, FTIR, SEM and
XANES techniques. Solid phase arsenic loading
was determined by mass balance (CS=(Cj-
Ceq)*V/M), where C; and Ced are initial and equi-
librium As concentrations (mol/L), M is mass of
sorbent (g), L is volume of solution (L). SHM
samples were stored in crimp sealed serum vials
in O, free glove box to eliminate the effect of
atmospheric O, in As(lll) oxidation during stora-
ge for As species measurement by XANES.

Two commonly used statistical isotherm mo-
dels were fitted with experimental data using
IsoFit v1.2 (Matott and Rabideau, 2008) to
evaluate the sorption behavior. Langmuir mo-
del (Eg. 1) demonstrates a monolayer sorption
mechanism with homogeneous sorption ener-
gies, while Freundlich model is an empirical
model demonstrating multilayer sorption sites

Ads Crr;

—  — (Eq.1)
([ =k KA(:'.\'Cc'q )
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and heterogeneous sorption energies (Eq. 2)
(Weber and DiGiano, 1996).

2.4.3. Dumping Experiments with Arsenic-loa-
ded Schwertmannite/Transformation products
Long-term experiments were set up to study
the development of the chemical bonding bet-
ween the species and schwertmannite or
schwertmannite transformation products upon
ageing in order to test their deposition proper-
ties. Periodically, the desorption of arsenic by
synthetic rainwater (pH 5, elution 1d/month,
B-tests) or groundwater (pH 7, continuous elu-
tion, C-tests) was analysed. The »groundwater«
was effluent water (< 0.1 mg As/L, <0.2 mg
U/L) of the water treatment plant in Schlema-
Alberoda (table 2). As summarized in table 5,
five different »dumping sceniaros« were inve-
stigated. Each test contains 9g mineral preci-
pitate and was eluted periodically or continu-
ously by 10 mL water. The experiments will be
accompanied by XAS (X-Ray-Absorption-Spec-
troscopy) and EXAFS studies, results were
already open.

2.4.4. Laboratory experiments for pilot test
preparation

Following to SHM transformation and As-Ad-
sorption experiments from the last year, a ot-
her test was performed in duplicate. Therein,
brown coal filter ash (FA) (co. the neutraliza-
tion was used instead of the conventional do-
sage of lime milk. 1 L influent water from the
water treatment plant in Schlema-Alberoda
(average composition see table 2) was acidified
by 0.1M HCl and air-stripped for 30 minutes in
order to eliminate inorganic carbon. After fil-
tration (0,2 pum cellulose acetate), FA (about
0.15 g/L as 0.5% FA-water suspension) and
SHM (42.6 mg/L according to 20 mg Fe/L as
2 % SHM-water suspension) was added subse-
quently in order to distinguish between arse-
nic, uranium and radium immobilization to FA

¢s = concentration of As(lll) adsorbed at the solid phase (mol/g)
Ceq = equilibrium concentration of As(lll) in the aqueous phase (mol/L)
c(si1) = total concentration of surface sites (mol/g)

Kadgs = Langmuir sorption coefficient (L/mol)

n
= C('q

¢, =K,

5

(Eq.2)

n = Freundlich exponent (< 1)
Kr = Freundlich adsorption coefficient (Ln/(moln-1 g))
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Table 2: Selected parameters of the Schlema-Alberoda treatment plant’s inflow (May 2070)

redox electric 226
PH potential | conductivity Cl 50, HCO, Fettot) As L Ba
[ [¥] [uS/cm] (mg/L] (mBa/L]
6,95 +-0 2300 55 760 630 5 1.0 2.0 1700

Table 3: Overview of previously performed pilot test campaigns

Cam- flow rate schwermannite
paign date : — pH-buffering agent
m°/h | sample | pre-conditioning | dosage (mg Fe/L)

1 21231000 | 05-0.75| Szo13 | neutralized wilh 48 lime milk
2 10-13.11.09 | 0.94-0.91| S2-013 ”e“"a'liizr‘:g :1'5: 25 lime milk
3 23.-26.11.09 0.93-0.88| S2-013 untreated 21 lime milk
4 09.-12.02.09 0.93| S2-015 untreated (1.4)-36 lime milk
5 10.-19.03.10 | 0.90-0.70| S2-015 untreated 2.7 -25 lime milk
6a 06.-07.04.10 0.95 - 0 (blank) lime milk
6b 07.-16.04.10 | 0.95-0.80| S2-001 untreated 9.8 -22 lime milk
7 11.-20.08.10 1.00| S2-013 untreated 17-26 | brown coal filter ash

and SHM. Samples were filtered by 0,2 pm cel-
lulose acetate and acidified before AAS, ICP-
OES as well as y-spectrometry analysis.

2.5. Pilot test for removal of arsenic from
mine water

The schwertmannite produced in the pilot
plant Tzschelln was used to enhance the arse-
nic removal from mine water in the abandoned
uranium mine of Schlema-Alberoda (East Ger-
many). The uranium mine water has to be puri-
fied from iron, arsenic, uranium and radium,
iron and manganese. The installed treatment
technology is described by Meyer, et al. (2009).
The average composition of mine water inflow
is shown in table 2.

The required limit of arsenic for discharging
into the river Mulde is < 0.1-0.3 mg/L (depen-
dent on flow rate of the Zwickauer Mulde
river). The naturally occurring iron concentra-
tion is not sufficient for complete arsenic
removal or to meet the prescribed maximum
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value. Thus it was investigated, whether it is
possible to enhance the arsenic removal by
dosing SHM as a diluted aqueous suspension.
The pilot plant was constructed in a building of
the mine water treatment plant of the Wismut
at Schlema and consists of a precipitation tank,
a flocculation tank and an inclined clarifier. A
flow chart of the pilot plant is shown in figure
1. A data logger records the pH in the precipi-
tation tank and enables adjustment of pH by
controlling a peristaltic pump to dose lime
milk. Table 3 summarized main parameters of
the last seven pilot campaigns.

The water to be treated in the pilot plant is
taken from the inflow of the mine water treat-
ment plant after the acidification and CO,
stripping stage.

Until now three schwertmannite samples were
applied: two wet filtered aggregate samples
and one dried sample from the pilot plant at
Tzschelln. The schwertmannite is suspended in
process water and stored in a tank with agita-
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tor. In the first pilot experiments the schwert-
mannite was pre-hydrolysized by adding lime
milk to the storage tank until pH 8. Schwert-
mannite suspension with 5 wt% of solids led
to plugging of the dosing tube. Dilution to 1
wt% solved the problem.

Lime milk and a flocculant are taken from the
storage tanks of the mine water treatment
plant. With a peristaltic pump the schwert-
mannite suspension is dosed into the precipi-
tation tank. Lime milk is dosed simultanously
to adjust pH to 7.5. Subsequently the water
flows to the flocculation tank where the poly-
mer flocculant is dosed. In this tank precipita-
tes are transformed to flocks. In the following
inclined clarifier these flocks are sedimented.
The overflow of the clarifier goes back into the
main treatment plant.

To monitor the treatment process inflow and
outflow of the pilot plant were analyzed for
total arsenic, iron and uranium. In the outflow,
dissolved concentrations were determined,
too. The sludge from the clarifier was analysed
for uranium and arsenic and investigated by a
sedimentation test.

3. Results and Discussion

3.1. Microbial Investigations

3.1.1. Bacterial activity and diversity in the
schwertmannite deposits

For a stable process of schwertmannite gene-
ration the number and activity of iron oxidizing
bacteria play a key role in the pilot plant.
Because bacteria are present in the water as
well as in the schwertmannite that is deposited
on the carrier material a recirculation of preci-
pitated schwertmannite could stabilize the
process and increase the oxidation rate if the
bacterial cell numbers are high in the mineral
phase.

To obtain detailed information about the acti-
vity and diversity of bacteria in the schwert-
mannite a depth profile was prepared and the
microbial cells were analysed with a Bacterial
Viability Kit and FISH analyses. A 4-week old 2
cm thick sample core was cut into 4 layers,
where layer 0-0.5 ¢cm represented the youn-
gest (water facing) layer.

The first data indicate a decreasing total cell
number with increasing depth (Fig.2). 3x106
cells were detected in the first layer (0-0.5 cm)
and 1.4x106 cells in the deepest layer (1.5-2.0
cm). More than 40 % of the cells in the first
centimetre were found to be viable. In the dee-
pest layer more than 30 % of the cells were still
alive. This trend could be observed in material
from different water depth.

To obtain information about the microbial
community structure in the different layers the
samples were investigated with FISH probes for
Ferrovum myxofaciens and Gallionella TrefC4.
Figure 3 shows the dominance of Ferrovum
myxofaciens which reaches 25 to 36 % of the
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Figure 3: relative abundance of Ferrovum
myxofaciens and Gallionella TrefC4 in correla-
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microbial community. In contrast to this appro-
ximately only 1% of the microbial cells were
detected as Gallionella TrefC4 cells.

Previous investigations of the microbial com-
munity from water of the pilot plant demon-
strated, that relatives of Ferrovum myxofaciens
and Gallionella are the main species with a
percentage of the total microbial community
up to 90% (Heinzel et al. 2009).The differen-
ces may be due to the use of different
methods for the analyses. For example T-RFLP,
used by Heinzel et al. (2009), analyses the rela-
tive composition of PCR-amplified 16S rRNA
gene fragments. In contrast to this, the micro-
scopic FISH approach to quantify cells by fluo-
rescent DNA probe is a direct method that avo-
ids the PCR amplification. PCR amplification
has been shown to produce artifacts in micro-
bial diversity (Acinas et al. 2005).

This problem of comparison between FISH-
based and PCR-based analyses is also suppor-
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ted by our initial results from first TRFLP analy-
ses of the same samples that indicate that
Ferrovum myxofaciens comprises up to 90%
of the total bacterial cells (data not shown).
More analyses have to been done to quantify
the microbial diversity and activity and to give
a suggestion which part of the schwertmanni-
te deposit should recirculate.

3.1.2 Biologic Analysis / Interface Bacteria —
Mineral

Ferris et al. (2004) put forward the theory that
schwertmannite hedge hogs (globular aggre-
gates with concentrically surrounded by
schwertmannite whiskers) are overgrown bac-
teria. Our TEM analyses of microtome sections
showed that these hedge hogs are in fact mas-
sive and that no sign of overgrown cells are in
inside these aggregations (Fig. 4). Furthermore
no direct connection of bacteria and mineral
could be found. Instead traces of EPS (extra-




Figure 4: TEM images from cultures of Leptospirillum ferrooxidans. A Two cells that are surrounded
by EPS. The schwertmannite whiskers in that sample are not connected directly to the cell but to the EPS.
B Sections through schwertmannite hedge hogs. They are of massive nature and no signs of an overgrown cell
can be found in the center

cellular polymeric substance) are present in the
samples that connect mineral and cell. We
assume that the EPS is a seed for the precipita-
tion of schwertmannite to prevent lethal cell
overgrowth. This hypothesis is underlined by
the results of section 3.3.2. where we show
that schwertmannite whiskers form if the oxi-
dation of iron happens slowly, irrespective of a
biotic or abiotic environment.

3.2. Schwertmannite Generation: Estima-
tion of the oxidation capacity

The microbially enhanced oxidation process in
the pilot plant occurs both on the surface of
the biofilm carriers and in the free volume of
the oxidation basin. The oxidation rate is influ-
enced by various parameters, e.g. oxygen sup-
ply, pH, temperature, sludge circulation, com-
position of the inflowing mine water and surfa-

Fe(1IT) Fe(IlD),, Ag
ox — ind - w Y ox-F Py ofl
T Vi Ve

ges

ox-V

Ar Surface of the growth carriers and all other
surfaces inside the reactor

Fe(lll)gos ~ Total amount of ferric iron formed by
microbial oxidation

Qz Inflow

Va Reactor volume

Vox Total (overall) oxidation rate

VoxF Oxidation rate caused by oxidation
at the carrier

Vorv Oxidation rate caused by oxidation in

free reactor volume

ce area of the biofilm carrier. At technical scale
only the sludge circulation and the amounts of
carriers can be used to accelerate the oxidation
rate. So in a first step the oxidation rate was
determined in the pilot plant at different surfa-
ce areas of the growth carrier. In these experi-
ments the oxidation rate was calculated accor-
ding to Eq. (3) from the total amount of ferric
iron (Fe(lllges) formed during microbial oxida-
tion and the residence time t. The results are
presented in figure 5. By drawing the oxidation
rate as a function of Ag/Vg ratio it was possible
to distinguish v, and vg,y and to estimate
these values.

