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Abstract

Yttria/alumina doped silicon nitride ceramics were exposed to corrosive Acidithiobacillus ferrooxidans bacteria cultures. These microorganisms
produce sulphuric acid as a metabolic product during thiosulfate oxidation. In this study, the effect of microbial corrosion of silicon nitride ceramics
is compared with an abiotic-chemical corrosion process in sulphuric acid under similar conditions (e.g. pH, temperature and exposure time). While
abiotic corrosion caused only partial lixiviation of the superficial grain boundary phase, microbially induced corrosion lead to an almost total
dissolution of the amorphous grain boundary within the corrosion zone. Microbial corrosion is thus more efficient than the abiotic process: it
dissolves more silica and causes therefore a higher corrosion rate. This is probably due to the additional microbial release of metal-chelating

organic compounds that stimulate the corrosion process.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride ceramics (Si3zNy4) are well known to show
high corrosion stability as well as enhanced temperature
and oxidation resistances under extreme conditions. Sintered
SizNy-ceramics typically consist of >90 weight percent of [3-
SizNy4-grains and an amorphous grain boundary phase (GBP).
This GBP is composed of silica and/or oxynitride and contains
additional metal oxides (e.g. Al,03, Y203 and MgO), typically
added as sintering additives." The GBP can be divided into
two distinct parts, (1) the stable film at the grain boundaries
which reaches a thickness between 0.5 and 2 nm between indi-
vidual grains in direct contact'? and, (2) the glass pockets in
triple points between several grains. These two parts of the GBP
usually differ from each other e.g. in terms of their chemical
composition.!

Silicon nitride ceramics are often used under high temper-
ature conditions in engines but also in chemical plants, where
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the material is exposed to extreme chemicals including strong
inorganic acids and bases. Concerning the latter applications,
numerous works have revealed that sintered silicon nitride is
susceptible to corrosion by acids, bases, saline solutions and
hydrothermal treatments.>~!2 Only a few studies report corrosive
attacks of the silicon nitride grains.>~>!3 The common feature is
the attack of the GBP!-3461L1214.15 with an extent depending
on various parameters such as pH, temperature, composition and
concentration of acids or bases in the corrosive medium. Often,
the corrosion process can be described by one or more of the

following reactions'®:

1. Acid-base-reactions:

Me, O, +2yH" — xMe®/)F 1 15yH,0
2. Hydration of metal oxides:

Me, O, +1nH,O0 — Me,0,-nH,0
3. Hydrolysis of covalent bonds:

Si3sNg + 3(n +4)H,O — 3H4Si04-nH,O + 4NH3
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The case of H>SO4 corrosion of silicon nitride ceram-
ics is best investigated.'>*9-1215-18 Exposures sometimes
exceeding 400h in up to 120°C hot sulphuric acid were
reported.®10-12.15.16 Together all cited works cover a wide range
of experimental conditions with different sulphuric acid con-
centrations, exposure times and temperatures (Table 2). Most
studies have shown a dissolution effect of the GBP within the
“glass pockets” of triple points inside the silicon nitride grain
network.

The GBP is often amorphous and therefore studies on
glass corrosion can help to understand silicon nitride ceramics
corrosion. 1922 Previous works dealt with microbially influ-
enced or direct microbial corrosion of glass.>>~>® The authors
described several mechanisms for the microbial corrosion of
glasses. Some organisms are able to use the compounds present
in the glass either as growth substrate or as nutrient source.?>28
Most of the described organisms belong to the fungi group
and release different organic acids during their metabolic activ-
ity.

There is a lack of knowledge about microbial corrosion of
such ceramics, even though the studies on abiotic corrosion of
SizNy-ceramics suggest that at least the sulphuric acid produc-
ing group of microorganisms should be able to corrode silicon
nitride ceramics.

In this study we performed corrosion experiments with silicon
nitride ceramics, which were immersed into bacterial cultures of
the sulphuric-acid-producing strain Acidothiobacillus ferrooxi-
dans. We compare the results to the corrosion in abiotic sulphuric
acid systems with regard to corrosion rates, efficiency, grain
boundary composition and structure.

2. Materials and methods

Corrosion experiments were carried out with commer-
cially available SizN4 (Kyocera SN220 M) on bending bars
with dimensions of 4mm x 3mm x 45mm. Some of the
bars were cut to a different geometry with dimensions of
4mm x 3mm x 10 mm.