Fig. 6 shows the oxidation rate of the pilot
plant according eq. (1). Oxidation rates in the
range of 10 — 40 g/(m3h) were achieved. The o-
verall value was in the range of 20 — 25 g/(m3h).

]

(Eq.3)

[m?]

(Eq.3)

lg/m?)

[me/h]
[m?]
[g/(m=h)]
[g/(m=h)]

[g/(m=h)]
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Figure 6: Oxidation rate and throughput of the pilot plant at Tzschelln until April 2010
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Figure 7: Left: Exemplary SEM pictures of schwertmannite precipitated by different methods. The typical schwertmanni-
te hedge hog morphology is present in the biogenic schwertmannite (produced in the pilot plant) and the schwertman-
nite synthesized abiotically at 85 °C. Right: diffractograms of synthesized samples. All show the typical schwertmannite
reflections, however, the products differ regarding the intensity ratio between several peaks (e.g. 1.5 A vs. 1.45 A,
intensity of shoulder at 2.3 A) as well as regarding the peak width.

The influence of the flow-rate on the oxidation
performance of the pilot plant was discussed
in detail in the Science Report 2009 (Peiffer et
al., 2009).

3.3. Mineralogical and Structural Analysis
3.3.1. Schwertmannite structure

The morphology of the schwertmannite de-
pends on the way of synthesis. Samples that
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were synthesized with H,0, consist of round
spheres whereas samples that were produced
by bacterial oxidation showed the characteri-
stic whiskers. Samples synthesized in an inor-
ganic but slow way showed a third variety.
Exemplary SEM pictures are shown in Fig. 7.
Samples synthetised by a slow oxidation with
diluted H,0, also showed whiskers indicating
that the whiskers form in environments with
slower oxidation processes and not specifically
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indicating a stronger bond.

Figure 9: Akaganeite with interstitial ions

due to biotic/organic influence. The XRD mea-
surement on the 2D detector allowed precise
analyses of the different synthesized schwert-
mannites in finite time. Even though the speci-
mens show similar diffraction patterns there
are distinct variations in intensity and peak
width. Also additional reflections appear in
some samples (Fig. 1). This indicates that the
»schwertmannites« are not one homogeneous
phase but a mixture. This raises the demand
for a reproducible method to synthesize pure
schwertmannite.

3.3.2. XAS

The evaluation of XAS data is ongoing work.
Preliminary results on the As K-edge spectra of
arsenic adsorbed to lepidocrocite and goethite

are essentially identical independent of As con-
centration and of the adsorbant. Also the As
K-edge spectra of schwertmannite are identi-
cal for different concentrations of As. Anyhow,
a comparison of the spectra and the radial
distribution function of both materials, the
standards and the co-precipitated schwert-
mannites, shows that arsenate absorbed in
schwertmannite is bonded more closely, and
therefore more strongly, to the iron than the
arsenate adsorbed on goethite and lepidocro-
cite surfaces (Fig. 8).

3.3.3. Results DFT: Bulk FeOOH polymorphs
and bulk schwertmannite

Our work on the bulk properties of the FeOOH
polymorphs goethite (o), akaganeite (B), lepi-
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docrocite (y), and the high pressure phase (¢)
was recently published in Physical Review B
(Otte 2009). The energetic relations among the
phases reveal that the framework structures
(o, B, &) are more favorable than the layered
one (y ). The schwertmannite structure is con-
sidered akin to akaganeite where additional
interstitial sulfate ions are added in the chan-
nels, see Fig. 9. Because schwertmannite is
synthesized in Cl- containing solution, we con-
sider as a starting point Cl atoms in the akag-
aneite channels. We find that the Cl-ions
widen the channels. As Cl is singly negatively
charged, we have explored the role of intro-
ducing a background charge of the whole
simulation cell to model correctly the electro-
nic properties.

Table 4:
BFeOOH+ | 150, | 2CI 250,
is 4254 | 4233 | 42.96
Vo AU | riq94] | [+0.5%] | [+2%]
Esorption[€V] | -0.195 | -0.265 -0.092

Furthermore, we explore the bonding mecha-
nisms of SO,2-. We find that the channels
adapt to the ions in the middle of the chan-
nels. However, this adjustment of the frame-
work is connected with a high energy cost. The
sorption energy of the system can be determi-

ned per formula unit and unit cell (f.u./u.c.) as

ESDfPlion=ESystem'EB-FeOOH' Eion (Equ.4)

where negative values correspond to an exo-
thermic reaction. The absolute value sorption
energy decreases with increasing sulfate con-
centration: The lowest absolute value of
Esorption =-0-092 eV is obtained fort the highest
sulfate concentration (every akaganeite chan-
nel is occupied by sulfate ions) where the
strongest distortion of the akaganeite frame-
work occurs (table 4). The sum formula of
schwertmannite Fe16016(0OH)16-2n(S04)n
(n=1-3) according to (Bigham 1994) allows for
an even higher sulfate concentration in
exchange with hydroxyl groups. Therefore,
further bonding mechanisms (mono- and
bidentate) are currently under investigation.

A further task under investigation is the sorp-
tion of As(V). As an even larger molecule, it is
found to cause a stronger distortion of the fra-
mework. The sulfate-arsenate exchange is a
further aspect we are currently working on.

Sorption on the FeOOH surfaces

The FeOOH polymorphs have high surface
areas and high sorption affinities for aqueous
solutes (Cornell 2007). The transformation pro-
duct after arsenate incorporation in schwert-
mannite is expected to be a FeOOH polymorph.
Various terminations of the most prominent and
relevant surfaces in sorption reactions, goethi-
te(101), akaganeite(100), and lepidocrocite
(010), are modeled. Prior to studying adsorp-
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Figure 10: Density of states (a-c) and spin density plot (d) of p-FeOOH (100)-surface
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tion processes it is important to understand the
properties of the clean surfaces. Oxygen, hydro-
xyl and water terminations are considered to
model different pH conditions.

Indeed, we find that the surface termination
impacts strongly the oxidation state of the Fe
at the surface as displayed in Fig. 10 for akag-
aneite(100). The deprotonated oxygen termina-
tion (basic condition, Fig. 10a) leads to a reduc-
tion of the surface iron, FeSF, and the respecti-
ve magnetic moments, MFe, are reduced. The
hydroxyl termination with all iron in Fe3+ and a
band gap of 1.7eV (Fig. 10b) is closest to bulk
behavior. For a water termination which repre-
sents an acid environment, (Fig. 10c), the FeSF
are reduced to Fe2+ and a breaking of FeOg
octahedra at the surface occurs.

The spin density plot (Fig. 10d) integrated
around the Fermi level for the water termina-
tion reveals that the Fe15F is reduced with a 6th
partially occupied d,, orbital, while for Fe25F the
one spin channel is fully and a 6th electron
appears in the opposite spin channel with par-
tially filled eg-states at the Fermi level. Similar
properties are obtained for goethite(101) and
lepidocrocite(010), but are not displayed here.
Ongoing work focuses on the adsorption of
arsenate on these relaxed surface terminations.

3.4. Schwertmannite Transformation and
Arsenic Adsorption

3.4.1. Transformation of schwertmannite

Long term exposure of schwertmannite to pH
values between 5 and 8 for 4 months at nor-
mal atmospheric condition leads a sulfate
release, which increased with time and pH up
to roughly 1.40 mmol/g solid phase, corre-
sponding to 90 % of total initial sulfate, after
4 months of exposure at pH 8 (Fig.11). The
higher SO,2- release at elevated pH is probably
due to the direct exchange of OH for the
SO,42-ion at the schwertmannite surface, while
faster SO,2- release during initial days may be
due to release of surface-adsorbed SO42-.

3.4.2. As(lll)-schwertmannite interactions

A detailed understanding on As(lll)-schwert-
mannite interaction in acidic medium which
will foster attempts to remove As(lll) with this
mineral was obtained. Schwertmannites tur-
ned out to be able to remove significant frac-
tions of As(lll) (> 97 %) from contaminated
water, the efficiency of which strongly depends
on surface area and synthesis pathway. The
different synthesis products, produced through
biotical and abiotical synthesis pathways differ
in their physical and chemical properties inclu-
ding morphology, dissolution rate, surface area
and crystallinity which strongly affects the
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Figure 11: PHREEQC modelled (lines) SO42" adsorption profile by schwertmannite at diffe-
rent pH values. The experimentally observed values at pH 5, 6, 7 and 8 after 120 days are

shown as filled circles.
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Figure12: Freundlich (a) and
1.5E-04 - a Langmuir (b) sorption model fits to
i the experimental data. Solid lines
- 1 & repre-sent model predicted sorbed
5 4.0E-04 As(ll), while experimental data are
E ©SHM_MS shown by filled and open symbols.
E
& 9.0E-05 © SHM_DS
Q
ESHM_FS
0.0E+00 T .
0.0E+00 7.0E-05 1'4E-‘TD4 2.1E-04
Ceq, mmol L
1.5E-04 - b
‘®1.0E-04 -
© < SHM_MS
E
E 5.0E-05 - @SHM_DS
@
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Table 5: Arsenic mobilization under different dumping scenarios
1 (blank) 2 (blank) 3 4 5
Sconario _ durnpi_ng of un- ) dumping of As dumping of As and
dumping of contamined SHM- dumping of As loaded SHM U loaded SHM
uncontamined SHM transformation loaded SHM transformation transformation
product product product
As
adsorbed
(mol As/ 0.00016 0.00016 0.02535 0.02557 0.02250
mol SHM)
test 1B 1C 2B 2C 3B ac 4B 4ac 5B 5C
arsenic | ainwater ground- | rainwater | ground- | rainwater | ground- | rainwater | ground- | rainwater | ground-
ution (pH 5) water | (pH5) | water | (pHS5) | water | (pH5) water (pH5) | water
i id/month | (pH7) | 1d/month | (pH7) | 1d/month | (pH7) | 1d/month | (pH7) | 1d/month | (pH 7)
49d 0.24% 0.,00% 0,17% 1.38% 0.07% 0,02% 0,00% 0,00% 0.00%
78d 0,17% 0,00% 0.00% 0,00% 1.00% 0,05% 0,02% 0,00% 0,00% 0,00%
106 d 0,00% 0,00% 0.07% 0,00% 1.22% 0,04% 0,02% 0,00% 0,00% 0.00%
140d 0,09% 0,00% | 0,06% | 0,00% | 1,44% | 0,02% | 0,02% 0,00% 0,00% | 0,00%

sorption behaviour of As(lll) (Fig.12).

Our findings suggests the occurrence of two
removal mechanisms: 1) ligand exchange with
surface adsorbed SO,2- which appears to be of
minor relevance as indicated by the absence of
any particular trend in SO,2- release in case of
SHM_FS, and the weak SO,2- release in case of
SHM_DS inspite the highest As(lll) uptake and
SSA of the three specimens and 2) formation
of amorphous As(lll)-Fe(ll)-SO,2- precipitates at
higher aqueous As concentrations as indicated
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by increased diffraction intensity proportional-
ly with the As(lll) loading and the appearance of
new IR bands. These amorphous surface preci-
pitates may stabilize sorbed As(lll) towards sur-
face oxidation. Most of the aqueous As(lll) ap-
peared to sorb through the second mechanism.

3.4.3. Dumping experiments with As-loaded
SHM — samples

The relative amounts (%) of mobilized arsenic
by periodical eluation with rain water (pH 5, B-
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Figure 14: Comparison of As concentration of inflow and
outflow (pre-hydrolyzed SHM, 62 and 41 mg Fe/L)

tets) or continuous elution with groundwater
(pH 7) were summarized in table 5. Actually
(after 140 days), a significant arsenic mobiliza-
tion was only detectable in test 3B, a periodi-
cal elution of As-loaded Schwertmannit with
rain water.

3.4.4. Laboratory experiments for pilot test
preparation

Fig. 13 shows the promising results of the first
batch tests, where brown coal filter ash (FA) was
used instead of lime milk for the neutralisation of
the acidic process water of the water treatment
plant in Schlema-Alberoda. Six hours after the
addition of 0.21 g/L (test 1) and 0.16 g/L (test 2)
FA addition, 0.22 mg As/L and 0.96 mg U/L

Figure 15: Residual As concentration depending from
SHM dosage (pre-hydrolyzed SHM)

could be immobilized in test 1 (pH6,13), 0.17
mg As/L and 1.46 mg U/Lin SHM/L (20 mg Fe/l)
was added to each test. Six hours later, a total of
0.49 mg As/L, 1.01 mg U/L and about 1000 mBq
226Ra/L. were eliminated in test 1 (pH 5.01), a
total of 0.64 mg As/L, 1.57 mg U/L and about
930 mBq 226Ra/L in test 2 (pH 6.42).

3.5. Pilot test for removal of arsenic from
mine water

As mentioned above the required limit of As
for discharging into the river Mulde is < 0.1 0.3
mg/L (dependent on flow rate of the Zwickauer
Mulde river). The naturally occurring iron con-
centration is not sufficient for complete arsenic
removal or to meet the prescribed maximum
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Figure 17: Enhancement of arsenic removal by dosage of
schwertmannite suspension
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value. The main results of the pilot tests are
shown in fig. 14 to 17. Fig. 14 shows the results
of the first pilot experiment with pre-hydrolyzed
SHM. Pre-hydrolysis was applied because lab
scale investigations of the revealed that the
SHM transformation at high sulfate concentra-
tions, as in the Schlema-Alberoda mine water, is
delayed. In order to directly compare the per-
formance of the two SHM varieties in the
third pilot experiment untreated SHM was
applied (fig. 16).

Surprisingly in the campaign with untreated
SHM at comparable dosage a better As elimi-
nation was obtained. A dosage >30 mg Fe/L
pre-hydrolyzed SHM was necessary to reach
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the limit for discharge of 0.1 mg As/L (Fig.15).
With untreated SHM dosage of 21mg Fe/L was
sufficient to reach this concentration. Fig 17
shows that, compared to As removal by the
iron content of the mine water alone, it was
possible to improve the arsenic removal from
60 % to nearly 90 % by dosing 20-40 mg/L Fe,
and 35-70 mg/L SHM (dry mass) respectively.

Following to the promising results of the first
batch tests with brown coal filter ash (FA) as
neutralizing agent (chapter 3.4.4),pilot test
campaign 7 was performed with FA dosage
instead of lime milk. A suspension of 5 % FA
and water of the river Mulde was used. This
leads to an average, effective dosage of 0,15 g
FA/L process water. The SHM-addition was




comparable with the foregoing campaigns
(17-26 mg Fe/L). As shown in Fig.18, the requi-
red limit for discharging into the river Mulde
could always be hold for arsenic. The averaged
uranium elimination was 1,2 mg/L, probably
due to a precipitation of Calciumuranate
together with eluated Calcium from the FA.
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Abstract

The main research activity of this collaborative
research effort is the optimization of water tre-
atment technology on basis of granulated Fe
hydroxides (= GFH, or in German GEH). GEH®
is applied by the SME-Partner, the GEH Wasser-
chemie GmbH & Co. KG established in 1997
and now one of the leading providers of iron-
based high-capacity adsorbents for use in fixed
bed filter process. Over 2000 plants have yet
been delivered into more than 20 countries
worldwide. Main purpose is treatment of As-
and Sb-tainted waters, providing e.g. in India
more than half million people with treated tap
water. GEH® is based on pure synthetic iron
hydroxide (B-FeOOH, akaganeite) with a large
effective surface area (>250 m2/g) and an
adsorption capacity of up to 50 g/kg As if app-
lied on waters containing only As. This enables
a simple, low maintenance removal procedure
with capacities of up to 300,000 bed volumes
over years without producing hazardous As-
loaded sludge to be costly deposited. The main
practical problem is the yet less well under-
stood efficiency degradation with different
groundwater milieus; with more or less redu-
ced bed volume capacity. Our experiments
revealed that these effects are mainly due to
competing inorganic oxyanion species (e.g.,
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silicate). An open question to be solved for the
SME partner was whether a specific biogenic
functionalization of the surface may help in
optimizing towards a more versatile and smooth
filter technology, but our preliminary experi-
ment results were not thus promising towards
this task. Instead, we found a severe inhomoge-
neity in adsorption efficiency and competing
effects by inorganic oxyanion species on an indi-
vidual grain scale which may become unexpec-
ted and new key information how to improve
on the GEH production process.

Introduction

Access to safe drinking water is now a basic
human right and a critical component of effec-
tive policy for health protection. Due to its high
toxicity at even low concentrations (in the pg/L
range), arsenic is a cause for concern in many
regions of the world. Millions of people in
Southeast Asia are severely suffering from drin-
king As-tainted tap water which has become a
national health disaster in some of these coun-
tries. Recently, arsenic contamination of shal-
low aquifers have been reported, e.g., for the
northwestern Hetao Plain of Inner Mongolia,
China, an arid region with slow groundwater
flow and arsenic concentration up to 1000 pg/L.



This is particularly important as the risk of con-
tamination to human health will increase
because of increasing groundwater demand
upon decreasing quality and availability of sur-
face water in such arid regions. According to
the World Health Organization the maximum
concentration of arsenic allowed in drinking
water is 10 ug/L. This is because long term ex-
posure to arsenic can affect human health and
mental development of children, among other
possible adverse effects. The skin seems to be
quite susceptible to the effects of chronic ex-
posure of As via drinking water. Arsenic-indu-
ced skin lesions seem to be the most common
and initial symptoms of arsenicosis (»blackfood
disease«). Other manifestations include neuro-
logical effects, obstetric problems, high blood
pressure, diabetes mellitus, diseases of the
respiratory system and of blood vessels inclu-
ding cardiovascular, and cancers typically invol-
ving the skin, lung, and bladder (Rahman et al.
2009). If the contaminated groundwater is also
used for irrigation, a second health risk via the
food chain may be present. The global impact
now makes it a top priority water quality issue,
second in order to microbiological contamina-
tion. In SE Asia and China, many tube wells
have been drilled into aquifers to avoid for the
latter hazard, but as realized later at the price
of the former problem. The magnitude of this
human tragedy increasingly encountered will
depend on the rate at which monitoring and
mitigation programs can be implemented in
the affected regions.

There are multiple factors that need to be
accessed before choosing a solution for a sui-

Periodic table of chemical contaminants in drinking water
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table mitigation strategy once arsenic contami-
nated groundwater are found. Two categories
of processes largely control arsenic mobility in
aquifers: (1) solid-phase oxidation and dissolu-
tion reactions, and (2) adsorption and desorp-
tion reactions, mainly governed by the aquifer
physicochemical conditions. For an option to
mitigate safe drinking water in case of already
installed tubewells, a variety of methods have
been developed in the last years. Existing tech-
nologies for the removal of arsenic from con-
taminated water such as oxidation/precipita-
tion, coagulation/coprecipitation, ion exchan-
ge, adsorption, etc. are well established, and
have their merits and limitations. Efficient
options are activated carbon and in particular
iron oxide coated media (Schmidt et al. 2008,
Kersten and Vlasova 2009a). Oxidation/adsor-
ption reactions are influenced by physicoche-
mical milieu conditions such as pH and redox
state, but also presence of competing anions
such as silicate and phosphate, and solid phase
structural changes at the atomic level. An
understanding of factors controlling the arse-
nic mobility and remediation options requires
knowledge of the natural groundwater charac-
teristics as well as abiotic and biotic surface
reactions on a molecular or species scale. Any
option has then to be evaluated and adopted
to the physicochemical characteristics of the
local groundwater sources in order to enhance
their efficiency in field practice and to build
trust for their wider acceptance and use. This
has to be done for arsenic, but also other
emerging oxyanion contaminants like antimo-
nate and vanadate (Figure 1).

Already present in raw water:

B Natural substances causing aesthetic prob-
lems, e.g. taste, odour, turbidity and precipi-
tation.

B Natural sul of

T Anthropogenii of both
and toxicological concern.
Only b ing rele during
distribution of drinking water:
& Substances that may be of aesthetic or toxi-

cological concern or reduce the effectiveness
of treatment processes.

108

&g w7
Fr |Ra |Ac |Rf [Db|Sg |Bh |Hs

All organic substances are listed under carbon,
comprising both natural and anthropogenic
compounds.

Figure 1: Major contaminants in groundwater used for producing tap water (modified after Von Gunten 2008).
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Materials and Hypotheses

The groundwater treatment by various iron
oxide media filter techniques achieve capaci-
ties which in practice depend on varying ope-
ration conditions, e.g. intermittent operation,
but also if not predominantly on quality varia-
tions in the water treated. Breakthrough may
occur much earlier than predicted, presumably
as an effect of interfering water constituents.
During a long-lasting practice with natural
groundwater, the SME partner GEH Wasser-
chemie GmbH has observed complex competi-
tion relationships, such as even an antagonistic
effect by Ca which may significantly mitigate
the competing effect by silicate (Smith and
Edwards, 2005, Sperlich and Werner, 2005). In
principle, the adsorber columns are capable to
provide for very long service lives - up to
300,000 bed volumes - before the maximum
permissible arsenic concentration of 10 pg/L is
reached in the effluent stream. Evaluation of
laboratory and field monitoring data reveals,
however, that actual live cycles can be as short
as 50,000 bed volumes at some locations with-
out immediately evident causes. In most cases
this appears to be the result of a combination
of numerous factors detrimental to the As ad-
sorption process (e.g. pH, silicate, water hard-
ness, inappropriate operating conditions, Ca
concentration, etc.) which are not yet under-
stood in detail.

It is of particular importance to clarify the
dynamic behavior of silica species and their
depositional behavior on the adsorbent media.
Silica undergoes polymerization, precipitation,
dissolution or adsorption depending on the pH

and/or temperature (Kersten and Vlasova
2009b), which becomes greatly complicated in
the presence of other ions. A general para-
digm is that the addition of electrolytes to a
supersaturated solution accelerates the aggre-
gation and precipitation of polymeric species.
However, experimental results recently showed
that polysilicic acid in the presence of Ca ions
(1 mM/L) is apparently stable in solution over
extended time, compared with that under a
Ca-free condition (Chida et al. 2007). On the
other hand, the concentration of soluble mo-
nomeric silicate in the presence of Ca ions
immediately became metastable, that is, slight-
ly higher than the solubility of silica. Its dyna-
mic behavior was similar to that in the Ca-free
condition. One of our hypotheses is therefore,
that the antagonistic behavior of increased Ca
concentrations is based on its stabilization of
the Si polymer in groundwater. Dissolved poly-
meric Si is much less adsorbed and thus com-
petitive than monomer silicic acid with respect
to arsenate and other toxic oxyanions (Swed-
lund and Webster 1999, Swedlund et al. 2009).
The SME partner expects a major break-
through by the scientific deliverables of this
collaborative project with potential for optimi-
zing their water treatment technology. The
project is therefore aimed at resolving these
open questions and hypotheses by a collabora-
tive activity according to the complementary
methodology and expertise of the participants.
These activities are namely concentrating on
experiments with water purification units
based on Fe oxide phases in laboratory colum-
ns and on a field scale with different ground

Table 1: Trace metal contents of used GEH adsorbent samples taken from the top of the filter bed (XRF measurements)

fresh GEH used GEH from different waterworks sites
Units* }g":;;gp‘fe‘;f} Boss. Neud. Sché. Ober. Trég.
Arsenic (As) glkg <0.002 5.0 13.3 741 6.1 26
Phosphate (PO,) a'kg <0.3 7.6 14.9 204 20.7 10.5
Silicate (SiO;) g/kg 15 67.9 55.6 43.2 60.5 65.0
Vanadium (V) glkg 0.1 1.8 0.7 0.5 1.2 0.4
Antimony (Sb) glkg <0.002 0.002 0.006 0.013 0.003 0.003

*Metal concentrations given relative to solids content
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water regimes (WP 1, GEH Wasserchemie
GmbH), spectroscopy of the oxyanion sorbates
involved in the surface reactions on a molecu-
lar scale (WP 2, Geoscience Institute of Univ.
Mainz), characterization of adsorption reac-
tions on microbiologically activated iron mine-
ral surfaces (WP 3, ZAG at Univ. Tubingen),
characterization of the GEH sorbent structures
on a nanoscale by applying X-ray techniques
(WP 4, RWTH Aachen), and adsorption batch
experiments and analytical characterization of
potentially formed organic metalloid species
(WP 5, UFZ-Helmholtz Leipzig).