The corrosion experiments were conducted in 50 or 100 ml
of either 5SmM H>SO4 (pH 2.0, “abiotic corrosion”), bacte-
rial culture with A. ferrooxidans (acidophilic, pH ~2.0-2.5,
“microbial corrosion”) or culture medium without microorgan-
isms in DSMZ-medium M71 as described by Tuovinen and
Kelly?® at a pH of 4.5. M71 was used as a non-corrosive stan-
dard. All experiments were performed at 30 °C in Erlenmeyer
flasks with a fixed volume of corrosion media. These were
closed with cellulose stoppers and fixed on a rotary shaker
(150 rpm). The bacterial cultures grew until the required pH-
range of 2.0-2.5 was reached, which lasted up to 5 days. The
ceramic samples were then immersed into the cultures. Short
bars (10 mm) were placed into 50 ml and long bars (45 mm)
into 100ml of culture medium. Abiotic control tests were
performed by exposing bending bars to aqueous solutions of
5mM H>SO4. The exposure time varied between 168.5 and
264 h.

One set of experiments was conducted to separate the influ-
ence of living bacteria in an acid environment from an acid

environment set by bacteria. This was done because biochemi-
cal and biophysical interactions between the bacterial cells and
the inorganic substratum might contribute to the corrosion pro-
cess. On the other hand the bacteria do change chemistry of
the acids during their life and this variation may be the reason
for differences in the corrosion behavior. Thus exposure tests
with two Si3Nys-samples (SN220-20, -21; Table 1) in 50 ml of
an appropriate culture supernatant were performed. The bac-
terial cultures were grown for 5 days before the cells were
removed by centrifugation at 7500 x g and subsequent filtration
with 0.22 wm cellulose acetate filters. These steps ensured the
complete removal of bacteria, organic agglomerates and inor-
ganic precipitates such as elemental sulphur from the medium.
But the conditions of these experiments were similar to abi-
otic (pH =2.0, T=30 °C) and microbial treatments (pH 2.0-2.5,
T=30°C). These experiments were conducted for a period of
240h.

Before and after the corrosion experiments the ceramic sam-
ples were washed with acetone in an ultrasonic bath for 10 min,
then rinsed with deionized water for 2 min and air-dried in a cab-
inet dryer for at least 2 h at 150 °C. After a cooling period of 2 h
in an exsiccator the samples were weighed with a microbalance
(d==0.01 mg, triplicate measurements).!! During the abiotic
exposure to sulphuric acid some of the ceramic bars were gravi-
metrically measured. This was not possible with microbially
exposed samples because such a treatment would induce a loss
of sterility. To confirm the gravimetric results of abiotically
corroded samples, 2 bars were immersed into H,SO4 without
intermittent weighing steps.

To determine and quantify the dissolution of yttrium and
aluminium from the ceramic surface eluate (2ml each) was
sampled 6-7 times during each experiment. In case of bacte-
rial cultures the samples were taken under sterile conditions to
avoid microbial contamination. Each microbial eluate sample
was centrifuged for 5min at 20,000 x g and subsequently fil-
tered through 0.22 wm syringe filters. This was done in order
to remove residual bacterial cells, organic agglomerates and
precipitates from the supernatant. The eluates were stored in
tightly closed Eppendorf vials either at 4 °C (abiotic samples)
or at —18°C (microbial samples). The concentrations of dis-
solved yttrium and aluminium in the eluates were measured by
ICP-MS (Perkin Elmer Elan 6000) and ICP-OES (Perkin Elmer
Optima 5200), respectively. All eluate results were related to the
geometrical surface area to obtain a measure of mass loss per
surface area unit (pg/cmz).

Cross sections of the Si3Ng-bars for scanning electron
microscopy (SEM) and electron microprobe (EMP) analysis
were fixed in epoxy resin, polished and plasma etched with
a CF4—0;-gas-mixture with a mixing ratio of 2:1. For quali-
tative EMP-linescans the samples were sputtered with carbon
(max. thickness ~30nm) and measured in 1, 2 and 5 wum steps
to determine the corrosion penetration depth.

The microstructure of the samples, particularly the devel-
opment of porosity, was analyzed by SEM, and taken as a
sign for corrosion penetration. The preparation of the samples
corresponded to that for EMP analysis, however in this case the
samples were sputtered with platinum (thickness ~5 nm).
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Table 1
Overview of samples.