For the investigations, both fresh and used
GEH adsorbent samples from several water-
works were collected and analyzed. The trace
metal contents determined in the used GEH
samples were compared with those of fresh
GEH adsorbent taken from current production.
The results from five German waterworks are
summarized in Table 1. They show high arsenic
loading in the used GEH adsorbent materials,
ranging from approx. 3 g/kg up to over 13 g/kg.
These arsenic levels correlate with the As con-
centrations in the inlet raw water (12 - 40 pg/L
As) and with the duration of operation of the
adsorber system. The analyses also revealed
high loading levels of phosphate and vana-
dium along with high silicate loading, the lat-
ter up to 6 wt.-%. The inlet raw water entering
these waterworks typically contains 0.1 - 0.2
mg/L PO, and approx. 5 - 10 mg/L Si. Inlet con-
centrations of both vanadium and antimony
are typically below 10 pg/L, e.g. 1.6 pg/L Sb
and 1.7 ug/L V at the »Boss« water works. Sin-
ce only negligible antimony loading was found
in the used adsorbents, it can be concluded
that vanadium is much better adsorbed by the
GEH adsorbent than is antimony. The high
vanadium loading found confirms the high
adsorption capacity for this element onto iron
hydroxides as reported in literature (e.qg.
Naeem et al. 2007).
The following further findings can be summari-
zed from the used GEH bulk chemical analysis:
— During operation, chloride and sulfate were
eluted by the raw water from the GEH
materials. The content of both anions in the

adsorbent thereby decreased to approx.
0.5 % chloride and 0.1 % sulfate. New GEH
adsorbent contains approx. 2 % chloride and
0.6 % sulfate resulting from the manufactu-
ring process. The chloride ion is an impor-
tant constituent of the akaganeite crystal
structure.

— An increase in alkaline earth metal content

was found in the used adsorbent, presumab-
ly due to co-sorption of cations (Mg, Ca, Sr)
or precipitation of insoluble compounds (Ba).

— Enrichment with other trace metals (e.g. Cu
and Zn) in the used adsorbent was also
found but only in some water works.

— The filter bed shows an inhomogeneous
contaminant loading distribution: At the top
of the filter, the GEH material is found to be
highly loaded whereas at the bottom of the
filter, the GEH adsorbent is less loaded.

Preliminary Results of the Laboratory
Experiments

While at room temperature, Mdssbauer spec-
tra indicate akaganeite as the major phase of
the active GEH filter medium, a deviation in fit
at 4.9 K revealed a more complex composition.
Quantitative analysis of the spectra suggests
equal proportions in ferrihydrite (Fh) and akag-
aneite (B-FeOOH) composition. Therefore the
research project partner from RWTH Aachen
performed a thorough investigation with help
of X-ray diffraction analysis (XRD). To optimize
the XRD analysis of the GEH material, the
potential ferrihydrite content had to be quan-
tified with a Rietveld program due to its low
crystallinity. For this task, a synthetic 2-line fer-
rihydrite was prepared as a standard and ana-
lyzed by XRD. After subtracting the back-
ground of the diffractometer, the net intensi-
ties of the ferrihydrite were converted into
observed structure factors by using a hexago-
nal cell with a primitive space group. The peaks
were refined with isotropic peak widths. With
this new structure a better detection of 2-line
ferrihydrite was possible. In five known mixtu-
res of this ferrihydrite with hematite an excel-
lent correlation of r2 = 1 was obtained (Figure
2). While in previous investigations the akag-
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Figure 3: Sorption loadings of DMA(V) onto GEH material;
12.0 mg/L), ionic strengths (10, 50, and 100 mM) and pH.

aneite seemed to be a major phase of the bulk
GEH, the new ferrihydrite structure resulted now
in a higher content of as much as 37 - 47 wt.-%
of Fh in fresh GEH. These amounts correspond
better to the Mossbauer data provided by the
research partner ZAG TUbingen. Moreover, the
ferrihydrite in GEH seems to differ from the
synthetic 2-line ferrihydrite. It appears to be an
even poorer crystallized Fe-oxihydroxide pha-
se because the significant two lines of ferrihy-
drite are not clearly visible in the XRD patterns.
Further investigations on this issue are in pro-
gress to refine the quantitative XRD analysis.
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variation of initial concentrations (5.7 and

The fresh GEH material was tested for the
removal of inorganic and methylated arsenic
and antimony species from water by the pro-
ject partner UFZ Leipzig. Batch experiments
with GEH suspensions (2 g/L) were done with
arsenate (As(V)), arsenite (As(lll)), dimethyl
arsenic acid (DMA(V)), antimonate (Sb(V)), and
trimethyl antimonate (TMSb(V)). The ionic
strength was adjusted with sodium nitrate to
final concentrations of 10 mM, 50 mM, and
100 mM, respectively. The samples were sha-
ken for 24 h at 150 rpm at room temperature,
which was found previously to be sufficient for
equilibration (Daus et al., 2004). The total con-



centrations of antimony and arsenic in the
supernatant liquids were analysed by ICP-MS.
As an example, the results of DMA(V) are sum-
marized in Figure 3.

The adsorption efficiency for DMA(V) decrea-
ses at pH values higher than 6. This effect was
observed for the adsorption on both goethite
and ferrihydrite in other studies (Lafferty et al.,
2005). The influence of the ionic strength is
negligible. These experimental data are provi-
ded by the UFZ group for modelling to be done
by the University of Mainz partner. Another
important factor influencing the performance
of the water treatment filters are competitive
adsorption reactions by other water consti-
tuents. This effect is well known for phospha-
te which can compete for sorption sites during
the adsorption process as well as remobilize
already adsorbed arsenate (Zhang et al. 2007).
The used water works material contains not
only arsenic but also vanadium (Table 1). More-
over, recent literature data indicate effects of
vanadium on As adsorption efficiency by GEH
adsorber (Speitel et al. 2010). Therefore, vana-
dium was included in competition experiments
besides phosphate, antimonate, arsenite, and
arsenate. For the competition experiments, the
concentration of arsenate, antimonite, and va-
nadate as primary oxyanion was chosen to be
10 mg/L. The correspondent sorption capacity
for arsenate at this initial concentration is ap-
proximately 5 g/kg, which is a typical loading
in water works material after 2 years in use.
The concentrations of the competing oxyanions
(arsenate, arsenite, antimonate, phosphate, or

vanadate) were varied from 1 - 100 mg/L. A
volume of 50 mL of the mixed solution was
added to 0.1 g GEH material (2 g/L suspension).
The material was shaken under identical condi-
tions such as pH = 7. In the supernatant after
centrifugation (3000 rpm, 10 min), arsenic,
antimony, and vanadium concentrations were
analysed.

The results shown in Figure 4 revealed that the
sorption of antimonate onto GEH was most
affected by the other oxyanions. Its sorption
capacity decreased in presence of vanadate (a-
bout 9 %) and even more in the presence of
phosphate, arsenite, and arsenate (up to 30 %)
for a ratio of competitive oxyanion/antimonate
of 10:1. This ratio is quite realistic for raw
waters of water works as found at the test site.
Therefore, antimonate is apparently most sen-
sitive for sorption disturbance by other water
constituents. Vanadate as primary oxyanion
seems to be relative robust to competitive
reactions in the investigated concentration
ratios. The sorption of arsenate was less sensi-
tive than the sorption of antimonate, but vana-
date can decrease the capacity by 23 % at a
surplus of factor 10. The adsorption affinity
towards GEH therefore increases in the order
antimonate — arsenate — vanadate. Therefore,
not only silicate but also vanadate concentra-
tion in the raw water should be taken into
account to predict a premature break-through
of arsenate.

Additional experiments on adsorption kinetics
of silicate onto GEH were performed in a
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Figure 4: Overview of competition experiments performed at pH 7 and 24 h shaking.
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Figure 5: Sorption rates of Si onto GEH by variation of pH.

mixed-flow reactor (MFR) by the project part-
ner at RWTH Aachen. The material in the reac-
tor was flushed by a 0.05 M KCl solution. The
pH was adjusted to different values in various
sorption cycles to observe the influence of pH
onto the sorption behaviour. After equilibration,
solutions with selected inlet concentrations of
silicate were pumped through the MFR by a
HPLC pump which ensured exact flow rates.
Silicate was measured photometrically as mono-
meric Si with the molybdenum-blue method
after Késter (1979). From the balance of silicate
in the input output solutions, sorption rates
were calculated (Figure 5). Higher sorption rates
were observed at lower the pH value.

Rapid small scale column tests (RSSCT method:
Westerhoff et al. 2005) were carried out to
investigate the breakthrough behavior of the
competing anions As, V, phosphate and silica-
te at ambient concentrations. Unlike the com-
petitive adsorption in batch experiments des-
cribed above, these tests aimed at investiga-
tion of the dynamic adsorption properties in
filter columns. The RSSCT breakthrough curves
show concentration in the effluent as a func-
tion of water throughput expressed in bed
volumes. Ideally, the RSSCT results are directly
applicable to the corresponding full-scale GEH
adsorber beds at the water works. An artifici-
ally formulated ground water was used, con-
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taining As, V, phosphate, and silicate in a typi-
cal background water matrix (pH 6.8; | = 270
pS/cm). GEH adsorbent (grain size: 63-75 pym)
was filled into the filter column, providing a
bed volume of 5.3 cm3. The RSSCT data indi-
cates an arsenic breakthrough at 80,000 BV
relative to the threshold value of 10 pg/L As
(Figure 6). The arsenic adsorption capacity for
this particular water is significantly lower than
those determined from typical breakthrough
curves for water without competing anions.
Vanadium shows a similar breakthrough beha-
vior, although the breakthrough curve is shif-
ted significantly to higher BV. Here, the
effluent V concentration exceeds the 10 pg/L
value at approx. 140,000 BV. Considering the
fact that the V concentration in the influent is
approx. half of the As concentration, it can be
concluded that adsorption capacity of GEH
adsorbent is similar for both elements. Ana-
lyses showed loading levels in the used GEH
adsorbent of 2.8 g/kg As and 2.0 g/kg V (dry
weight). Moreover, the breakthrough curves
show several peaks which correlate with tem-
porary pH value variations in the inlet raw
water (increases from pH 6.8 up to 7.2). This
reflects the strong influence of pH on arsenic
adsorption by GEH absorbent. The same effect
is also observed for the vanadium curve, albeit
less pronounced.
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Figure 7: Sorption of arsenic to GEH material, with (A) sorption of As(V), and (B) sorption of As(lll).

As detailed already in the last report (Kersten
et al. 2009), Fe(ll)-oxidizing bacteria were
found on the 2-year old GEH filter material.
Initial experiments with the related bacteria
stem Acidovorax sp. BoFeN1 showed efficient
removal of As(V) and As(lll) by co-precipitation
of the arsenic with biogenic Fe(lll) hydroxides
formed by these bacteria (Hohmann et al.
2010). For this reason, laboratory experiments
were carried out to first determine which
minerals and cell-mineral aggregates are pro-
duced by Fe(ll)-oxidizing bacteria (Posth et al.
2010). In a second step, the influence of Fe(ll)-
oxidizing bacteria on sorption and co-precipi-
tation of arsenic was investigated. For this,
sorption and co-precipitation batch experi-
ments with As(V) and As(lll), and both biogenic
and abiogenic Fe(lll) minerals were set up. The
biogenic minerals were produced by Acidovo-

rax sp. BoFeN1, an anaerobic, nitrate-reducing
Fe(ll)-oxidizing bacteria found in arsenic conta-
minated aquifers. Freshly prepared GEH mate-
rial was used for the abiogenic substrate. The
minerals were suspended in carbonate-buffe-
red (pH 7) water with a low phosphate con-
centration (<10 pM) and 8 - 10 mM dissolved
Fe(ll). Experiments with GEH contained 250
mg solid material/25 mL water (10 g/L suspen-
sion or about 2800 m2/L surface). Arsenite or
arsenate was added at a final concentration of
0.025 - 10 mM. All sorption experiments were
sampled at the start and after 48 h of equilibra-
tion time. Co-precipitation experiments were
sampled at the start and at the end of Fe(ll) oxi-
dation. The dissolved As(V) and As(lll) concen-
trations of the samples were quantified by the
collaboration partner at UFZ-Leipzig. On a mass
basis, more As(V) and As(lll) sorbed per g Fe to
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Sorption and co-precipitation of arsenic to and with biogenic minerals
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Figure 8: Sorption and co-precipitation of arsenic to and with biogenic minerals. A) sorption
of As(lll) to biogenic minerals, B) sorption of As(V) to biogenic minerals, C) co-precipitation of
As(lll) with biogenic minerals, D) co-precipitation of As(V) with biogenic minerals.

Arsenic sorption to a mixture of GEH material and biogenic minerals
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Figure 9: Sorption of arsenic to a mixture of GEH material and biogenic minerals. A) As(V) sorption to
GEH material and biogenic minerals (biogenic minerals first precipitated and then added to GEH
material before As(V) addition). B) As(lll) sorption to GEH material and biogenic minerals (biogenic
minerals precipitated in the presence of GEH material before As(lll) addition).