Sample ID Length [mm] Exposure duration [h] Medium Eluate chemistry analyses
ICP-MS ICP-OES
SN220-(BIO) 1 9.9 192.0 Acidithiobacillus ferrooxidans bacterial culture Y
2 9.8 192.0 Al
3 45.0 241.0 Y
4 45.0 241.0 Y
10 9.8 237.5 Y
11 9.9 237.5 Y
12 9.8 237.5 Y
13 45.0 236.5 Y Al
14 10.7 168.5 Y Al
15 9.9 236.5 Y Al
16 9.6 236.5 Y
17 9.9 236.5 Al
20 10.0 239.5 A. ferrooxidans culture supernatant Y
21 10.3 239.5 Y
SN220-(ABIO) 7 9.7 249.5 5SmM H,SO4 Y
8 9.8 249.5 Y
9 10.0 249.5 Y
18 10.0 264.0 Y Al
19 10.6 264.0 Y Al

3. Results
3.1. Gravimetry

The gravimetric measurements of the silicon nitride samples
before and after exposure to microbial and abiotic corrosive
media and M71 culture medium are shown in Fig. 1. Signifi-
cant mass losses were observed from experiments performed in
5 mM H,SOy4, with A. ferrooxidans and the culture supernatant,
whereas exposure to the sterile M71 medium did not result in
any mass loss.

The (abiotic) mass loss in S mM H;SOy is clearly not a linear
function of the exposure time, even though two samples with-
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Fig. 1. Normalized mass loss after exposure in Acidithiobacillus ferrooxidans
bacteria culture (BIO), 5mM H;SO4 (ABIO) and unmodified culture medium
medium (M71). Full arrows show mass loss values of samples exposed into cul-
ture supernatant after growth and removal of bacteria. The dashed arrow points
at the mass loss values of abiotically corroded samples without intermittant
weighing steps.

out intermediate weighing steps gave somewhat higher losses at
long times (dashed arrow in Fig. 1). The problem of kinetics is
addressed below in a later section of this paper.

Samples from solutions with living bacteria were kept in
the solution without interruption. It is therefore impossible to
deduce a kinetic law from the data. However, the mass loss is
fairly well defined and significantly higher than loss in abiotic
treatments of equal duration. An overview of previously pub-
lished mass loss values from other authors and their comparison
to our data is given in Table 2.

One of the samples, which were exposed to the bacterial
supernatant (i.e. the solution of biological history without living
bacteria) had in one case a mass loss in agreement with those
from exposure to A. ferrooxidans culture. However, the second
sample gave a lower value (307-224 pg/cm?, Fig. 1, full arrows).
The question, whether living bacteria do influence the process,
can therefore not be answered from our gravimetric data.

3.2. Eluate chemistry

The results of eluate analyses allow the determination of nor-
malized mass losses over time for individual elements. These
data enable us to calculate models to describe corrosion kinetics.

The concentrations of dissolved yttrium and aluminium in
the eluates were recalculated to mass loss of yttria and alumina
per surface area to compare the results of gravimetry and eluate
chemistry (Fig. 2). From Fig. 2a it can be seen that microbial
corrosion led to higher dissolution rates of yttria, although we
performed our abiotic experiments under similar conditions. No
yttria loss was observed when the ceramics were exposed to the
original culture medium M71.

The spread in the values for microbial yttria dissolution
is much higher than those from abiotic corrosion in HySO4.
Nonetheless it is obvious that leaching of yttria by A. ferrooxi-
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Table 2

Mass loss values for yttria bearing Silicon nitride ceramics in sulphuric acid—previously published data compared to this work.

Author H;SO4-concentration [mol/I] pH T[°C] Exposure time, max. [h] Mass loss™ (—Am) [mg/cmz]
Okada et al.8 1.5-6.0 (3.0-12.0N™) <0 104-120 72 ~0.3-3.2
Monteverde et al.”"*>12 1.8-3.6 <0 25-70 400 ~1.6-2.9
Herrmann et al.* 0.5 (1.ON™) 0 90 200 20.02
Schilm et al.'? 0.5 (1.0N") 0 60-101 240 ~9.0-20.0
Schilm et al.!3 0.00005-3.0 <04 90 300 ~0-26.0
This work
SN220 (BIO) 0.0016-0.005 2.0-2.5 30 241 0.19-0.32""
SN220 (ABIO) 0.005 2.0 30 264 0.13-0.22""

* Data as published.
** Approximate values were taken out of published diagrams.
*** Values were rounded off to two decimal places.
Different additive composition of samples.

dans is significantly enhanced in comparison to the corrosion in
H>SO4 under similar pH conditions. The data of Fig. 2a include
the values for the exposure to the culture supernatant, which
cannot be distinguished from microbial corrosion in presence of
A. ferrooxidans.

In contrast, the dissolution of alumina does not show differ-
ences between microbial and abiotic corrosion (Fig. 2B). The
superficial dissolution kinetics of alumina appears to be linear
with exposure time, independent from the corrosion method.

150 -

[ X BIO A
& ABIO
o MT1
100 +
a
E %
9 -
2 ¢
S s+ ﬁ $ $
0 B —Sr } T } —64 —& T {
0 50 100 150 200 250 300
time [h]
80T % B0 B
{ © ABIO
60 +
o -
£
5]
° 40 T
on
=
=2 -
: ¥ X
20 + %) >l<
0 ¥— F— F— F— F— F— |
0 50 100 150 200 250 300

time [h]

Fig. 2. A, B: Normalized mass loss «, data based on eluate chemistry. (A) Yttria
mass loss with clear differences between microbial (BIO) and abiotic (ABIO)
corrosion; unmodified culture medium used as standard (M71). (B) Alumina
mass loss without differences between microbial and abiotic corrosion.

3.3. Electron microprobe (EMP) linescans

EMP-linescans were performed perpendicular to the sample
surface on cross sections. Their results showed the element dis-
tribution from the ceramic surface to the unmodified interior.
These analyses provided therefore information about the pene-
tration depths of the corrosion experiments. The gravimertric
and eluate chemistry results were confirmed by these lines-
cans. The linescans were conducted on samples, which were
exposed for 237.5 (BIO) and 249.5 (ABIO) hours to the corro-
sive media and are shown in Fig. 3. They allow an estimation
of the penetration depths directly from the data of the counts of
the elements yttrium, aluminium and the associated oxygen. The
linescans exhibited three zones, which may be attributed to: the
embedding agent (I), the corrosion (II) and the bulk zone (III).
The penetration depths depend on the corrosion medium (BIO,
ABIO).

A shift of Y-, Al- and O-concentrations from (II) to (IIT) was
observed in both BIO and ABIO linescans. Within the corro-
sion zone the samples showed lower concentrations than in the
bulk zone. Regarding the microbially treated (BIO) samples the
element concentrations from corrosion to bulk zone increased
with clear borders between the zones. The microbial corrosion
resulted in an almost complete depletion of Y whereas Al and
O were depleted partially. Si- and N-linescans did not show any
corrosion influence.

Similar results were gathered during abiotic corrosion in sul-
phuric acid (ABIO).

A detailed analysis of the results in Fig. 3, however, revealed
interesting differences. In contrast to microbial leaching the abi-
otic corrosion process did not lead to a complete superficial
dissolution of yttria. Instead we observed gradual changes with
depths rather than clear steps in the element concentrations. In
contrast to BIO-results the ABIO-scans showed also gradual
increases of Si and N.

Since the EMP-linescans indicated different zones within the
corroded samples, the widths of the corrosion zones depicted
the depth of corrosion penetration. Due to a beam diame-
ter of 2 wm and an excitation volume of several pm?> the
zones cannot be separated with an accuracy better then 4 pm.
The microbial corrosion (BIO) affected a zone of 8—16 um
depth (transition zones marked by grey shadings) whereas
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Fig. 3. EMP-linescans of microbially (BIO) and abiotically (ABIO) corroded SizN4-samples show three clearly distinguishable zones: (I) epoxy as embedding agent,
(IT) corrosion and (III) bulk zone. The dashed lines mark the transitions between the three zones within uncertainty ranges (grey shadings). Deeper penetration occurred
after microbial corrosion (8—16 wm including the transition zones) compared with abiotic corrosion (6—14 pwm). Corrosion affected O-, Al- and Y-concentrations

while N- and Si-concentrations were not influenced.

the abiotic corrosion (ABIO) reached a penetration depth of
approximately 6-14 pm.

3.4. Microstructure by scanning electron microscopy (SEM)

The microstructures of the corroded samples as investi-
gated by a scanning electron microscope (SEM) are shown
in Fig. 4. Both corrosion methods caused surface embrittle-
ment, evidenced by numerous preparation marks at the sample
surfaces like pits from cutting and polishing (Fig. 4A-C),
absent in untreated samples. The corrosion did not intrude
homogeneously but resulted in an undulated corrosion front.
Fig. 4B and C shows that the corrosive medium pen-
etrated preferentially along tight channels and vein-like
pathways.