GEH material than to the biogenic minerals
(Figures 7 and 8). Nearly all As(V) up to an initi-
al As concentration of 10 mM (98.3 - 100.0 %
of arsenate added) was immobilized by GEH
via sorption, yielding up to 2 mM As(V) sorbed
per g Fe in GEH (Fig. 7). Likewise, As(lll) is near-
ly entirely sorbed to GEH material (94.8 -
100.0 % of the amount added yielding up to
1.5 mM As(lll) per gram Fe).

Nonetheless, in GEH filter systems, in which
nitrate-dependent Fe(ll)-oxidizing bacteria
have been found, sorption to GEH, sorption to
biogenic minerals, and co-precipitation with
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biogenic minerals are all occurring simultane-
ously. To approach the complexity of these
sorption continuum systems, step-wise experi-
ments were set up. First, the sorption of As(V)
to a mixture of GEH and biogenic minerals
(biogenic minerals first precipitated then
added to the GEH material) revealed that 98.1
— 100 % of the added As(V) was removed (Fig.
9). In this experiment, sorption to the GEH is
likely the more important mechanism, and the
results are similar to those of sorption of As(V)
to GEH alone (up to 2 mM As(V) sorbed per g
Fe). Interestingly, in case of precipitation of the
biogenic minerals in the presence of the GEH



material, only 39.4 % of As(lll) (at the highest
As(lll) concentration) and up to 100% As(lll) at
lower As(lll) concentrations were removed
from solution indicating that the biogenic
minerals precipitated in the presence of the
GEH material are obviously coating the GEH
material and thus lowering its sorption capaci-
ty or even preventing sorption of As to the
GEH material. Additionally, the cell organic
matter may block sorption cites in the biogenic
minerals.

In a final experimental set-up, the processes of
sorption and co-precipitation are occurring
simultaneously as would be the case in a GEH
filter system with Fe(ll)-oxidizing bacteria. As a
result, 96.4 - 99.9 % of As(V) and 97.1 - 99.9
% of As(lll) were removed, corresponding to a
load of up to 1.8 mM As(V) per g Fe and
approximately 1.5 mM As(lll) per g Fe. The mix-
ture is still very efficient (Figure 10), but it
seems that the participation of microorganisms
that form biogenic minerals again reduces the
efficiency of the GEH material. Compared to
the abiotic systems where As sorbs to GEH,
this system removes less arsenic. Our prelimi-
nary hypothesis is again that the cell organic
matter in the biogenic systems probably blocks
sorption sites or changes the surface charges
from positive to negative. In order to investiga-
te the influence of organic compounds in the
sorption capacity and co-precipitation capacity
of As species to GEH and biogenic minerals,
further experiments are warranted which focus
on the influence of humic substances on sorp-
tion capacity of the GEH material. These expe-

riments, as well as column experiments with
biogenic minerals and GEH filter material, are
currently in progress. As a preliminary conclu-
sion, however, it can be stated from all those
results that microbiological activation is not a
suitable way to enhance the performance of
the GEH material as originally expected.

While all XRF and XRD measurements, adsorp-
tion experiments, and microbiological investi-
gations yet mentioned were based on bulk
GEH material, contaminant load has been
measured by microprobe analysis also on indi-
vidual used filter grains by the project partner
at Mainz University. This analysis revealed that
there is a strong inhomogeneity between indi-
vidual grains in scavenging efficiency for the
toxic elements As and V. There are nearly inac-
tive GEH grains with almost no As and V sca-
venged (e.g., the grain in the upper left corner
in Figure 11), and very active grains with a high
load in both elements (central grain in Figure
11) but in the same sample batch from the top
horizon of a filter bed used for 2 years at the
water works station »Scho« (Table 1). The ratio
between active and inactive grains is about 1:1
as indicated by a scatterplot of As vs. Si for
about 200 analyzed grains (Figure 12). Both
the inactive and active grains have a similar Si
load but with extremely different effect on
their As/V affinity. Differing phase composition
(akaganeite/ferrinydrite) as indicated by diffe-
rent Cl concentrations between both grain po-
pulations could be a probable reason. This
would also explain the difficulties and devia-
tions in receiving representative bulk phase
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As sorption and co-precipitation in a mixed system of GEH and bacteria that produce biogenic minerals
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Figure 10: Sorption and co-precipitation of arsenic in a mixed system of GEH and bacteria that produ-
ce biogenic minerals. A) As(V) in the mixed system B) As(lll) in the mixed system.
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Figure 11: Microprobe element distribution maps
for two typical GEH grains sampled in the top
horizon of a filter used for 2 years at the water
works station »Scho« (Table 1). The lighter are
the pixels (or more yellow-red in color), the hig-
her was the element concentration.
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Figure 12: Scatterplot of As vs. Si for 200 analy-
zed grains sampled in the top horizon of a filter
used for 2 years at the water works station »Scho«
(arbitrary units of the qualitative microprobe ana-
lysis). Note the steep slope of the negative As vs.
Si regression curve in between 3.5 and 5.5 Si
units, and another less steep but with low to vir-
tually zero As concentrations in between 3.5 and
6.5 Si units. The number of grains in both data
populations is about equal.

composition analysis as mentioned above.
Verification of this hypothesis by micro-spec-
troscopic phase analysis on the individual grain
scale could potentially become new and unex-
pected key information how to improve the
GEH production process.
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1. Introduction and summary

The iron monosulfides pyrrhotite (Feq,S) and
mackinawite (tetragonal FeS) are both environ-
mentally important phases linking the iron and
sulfide elemental cycle. This report summarizes
studies that aim at understanding on the effect
of microstructure, mineral chemistry and cry-
stallography of these minerals on the reactivity
(Pollok et al., 2008) and provides insights to-
wards possible applications.

Pyrrhotite comes a close second after pyrite
among the most abundant iron sulfides in cru-
stal rocks and ore deposits including Ni-Cu, Pb-
Zn, Au, and platinum-group elements (PGE).
The weathering of pyrrhotites contributes to
the release of iron and other metals as well as
sulfate to surface waters as a part of the acid
mine drainage problem. The relevance of this
reaction lies in the high reactivity of pyrrhotite
(20 to 100 times faster compared to the disul-
fide pyrite; Nicholson & Scharer, 1994 ) which
limits the neutralization of produced sulfidic
acid by silicate weathering reactions. Further-
more, many potentially important implications
to the fields of geomagnetics, petrology, envi-
ronmental mineralogy, and technical mineral
processing are to be expected if detailed know-
ledge about structures and phase relations is
available. Lately, the flotation behavior of pyr-
rhotite is attracting more attention as this mine-
ral is an important host for Ni and PGEs (Becker
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et al., 2010, Ekmekci et al., 2010).

In the first section the coupling between cry-
stallographic structure and composition of pyr-
rhotite has been studied by the use of trans-
mission electron microscopy (TEM) which has
been used for the first time to directly visualize
details of the (non-integral) stacking sequences
using superstructure diffraction spots. The
observations result in a new and versatile des-
cription of pyrrhotite superstructures which
provide a basis to understand variation in phy-
sical properties and reactivity of pyrrhotites. In
the second section the relevance of different
superstructures in terms of reactivity is directly
substantiated for the biologically-enhanced dis-
solution of a pyrrhotite intergrowth. The diffe-
rence in dissolution rates betwee the inter-
grown phases is quantified by using topogra-
phic data produced by confocal microscopy pro-
viding a new view on the reactivity and weathe-
ring patterns of this mineral. The third part deals
with the evolution of surface roughness for such
reacted and heterogeneous surfaces. To extend
our possibilities to generate meaningful data for
reactive surface area and, hence, dissolution
rates, a new program is introduced, which
allows a non-biased statistical evaluation of sur-
face roughness distributions. The concept pres-
ented here can be utilized for any kind of topo-
graphic data and might be well applicable to
other areas of surface science.



Mackinawite is a metastable, nanoparticular
phase that forms by precipitation from aque-
ous solutions at low temperatures. It is a major
component of acid volatile sulfide (AVS) com-
pounds, causing black-colored layers in recent
anoxic sediments. Mackinawite is therefore an
important precursor of sedimentary pyrite and
can facilitate in-situ remediation of metals in
connection with (biogenic) sulfate reduction in
acidic pit lakes and sediments (Bilek, 2006,
Church et al. 2007). It is known as an effective
absorber due to its large specific surface area
(Ohtuji & Rickard, 2006) but detailed reaction
mechanisms important to biogeochemistry are
still missing.

The last section provides experimental eviden-
ce for the formation mechanisms of sedimen-
tary sulfides via mackinawite under anoxic
conditions. The results highlight the importan-
ce of iron hydroxide surfaces as the locations
of electron transfer for mackinawite forma-
tion, but also show the spatial decoupling to
pyrite formation. In conclusion, the study pro-
vides fundamental data that enables to model
basic reactions at geochemical interfaces.

2. Towards a new structural model for
NC-pyrrhotites: Structural and chemical
characterization of selected samples by
electron microscopy

The physical properties of a mineral and the
reactivity of a mineral surface are determined
by its chemical composition and internal ato-
mic structure. In this respect, non-stoichiome-
tric pyrrhotite is a striking phase because its
structure and the physical (e.g. magnetic) pro-
perties change dramatically within a small com-
positional range. A detailed knowledge about
the composition-structure relationship as well
as the structure-property relationship is nee-
ded to gain a fundamental understanding of
this environmentally and technically impor-
tant mineral.

Pyrrhotite has a NiAs-derivative structure that
contains sequences of hexagonal close-packed
S atom layers stacked in alternation with layers
of Fe atoms in octahedral coordination. Non-
stoichiometric compositions arise from the pre-

sence of vacancies within Fe layers and span
the range in-between ~47 to 50 at% Fe (Fe;Sg
to FeS), whereas most structural complexity
occurs in the narrow compositional range bet-
ween 47 to 48 at% Fe. At temperatures below
300 °C various superstructures are observed in
this range due to vacancy ordering among and
within Fe layers, resulting in a rather complica-
ted subsolidus phase diagram (e.g., Nakazawa
& Morimoto, 1970).

Based on a NiAs-type structure of FeS, the well
understood monoclinic 4C structure is derived
by removing 1/4 of Fe atoms from every second
Fe layer, leading to the composition Fe;Sg. Four
vacancy layers are mutually discernible in the
stacked arrangement and the resulting sequen-
ce of partially vacant (V) and filled (F) Fe lay-
ers is VAFVFVFVpF. The spacing between V
layers of the same type is strictly four times
the c-axis repeat of the NiAs substructure (or
eight Fe layers).

Structural descriptions of integral NC-pyrrhoti-
te structures can be roughly divided into two
approaches using either discrete (0 or 1) or
partial Fe site occupancies. The former relates
to an idealized extension of the 4C stacking
scheme by introducing additional F layers,
which increases both the periodicities of the
superstructures as well as the Fe/S ratios, while
the latter proposes in addition to extended lay-
er stacking a considerable atomic scale disor-
der of Fe vacancies.

Yamamoto & Nakazawa (1982) developed a
superstructure description for an N. = 5.54
pyrrhotite based on a continuous modulation
of (partial) Fe site occupancies. In this model of
an aperiodic crystal structure the probability of
finding a Fe atom at a given lattice site is go-
verned by a continuous, sinusoid-like modula-
tion function embedded in a four-dimensional
superspace formalism. Aperiodicity results
from the occupation modulation being incom-
mensurately related to the substructure peri-
odicity. Based on this work /zaola et al. (2007)
introduced a generalized superspace approach
by replacing the continuous occupancy modu-
lation with a step-like function governing dis-
crete site occupancies. By virtue of a »close-
ness« condition, the model strictly obeys the
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sequence of ABCD layering as well as the rule
that two V layers must not follow consecutive-
ly without an interjacent F layer, resulting in
the fixed relation 1/N. = 2x between super-
structure N, value and composition expressed
as x in Feq,S.

A primary motivation for this study was that
the reported electron diffraction pattern of
non-integral NC-pyrrhotites strongly resemble
those seen in certain translation interface
modulated binary alloys such as Aus,,Zn;
(Amelinckx & Van Dyck, 1992). In these alloy
systems integral superstructures arise in stoi-
chiometric compounds as AusZn from ordering
atoms on certain sites of the fcc lattice. Non-
stoichiometric compositions and further super-
structures are related to variably ordered, non-
conservative (»composition-changing«) anti-
phase boundaries (APBs) of these simple su-
perstructures. Such translation interface mo-
dulation (TIM) is characterized by replacement
(or splitting) of the simple superstructure dif-
fractions spots (e.g., those of 4C-pyrrhotite)
with arrays of satellite reflections — as seen in
NC-pyrrhotites.

2.1. Samples and experimental methods

In this study, two natural pyrrhotite samples
from geologically different locations were cha-
racterized in detail by electron microscopy. Sam-
ples were obtained from the Sta. Eulalia mi-
ning district in Chihuahua, Mexico (EUL) and
from the Nyseter mining area near Grua, Nor-
way (NYS). Ar-ion thinning for transmission elec-

tron microscopy (TEM) was carried out using
liquid nitrogen cooling or a low angle thinning
system. In order to check for preparation arte-
facts, powdered and ultramicrotomed samples
were prepared as well, but no systematic diffe-
rences in SAED pattern could be detected. N,
values were obtained from selected area elec-
tron diffraction (SAED) patterns with typical
uncertainties of +0.01 (2s). TEM superstructu-
re dark-field imaging (SDF) was accomplished
by placing an objective aperture of 2.3 nm-!
diameter on strong satellite reflections.

2.2. Results - Electron microprobe analysis
(EMPA)

Back scatter electron (BSE) imaging of EUL and
NYS shows abundant exsolution lamellae in
both samples. In sections the lamellae form
two sets of lens shaped or sigmoidal bodies
inclined towards the [001] direction of host
pyrrhotite. Lamellae typically measure <200
pum in length and up to 30 pm in width and are
darker in BSE images (Fig. 1a). Quantitative
analyses show the lamellae to have composi-
tions near Feg g75S (or Fe;Sg) indicative of 4C-
pyrrhotite, while the host pyrrhotites’ Fe con-
tents are slightly below Feg gq0S (or FegSqg) as
indicated by x values of 0.106+0.001 (EUL)
and 0.102+0.001 (NYS). Contrary to the EUL
sample NYS shows a small Ni content of 0.05
t0 0.11 wt%. Exsolution of 4C-pyrrhotite from
NC-pyrrhotite appears to be quite abundant in
nature and is well documented by petrogra-
phic methods.

Figure 1: (a) BSE image of 4C/NC intergrowths in sample EUL. (b) TEM-SDF image of the 4C/NC interface in EUL. APBs
terminate in eight-fold node structures. (c) TEM-SDF image of the 4C/NC interface in sample NYS. Nearly identical node
structures occur at the boundary but additionally changes in APB configurations (arrow) in the NC phase can be seen
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2.3. Results - TEM-SAED

The indexing of superstructure satellite reflec-
tions is done by applying a (3+1)-dimensional
(hklm) scheme analogous to the one adopted
by Yamamoto & Nakazawa (1982) and com-
monly used for the description of one-dimen-
sionally modulated structures (Fig. 2). A dif-
fraction vector g is thus:

g=ha*+kb*+/c*+mq

m is the satellite order of a superstructure ref-
lection and q is the modulation vector relating
each satellite to a (hk/) substructure reflection.
g is generally parallel or subparallel to ¢*. The
N, value of a superstructure is obtained as the
length ratio ¢*/q with c* referring to the NiAs-
type subcell (c* = 1.72 nm-"). For the EUL and
NYS samples coincident N, values of 4.81-4.87
and 4.78-4.96, respectively, have been obtai-
ned. In general, the Nc values compare well to
the x values obtained from EMPA assuming the
relation 1/N. = 2x.

Based on the hypothesis of an APB modula-
tion, the splitting of reflections in SAED pat-
terns obtained from zone axes perpendicular
to ¢ allows to calculate average spacings and
displacement vectors of APBs (Amelinckx &
Van Dyck, 1992). The geometrical evaluation
of pattern obtained from EUL and NYS suggest
spacings of 1.58 to 1.74 nm and a displace-
ment vector R = 1/8[001],4 (the 4H indexing
refers to a hexagonal cell in which the NiAs a
and c dimensions are doubled and quadrupled,
respectively).

2.4. Results - TEM-SDF

In order to obtain TEM-SDF images from elec-
tron beams diffracted by the superstructure, it
was found to be most effective to place the
objective aperture on the (0004) and (008-4)
satellite reflections accessed from near the
[210]4y zone axis. The sample foil was tilted
such that in the ideal case only diffracted beams
in the (00Im) reciprocal lattice row were excited.
In the NC portions of both the EUL and NYS
samples, SDF images reveal dense arrays of
dark stripes being aligned parallel to the (001)
planes and solely visible in dark-field images

using strong superstructure reflections. In EUL
the stripes appear more ordered and show less
wiggles and irregularities compared to NYS,
which displays some weak diffuse diffraction in
the area from which the images were obtai-
ned. Further, in NYS the configuration of stri-
pes appears to change along certain domain
boundaries where the thin stripes, as seen in
EUL, change into thicker stripes. The latter
dominate the NYS sample and are likely dou-
blets of two stripes being too close to be resol-
ved under the SDF imaging conditions. The
average spacing of stripes in EUL is 1.63+0.05
nm and the observed (half-)width of a single
stripe is approx. 0.80 nm. Assuming the thick
stripes in NYS to be non-resolvable doublets,
the average spacing between individual stripes
is 1.94+0.10 nm.

The average distance for EUL compares very
well with the expected APB spacing as obtai-
ned from the SAED pattern geometries and we
therefore interpret the dark stripes to be APBs.
Based on contrast in dark-field images we can
exclude them to be stacking faults or twin
boundaries, as the former would be seen with
substructure reflections as well and the latter
would show intensity differences of domains
on either site of the boundary. The larger ave-
rage spacing in NYS, despite very similar N,
values, is likely due to the higher disorder with
larger and more irregular spacings between
stripes which bias the mean distance to higher
values. The average of 1.94 nm corresponds to
an N, value of approx. 4.7, which is compati-
ble with diffuse satellite reflections seen in
some SAED patterns.

Most striking features in SDF images of EUL
and NYS are the phase boundaries between
4C- and NC-pyrrhotite where the stripes form
complicated but remarkably similar node struc-
tures in which the stripes terminate. When the
phase interface is oriented mostly parallel to
the stripes, no nodes occur directly at the inter-
face, but occasionally appear nearby within
the NC phase, often associated with crystallo-
graphic edge dislocations having the Burgers
vector b = [001] of the NiAs cell. In all cases of
node structures we observed eight stripes to
terminate in a single node.
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Figure 2: Diffraction patterns of non-integral NC-pyrrhotite. (a) Schematic representation of zone axis [210]
for N. = 4.85. Grey open circles/indices represent 4C reflections, crosses mark the (generally absent) 4C
reflections used for superstructure indexing. (b) Experimental SAED pattern of NYS with N. = 4.84+0.01

The behavior of stripes in the observed node
structures and adjacent 4C-pyrrhotite strongly
endorses our interpretation of them being
non-conservative APBs of the 4C structure.
Their orientation is fully compatible with the
inferred displacement vector R = 1/8[001],,
which creates double layers of completely filled
Fe positions as opposed to single layers being
present in the 4C structure. The eight-fold no-
des facilitate the reconstruction of the 4C pha-
ses from the APB modulated NC phase and
directly support the proposed displacement
vector 1/8[001],y as its eight-fold multiple will
be the c dimension of the hexagonal 4C unit
cell (see discussion section). Apparently the
highly similar node configurations represent a
self-organization towards an energetically
optimal phase interface.

2.5. Discussion

Our TEM observations provide compelling evi-
dence that the structural diversity of non-inte-
gral NC-pyrrhotites can be explained in terms
of a TIM structure model. The translation inter-
faces are APBs based on the Fe sublattice of 4C-
pyrrhotite. This model bears resemblance to pre-
viously suggested »out-of-step« and anti-phase
defect models (Pierce & Buseck, 1974) but is
more precise on the actual nature of the invol-
ved translation interfaces. On the other hand,
the superspace approach of /zaola et al. (2007)
is fully compatible with our TIM model. In es-
sence, this superspace model produces discre-
tely modulated superstructures by inserting
additional F layers into the basic 4C layer se-
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guence, producing either periodic or aperiodic
(but uniform) stacking sequences parallel to
(001). Because the so produced double F layers
carry an Fe excess, the resulting phases will
have higher Fe/S ratios than 4C-pyrrhotite and
follow strictly the relation 1/N. = 2x as spacings
between double layers are evenly distributed.
For a structure with N. = 4.8, which is a simple
representation for the host NC-pyrrhotite in
our EUL and NYS samples, it is possible to deri-
ve two well ordered stacking schemes:
(DSSDS), and (DDSSS),, where D represents
double F layers and S single F layers, intercala-
ted with the four vacancy bearing layers. The
(DSSDS), sequence can be derived via the
superspace model of /[zaola et al. (2007) and is
uniform, while the (DDSSS), sequence cannot
be obtained from the model and has less
equally spaced D layers, leading to slightly less
order while maintaining the same average
vacancy-vacancy distance.

The observed D layer or APB arrangements in
EUL are alike the well ordered (DSSDS), se-
guence, while in NYS domains relating to both
stacking schemes coexist as indicated by the
changes in stripe configuration. Here the do-
mains containing the thicker, non-resolvable
stripes may correspond to the (DDSSS), stak-
king in which the closest spacing between D
layers or APBs is approx. 0.86 nm and thus
more or less equal to the half-width of a single
stripe as observed in EUL. The average ~1.72
nm D layer spacing of the idealized (DSSDS),
sequence compares well with the average stri-
pe and APB spacings in EUL as obtained from



Figure 3: a) BSE image of the TYS sample. Bright lamellae contain 2 wt% more iron than the matrix. b) SE

image of the surface of the abiotically reacted pyrrhotite cubes after 40 days which shows almost no disso-
lution. ¢) SE image of the pyrrhotite surface reacted with A. ferrooxidans after 40 days. Deep trenches for-
med at the position of the stoichiometric FeS lamellae

SDF images and SAED patterns, respectively,
and consistently reproduces the observed
slightly non-equal spacings in the bulk NC
phase. It appears reasonable to assume that in
case of NYS the energetic difference between
both arrangements of D layers in the (DSSDS),
and (DDSSS), stacking variants are very small
and either the structure is observed on a tran-
sition to a more ordered state as in EUL or the
elevated Ni content exerts some control on
vacancy arrangements.

So far the discussion focused on an idealized
layer stacking involving parallel layer arrange-
ments. SDF images clearly shows that this ideal
situation is virtually never fulfilled in the stu-
died samples as stripes and therefore APBs are
slightly wavy, corrugated and often non-paral-
lel. Changes in stacking schemes at given Nc
values as well as disorder introduced by bent
APBs will not produce strong effects in SAED
patterns. For the (DSSDS), and (DDSSS), stak-
king schemes the diffraction pattern geome-
tries will be the same with only moderate dif-
ferences in spot intensities, likely being hidden
by dynamical diffraction effects. Increasing
mesoscale disorder of APBs will first lead to
vanishing higher order satellite reflections and
gradually lead to streaky diffraction along the
¢* direction when a quasi-periodicity is no lon-
ger maintained. While a D layer in the ideal
layer model is always an APB of the Fe sublat-
tice the converse is not strictly true as isolated
APBs are capable of moving more or less free-

ly through the crystal and can have even in the
confinement of a modulated structure a much
more dynamical behavior as represented by a
static layer model. Therefore, describing the
layer stacking as a TIM structure of densely
arranged APBs offers much better prospects of
understanding the behavior and properties of
non-integral NC-pyrrhotites.

The need of a more dynamical model clearly
becomes apparent when trying to understand
the node structures observed at NC/4C phase
interfaces. The termination of eight stripes
equivalent to eight APBs in a single node is
necessary to reconstruct the 4C structure from
an NC structure with well ordered V layer stak-
king. Because the stacking of V layers on the
left side strictly obeys the ABCD sequence, the
termination creates a sequence fault where two
VF layers follow on each other. Consequently,
two APBs have to terminate either at a perfect
dislocation with b =[001]yias = 17400114y, which
removes a pair of VF layers, or 4 pairs of APBs
have to terminate close-by such that the eight
1/8[001], displacement vectors add up to the
4C lattice repeat. Both variants and combina-
tions thereof are seen in our samples and we
suggest that the observed node configura-
tions facilitate an energetically most favorable
state when there are no or few dislocations
involved.

Based on the TIM model we suggest that there
is no significant difference between integral
and non-integral pyrrhotites and both types
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can be understood as part of a continuum of
structures in-between Fe;Sg and (at least)
Fe 1515, in which variable Fe contents are go-
verned by changes in densities and ordering
states of APBs. Based on the presented data
and preliminary data on other natural pyrrhoti-
te samples we currently do not see evidence
for preferred stability of integral NC-pyrrhoti-
tes in exsolution association with 4C-pyrrhoti-
te, but the true phase relations may be obscu-
red by slow diffusion kinetics below 220 °C,
where NC-pyrrhotites first appear (Nakazawa
& Morimoto, 1970). However, the very sharp
compositional gradients at the 4C/NC interfa-
ces in our EUL and NYS samples point to well
equilibrated assemblages. Therefore, the asso-
ciation of N = 4.85 pyrrhotite with exsolved
4C-pyrrhotite in two of our samples, as well as
the coexistence of N = 4.88 pyrrhotite and 4C-
pyrrhotite observed by Morimoto et al. (1975),
points to a favored stability of NC-pyrrhotites
within the range of N. = 4.8 to 4.9 — at least
with regards to typical temperatures of the
uppermost crust, where the samples resided
for geological timescales.

The insight into complexity in the bulk structu-
re and the applied TIM model can lead to a
better understanding of physical properties
and the reactivity of surfaces. Due to the rather
two dimensional, layer-like structure of pyrrho-
tites one clear expectation is a pronounced
anisotropy of surface properties. Preliminary
experimental results indicate that reaction
speeds on basal (001) faces are considerably
different than on prismatic (hk0) surfaces.
Owing to pyrrhotite’s excessively variable mag-
netic and physicochemical properties and
widespread occurrence in rocks and ore depo-
sits, many potentially important implications to
the fields of geomagnetics, petrology, environ-
mental mineralogy, and technical mineral pro-
cessing (e.g. pyrrhotite flotation) are to be expec-
ted when the presented detailed characteriza-
tion of structures and phase relations is applied.
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3. Structural controls on the alteration of
pyrrhotite by Acidithiobacillus ferrooxi-
dans under acidic conditons

Based on the detailed characterization proce-
dures described above, a well-directed study
on the reactivity of pyrrhotite intergrowth in
experiments with acidophilic microorganisms
was conducted. Acidophilic microorganisms
play a dominant role in acid mine drainage
(AMD) and for the metal recovery from low-
grade ores by bioleaching applications. A num-
ber of studies focused on the reaction paths of
chemical and biological metal sulfide oxidation
(Rawlings, 2002; Schippers, 2004). However,
experimental studies on the biologically-enhanc-
ed pyrrhotite oxidation are still scarce (see
Belzile et al. 2004 for review) or focus on bio-
leaching applications of low grade ores (Ke &
Li, 2006, Jiang et al., 2007), but clearly indica-
te the catalytic effect of microorgansms
without reporting a reliable characterization of
the starting material and dissolution rates.
Schippers et al. (2007) provides a potential pyr-
rhotite oxidation rate measured in a mine tai-
ling using microcalorimetry, which suggests
that natural rates can exceed laboratory rates
by up to 4 orders of magnitude. Beside the
enhancing effect of microbial consortia, pyr-
rhotite dissolution may be also influenced by
the reactivity and intergrowth texture of diffe-
rent superstructures. Janzen et al. (2000) stu-
died a number of pyrrhotite samples from diffe-
rent localities and determined the relative pro-
portions of so-called monoclinic (mainly 4C) and
hexagonal (NC) pyrrhotite. No systematic trend
in dissolution rates were found, however, infor-
mation about the intergrowth texture is missing
for these samples.

Acidithiobacillus ferrooxidans, an acidophilic
proteobacteria that catalyses the oxidation of
ferrous iron, elemental sulfur and reduced sul-
fur compounds is by far the best characterized
bioleaching microorganism and has been used
in the presented study. Cells of A. ferrooxidans
produce an exopolysaccharide (EPS) layer to
attach to the sulfide mineral surface (Gehrke et
al., 1998) and this attachment is viewed as a
process by which the bacterial membrane
components interact directly with metal and
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Figure 4: Overlays of the Fe 2ps,, O 1s and S 2p narrow region scans of pyrrhotite surfaces abiotic control (left) and
biotic (right) experiments. Labels denote the duration of the experiments

sulfur of the mineral by an enzymatic type of
mechanism (Sand et al. 1995).

In this study X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM),
and confocal microscopy have been used to
trace the chemical and morphological changes
at the surface of a well characterized pyrrhoti-
te sample. Surface topography has employed
to quantify a differential dissolution rate bet-
ween intergrown pyrrhotites.

3.1. Samples and experimental methods

A pyrrhotite from Tysfjord region, Norway
(TYS) was used in this study. The TYS sample
shows a dense population of 1-3 pm wide
exsolution lamellae with a common orientation
parallel to (001). They appear brighter in BSE
images compared to the matrix indicating a
higher Fe/S ratio (Fig. 3a). Quantitative analy-
ses place them close to stoichiometric FeS (tro-
ilite). The matrix pyrrhotite of the TYS sample
has a composition close to Feg gq0S (0r FegSqp)
with x values of 0.096+0.001 and thus, the
lamellae contain about 2 wt% more iron then
the matrix.

Polished cubes (3x3x3 mm) of TYS pyrrhotite
were dissolved in presence of Acidithiobacillus
ferrooxidans at pH 2 over 40 days with an abi-
otic control in parallel. A. ferrooxidans ATCC
19859, obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA), was
routinely cultivated as a pre-culture in ATCC

medium 2039 at 28°C for five days on a rota-
ry shaker (300 rpm). For the inoculation of the
experiments 10 pl pre-culture (approx. 2x103
cells/ml) was directly used. Cultures for the
experiments were grown in 50 ml mineral salt
solution with 0.4 g each of (NH,),S0,, K;HPO,,
and MgSO,x7H,0 per liter. Cubes were remo-
ved from the batch experiments after 1, 4, 7,
14,17, 21, 28 and 40 days, respectively.

XPS was performed on a PHI Quantera SXM-
03 Scanning XPS Microprobe using an Al Ko X-
ray source with a highly focused beam (<9
microns). High resolution scans of the Fe 2p, S
2p, and O 1s peaks were used to determine
the bond and valence state information. XPS
reference binding energies for pyrrhotite provi-
ded by Legrand et al. (2005) were used to
assign and fit the spectra.

The topography of selected surfaces was mea-
sured by the confocal 3D microscopy system
psurf custom (Nanofocus AG, Oberhausen). It
consist of a monochromatic LED light source (A
= 505 nm), a helically-shaped arrangement of
pinholes (Nipkow-Disk), a stage with piezo
module for z movement and a megapixel CCD
camera. The objective used (numerical apertu-
re 0.9) provides 160 pm x 160 pm field of view
with a resolution of 10 nm in z and about 500
nm in x/y.

3.2. Results
A. ferrooxidans develops a visible biofilm on
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Figure 5: Surface of the TYS sample after biologically-
enhanced dissolution measured for 28 days measured
by confocal microscopy. The height of the matrix NC-
pyrrhotite (~0.5 pm) was used as reference height to
determine the differential dissolution rate from the
dissolved volume of the 2C-lamellae. The squares illu-
strate the principle of roughness parameter calcula-
tion as function of sampling size performed with
ROUGHNECK.

The upper profile clearly shows the non-symmetrical
shape of the trenches which is explained by the incli-
ned intersection of the lamellae with the surface

the pyrrhotite cubes after approximately 5 days
of incubation. After 9 days the whitish biofilm
covered the entire pyrrhotite cubes and grew
slowly until the experiment was finally stopped
at 40 days. After removing the biofilm by a
washing procedure the color has changed to
dark blue/black and the reflectivity from shiny
to matt. In contrast, the control pyrrhotite
cubes (abiotic) were still shiny golden in all
experiments with only minor changes in reflec-
tivity. XPS analyses (Fig. 4) reveal a significant-
ly more oxidized surface in the biotic experi-
ment with a clear shift from Fe(ll)-S to Fe(lll)-O
bonding. Compared to the control experiment,
the surface is more hydroxylated and shows
even traces of sulfate. SEM images (Fig. 3) of
the pyrrhotite surface exposed to A. ferrooxi-
dans reveal long and deep trenches which start
to develop already after 4 days of experiment.
The position of the trenches is identical to the
troilite lamellae indicating that the reactivity of
the lamellae is significantly higher than the sur-
rounding NC-pyrrhotite. Trenches reach depths
of about 2 pm and a width of 3 pm as deter-
mined by confocal microscopy measurements
after 28 days (Fig. 5). Height profiles suggest
that the lamellae are inclined to the dissolving
surfaces which lead to the nonsymmetrical
shape of trenches. Although information of
the original surface height is missing, the 3D
topographic data can provide a differential dis-
solution rate of the 2C-pyrrhotite compared to
the NC-pyrrhotite by using the matrix surface
as a reference height. Five topographic images
taken from surfaces after 21 and 28 days resul-
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ted in a differential dissolution rate of
8.8+1.2x102 and 1.2+0.3x10-8 mol m-2s-1,
respectively.

3.3. Discussion

The dissolution experiments clearly show the
catalyzing effect of microorganisms at condi-
tions that are unfavorable for chemical dissolu-
tion. The XPS data indicates a fast and extensi-
ve oxidation of the biologically altered surface
with dominating of Fe(lll)-O bonds as well as
some sulfate which points to the formation of
a iron hydroxide layer (possibly FeOOH). How-
ever, this does not result in a passivation of the
surface as indicated by a continuous deepe-
ning of the 2C lamellae which possible can be
explained by the presence of EPS and a rege-
neration of ferric iron by the bacteria. For the
first time, the clear difference in reactivity bet-
ween two pyrrhotite superstructure (2C and
NC) has been shown by the presented experi-
ments. A direct and an indirect mechanism for
biologically-enhanced dissolution have been
proposed in the literature. For the direct
mechanism, bacteria are attached to the surfa-
ce surrounded by EPS which provides comple-
xed ferric iron (Rodriguez-Leiva & Tributsch,
7988). The indirect mechanism interprets dis-
solution as an inorganic process where non-
attached bacteria only maintain a certain ferric
iron concentration which accelerates the disso-
lution (Rodriguez et al., 2003). Whether the dif-
ference in dissolution rate is facilitated by a
preferred attachment of bacteria due to the
different iron content or are caused by diffe-



rences in reactivity of troilite and NC-pyrrhoti-
te alone is not yet been conclusively evaluated
and will be subject of further activity. In any
case, the lamellar structure of the trenches can
not be interpreted as a primary microbial bio-
signatures because it is originally caused by the
exsolution process during equilibration of the
pyrrhotite sample and acts like a template
during dissolution.

In any case, the differential dissolution rate is
already higher than all reported abiotic dissolu-
tion rates and highlights the significance of the
structural variability and intergrowth texture.
When we combine the differential dissolution
rate with the only available biotic dissolution
rate for pyrrhotite under acidic conditions
(8x10-9 mol m-2s-1) reported in Belzile et al.
(2004), the resulting net dissolution rate is a-
bout one order of magnitude higher than re-
ported rates in the absence of additional ferrous
Fe. Further accelerating factors towards the
observed rates include the combined effect of
bacterial consortia (combinations of iron- and
sulfur-oxidizer) as well as the increase of reactive
surface area by the deepening of the trenches.

4. From surface morphology to rates: An
automated routine to evaluate converged
roughness parameters of heterogeneous
surfaces

An increase of surface roughness during biolo-
gically-enhanced dissolution of pyrrhotite
which, in turn, affects the dissolution rate was
caused by both the microbial activity and the
sample heterogeneity. Two components contri-
bute to the surface roughness evolution of the
TYS sample, namely, the alteration of the NC
matrix and the deepening of trenches at the 2C
lamellae. The high differential dissolution rate
may be at least partly explained by increasing
surface area. For the presented surfaces (Fig. 5)
we are therefore interested in the evolution of
surface roughness for the matrix, the lamellae
and the combined surface of the biologically
dissolved pyrrhotite surface, respectively.

In geosciences, rates are usually determined
from dissolution studies (either flow through
or batch experiments) using a size fraction of

ground and sieved starting material by measu-
ring the change in fluid chemistry as a function
of time. The surface area of the starting mate-
rial is commonly determined by the BET
method and used as a constant to normalize
rates. Recently, topographic methods have
been introduced to directly measure sulfide
dissolution rates and surface roughness (Asta
et al, 2008) and offer new insides into the
reaction mechanisms and surface reactivity.
Furthermore, it allows a systematic determina-
tion of surface roughness parameters.

As statistical quantities roughness parameters
are strongly dependent on the field of view of
the used technique or the sampling size. The
concept of »converged roughness parameter«
(Fischer & Luttge, 2007) was shown to be very
useful to characterize certain surface building
blocks by employing recurrent (squared) bisec-
tions of the measuring field with an edge
length of a. A surface parameter is defined as
converged when a flat slope is found in the
convergence graph (roughness parameter ver-
sus edge length a). Converged parameters
intrinsically depend on the choice of »repre-
sentative« areas for their analysis. Furthermore,
artificial measuring points may lead to an ove-
restimation of roughness parameters. Here, we
present the newly developed program ROUGH-
NECK, which calculates a number of surface
roughness parameters from topographic data as
function of sampling size allowing to analyze
and visualize roughness parameter distributions.

4.1. The program ROUGHNECK

The program ROUGHNECK utilizes the com-
mon Surface Data Format (SDF) (Blunt & Stout,
2001) as input and output file format and is a
stand-alone application that can be used on
Windows and Linux systems. Our input files
produced by confocal microscopy consist of
984x984 points representing a 160x160 pm
field of view. For this study a quality criteria of
a minimum of 99% of measured points was
used for the topographic data. The residual
non-measured points were linearly interpola-
ted. The following 3D roughness parameters
are implemented so far: the roughness avera-
ge S,, the root-mean-square roughness S, the
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Figure 6: F value distributions
for various squared sampling
areas with a given edge length.
With increasing sampling size
the maximum of the curves is
shifted to higher F values. How-
ever, the transition from low va-
lues around 1.05-1.1 to values
around 1.2 is clearly visible and
used in the convergence graph
(Fig. 7a). For some curves (e.g.
a =4 pm) up to 3 maxima can
be located indicating the hetero-
geneity of surface components
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Figure 7: a) Evolution of F as function of the edge length of the squared sampling area calculated for fresh and reacted
pyrrhotite surfaces. F at larger sampling size (>10 um) is controlled by the deepening of 2C lamellae. b) Spatial distribu-
tion of F values for a squared sampling size with edge length a=4 um. High F values (~1.6) can be found at the posi-
tions of the dissolved 2C lamellae. Since these areas represent only a small portion of the entire field of view, they are
not detectable in the histogram. Very high F values originate from overlying particles (cf. Fig. 5), but they do not alter
the converged roughness parameter determined from the histogram

peak-to-peak height S,, the ten-point-height
Si0z the root-mean-square-gradient Sy, the
surface-skewness S, the surface-kurtosis Sy,
and the surface area ratio F. The program uses
freely selectable edge lengths for the desired
sampling area, which is moved pixel by pixel
over the entire field of view (cf. Fig. 5).

4.2. Evaluation of ROUGHNECK outputs

The surface area ratio, F=A3p/A,p, Which des-
cribes the surface area of a three dimensional
surface normalized by the two dimensional
(projected) surface, is used as an example para-
meter to illustrate the statistical procedure. A
perfectly flat surface will result in F=1, while a
rough surface results in F>1. This parameter is
a so-called hybrid surface parameter because it
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does not mainly depend on the amplitude but
is more sensitive to the high frequency modula-
tions of the surface as it is measured by the
slope between adjacent surface points.

ROUGHNECK has been used to calculate the
converged F parameters of the biologically dis-
solved pyrrhotite surface after 28 days (Fig. 5).
The distribution of roughness parameters (here
frequency N vs. F) can be plotted as histogram
by applying discrete bins (Fig. 6a). The maxima
of the distributions show the roughness value
for a significant portion of the measured surfa-
ce. For heterogeneous surfaces, a number of
maxima may indicate various components with
different surface roughness. In general, the
maximum F value increases with increasing
sampling area. At small scale (a=1 to 10 pm),



the first maxima represent only the roughness
of the NC pyrrhotite matrix which dissolves slo-
wer than the 2C lamellae. At larger scale (a=15
to100 pm) the F value includes contributions
from both because the spacing between the
lamellae is smaller than the edge length of the
sampling area.

The maxima of each distribution can be trans-
lated into a convergence graph plotting the F
value of the maxima versus the sampling
length a. Comparing predominant roughness
values as a function of time allows to trace the
increase in surface roughness of the NC matrix
alone (a=1 to 10 pm) as well as the evolution
of roughness for the entire surface (a=15
10100 pum). The output data for every sampling
area can also be visualized providing a spatial
roughness parameter distribution (Fig. 6b).
This is particularly useful if certain surface com-
ponents, like the locations of the former 2C
lamellae, represent only a small portion of the
entire surface and are hence not well repres-
ented in the histogram. From the roughness
distribution image (a=4 pm) a roughness para-
meter for the 2C lamellae of 1.6 can be deter-
mined. In turn, this also validates that the
roughness parameter distribution (Fig. 6a) is
not sensitive for artefacts like overlying parti-
cles or inaccurately measured surface points.

5. The reaction pathway of secondary
iron sulfide formation under anoxic con-
dition: An experimental study on the
reaction of lepidocrocite with dissolved
sulfide

AMD waters are typically characterized by high
amounts of ferric iron and sulphate. The for-
mation of secondary iron sulfides in the sub-
surface is an important pathway to reduce the
contaminant concentration and to raise the pH
of overlying waters (Bilek, 2006). In this res-
pect, the interaction between dissolved sulfide
and ferric oxides can be regarded as a key reac-
tion leading ultimately to pyrite formation (Can-
field et al, 1992, Poulton et al, 2004), but
knowledge on the pathways and on control-
ling factors is still limited. Here, results from
batch experiments on the reaction between
lepidocrocite and dissolved sulfide under
anoxic conditions are presented with a special
emphasis on the characterization of nanocry-
stalline products by TEM forming at different
time steps.

5.1. Materials, experimental setup and
methods

Kinetic batch experiments were conducted by
mixing lepidocrocite (25 mmol/L) and different
concentrations of dissolved sulfide at room
temperature and a constant pH of 7 within an
anoxic glove box. After 1-2 hours, 24 hours,
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Figure 8: Evolution of elemental sulfur (left) and acid extractable ferrous iron (right) during two weeks of reaction for
selected experimental runs. The initial sulfide concentration in run 10 and 14 was twice as the concentration in run 15.
Mackinawite formation is rapid within the first hours of the experiments, whereas pyrite formation is relatively slow,

starts after 2 days and continued to the end of the run
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Figure 9: Bright field (a) and high resolution (b,c) TEM images of lepidocrocite crystals with sulfur-rich rims after 2 hours
of reaction. The spotted contrast on lepidocrocite grains in (a) is due to nanocrystalline mackinawite. In (b) characteri-
stic (001) and (111) lattice fringes of mackinawite (0.52 and 0.23nm, respectively) are visible in the outer rim. A conti-
nuous intermediate layer (arrow) shows fringes matching d,,q of magnetite/maghemite (arrow). This layer can also be
noticed in (a). A nanocrystal of mackinawite in [010] zone axis orientation is shown in (c) together with its calculated
FFT and a simulated diffraction pattern as inset

1 week and 2 weeks, respectively, dissolved
Fe(ll) and S(-Il), Fe(ll) extractable with 0.5 N
HCl, S°, and the total iron content were deter-
mined by wet chemistry extraction. At diffe-
rent time steps aliquots of the reacting suspen-
sion were analyzed by TEM, XRD and Moss-
bauer spectroscopy. In order to limit oxidation
in air during TEM sample preparation the sus-
pension was first sampled in gas-tight vials. A
drop of solution was then taken with a syringe
and put onto a Lacey carbon-coated copper
grid. The grid was immediately transferred to
the TEM holder and inserted into the high
vacuum of the TEM. The short exposure of the
sample to air can be limited to 1-2 minutes at
maximum with this procedure.

5.2. Results

The reaction can be divided into three phases
on the basis of wet chemistry (Fig. 8) and TEM
observations (Figs. 9 and 10). In the first minu-
tes of the reaction (0-15min) dissolved sulfide
is rapidly consumed. It is partly oxidized to S°
species in solution and partly consumed by ini-
tial mackinawite formation. In a second phase
(15-120 min) a continuous but slower forma-
tion of S° is observed while acid extractable
Fe(ll) remained constant. TEM measurements
revealed the occurrence of a mackinawite rim
covering the lepidocrocite crystals that was
separate from the lepidocrocite surface by an
interfacial magnetite layer (Fig. 9). The magne-
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tite layer can be seen as an intermediate stage
linking two reactions, the formation of macki-
nawite which reduces ferric iron at the lepido-
crocite surface on one hand and the transport
of electrons in the deeper regions of the lepi-
docrocite bulk crystal which facilitates reducti-
ve dissolution and mackinawite rim growth
and the other hand. The third phase is charac-
terized by a decrease of acid extractable Fe(ll)
and S° and results in pyrite formation together
with some magnetite (2-14 days). TEM measu-
rements indicate that mackinawite completely
dissolves from the surface of lepidocrocite
while the precipitation of pyrite occurs separa-
tely from the lepidocrocite surface. The pyrite
formation is coupled to mackinawite dissolu-
tion and probably accompanied by the forma-
tion of FeS clusters that serve as precursors.
The conversion of mackinawite to pyrite was
traced by TEM at 72 hours, 1 and 2 weeks. The
mackinawite rims get gradually thinner and
more corrugated with time. After 48 hours
amorphous regions composed of iron and sul-
fur in variable concentration can be found bet-
ween lepidocrocite grains. Pyrite grains reach
diameters between 200 and 500 nm after 2
weeks and commonly show striking cubic or
octahedral outlines (Fig. 10). However, the
grains are composed of smaller cubic building
blocks which point to a formation by oriented
aggregation. In addition to pyrite, some mag-
netite grains similar in size and shape could be



(100] pyrite

Figure 10: High resolution images, electron diffraction pattern and EDX spectra of pyrite. Note the aggre-
gative nature of the grain consisting of cubic building blocks. Slight misorientations are also reflected in
the diffraction pattern

identified by STEM-EDX and electron diffrac-
tion as well.

5.3. Discussion

The temporal evolution of the chemical species
concentrations and solid phases indicate that
the reaction progress is highly dynamic. TEM
demonstrates that several phases form during
the reaction towards pyrite. On the basis of the
observed concentrations a number of balanced
chemical equations can be formulated invol-
ving sorbed iron species as well as polysulfites.
However, it is obvious that the system is kineti-
cally controlled towards chemical equilibration
(pyrite formation) due to the slow reductive
dissolution process and the redox disproportio-
nation. This study has provided novel insights
into the redox processes occurring at the sur-
face and in the vicinity of the lepidocrocite cry-
stals and reveals the occurrence of magnetite
and mackinawite in the initial phase of the
reaction covering the lepidocrocite surface. It
further demonstrates that dissolution of mak-
kinawite occurs prior to formation of pyrite
presumably being followed by further reaction
with polysulfides in the absence of dissolved
sulfide. It has also demonstrated that the kine-
tics of precursor formation from reductive dis-
solution of ferric (hydr)oxides by hydrogen sul-
fide and of subsequent pyrite formation are
kinetically decoupled. This observation implies
that in iron-rich aqueous systems of periodical
sulfide formation (e.g. movement of the capil-
lary fringe in ground waters) ferric oxides may

undergo »charging« with reduced substances
that may lead to pyrite (and magnetite) forma-
tion even in the absence of dissolved sulfide.
This reactions sequence has also implications
for the retention of toxic metal by adsorption
on nanocrystalline mackinawite which may get
mobilized by further reaction to pyrite.

6. Conclusion

The most important scientific insights obtained

within the MIMOS project are:

(i) A new structural model (TIM model) has
been successfully applied to non-stoichio-
metric NC-pyrrhotite. It well explains im-
portant structural details that are observed
in electron diffraction patterns and dark-
field images and can lead to a better under-
standing of surface and bulk physical pro-
perties of pyrrhotite relevant to geomagne-
tics, petrology, environmental mineralogy,
and technical mineral processing.

(i) Differences in reactivity caused by small stru-
ctural and chemical variations have been
directly proven for biologically-enhanced dis-
solution of pyrrhotite. The intergrowth tex-
ture has therefore a direct influence on the
dissolution rate by a continuous increase of
reactive surface area. This result is relevant
for the assessment of the weathering rates
of pyrrhotite tailings and bioleaching appli-
cations.

(iii) The evolution of surface area was quanti-
fied by combining topographic data and a
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statistical evaluation of surface roughness
using the newly developed program
ROUGHNECK for heterogeneous surfaces.
This approach provides new prospects for
mineral dissolution studies as well as for
more general topics dealing with surface
alteration like corrosion.

(iv) Analytical TEM was successfully applied to
tracing the reaction pathway of iron sulfi-
de formation. The new results are relevant
for our understanding of processes and
element distributions at geochemical
boundaries which can help to decipher
successful remediation strategies for pol-
luted waters and soils.
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