Fig. 4D-H reveals different states of dissolution of the
amorphous glass phase (GBP) appearing within the triple
points between the Si3Ny-grains, depending on the experimen-
tal method. Microbial corrosion resulted in an almost complete
dissolution of the GBP without any visible residuals (Fig. 4E
and G). Inside the corrosion zone most of the SizNy-grains
appear “clean” and show their typical hexagonal shape. Even
small cavities within the structure lack a bonding glassy phase
(Fig. 4G).

Abiotic sulphuric acid corrosion caused a similar dissolution
of the GBP only within the upper surface area (up to 3—4 pm
depth, Fig. 4D and F) and a partially dissolved amorphous phase

inside the deeper corrosion zone (Fig. 4H). This graded dissolu-
tion with distinct glassy residuals caused an irregular coverage
of Si3Ny-grains. Single grains and grain boundaries cannot be
separated in detail (Fig. 4H).

4. Discussion

A higher efficiency of microbial corrosion compared to abi-
otic corrosion under similar conditions was indicated in this
study through various analytical techniques. Eluate chemistry
results regarding the superficial dissolution of yttria correlate
well with gravimetric measurements and SEM- and EMP-
analyses. An almost complete dissolution of the amorphous
glassy phase inside the corrosion zone of the microbially treated
SizN4-samples suggests that the yttria-concentration decreased
towards zero within that domain. It is known that yttria is nor-
mally enriched inside the “glassy pockets” whereas alumina can
be found in the “glassy pockets”, the stable glassy films between
individual grains' and inside the grains by SiAION formation.
So all the yttria is available for the corrosive attack but alumina
only partially.

Our results concerning yttria-dissolution-mediated mass loss
distinguish microbial (BIO) and abiotic (ABIO) corrosion.
Therefore the results of Y-eluate-chemistry were used to cal-
culate both the mass loss per surface area (Fig. 2) and to
evaluate the possible corrosion kinetics based on standard
models> 103931 for planar sample geometry with unidimen-
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Fig. 4. (A-H) SEM micrographs of corroded silicon nitride samples; (A) pits and excavations caused by preparation of samples; (B, C) heterogeneous corrosion
front, corrosive penetration through vein-like channels (arrows); (E, G) microstructure of corrosion zone after microbial corrosion: complete dissolution of grain
boundary phase in triple points, pockets and small cavities (G); (D, F and H) microstructure of corrosion zone after abiotic corrosion: graded dissolution of grain
boundary phase (F: upper corrosion zone, grain boundary phase almost completely dissolved; H: deeper corrosion zone with residues).
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sional mass transport.’ Linear kinetics could be caused by
a reaction-controlled corrosion whereas parabolic kinetics are
usually due to diffusion-control. A mixed reaction-control may
be assumed for more complex corrosion patterns and in the sim-
plest case includes the assumption that the basic laws operate
simultaneously.

We have no reason to expect sudden processes in the initial
or heating-up period. Therefore we may investigate our data
forcing any model to start with 0 mass loss at time 0. Then
the basic laws for the variable «, which is here the measure
of corrosion progress in terms of the mass loss per unit area,
become:

1. Linear (reaction-controlled):

alt) =k -t (1)

The linear rate constant k; in SI-units is then kgm=2s~!.

2. Parabolic (diffusion-controlled):

a(t) = +/kp -t

The parabolic rate constant for mass loss k, has the unit

2
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3. Mixed reaction-control:

at) =kl - Ni+k -t (3)

The correlations between experimental data and calculated
models are given in Fig. SA—C, the extracted rate constants and
their standard deviations are given in Table 3. From Fig. 5A
it is obvious that a linear fit would either violate the condition
that mass loss is zero at time zero or include systematic misfit
at short run times for both microbial (BIO) and abiotic (ABIO)
corrosion.

A parabolic fit (Fig. 5B) is acceptable for the abiotic cor-
rosion (ABIO) but clearly overestimates the BIO-data at times
below 100 h. A diffusion-controlled kinetic law is conceivable
for the ABIO-data, because we have considerable amounts of
amorphous grain boundary phase remaining and the corrosion
zone has a chemical gradation in yttria.

Nonetheless both data sets are fitted best by the mixed law
(Eq. (3), Fig. 5C). Looking at the fitted values for the mixed
model (Table 3), it is plain that the linear constant k; is much
smaller for the ABIO-data then for those from biotic experi-
ments, while the k, values are equal within their uncertainty.
This is compatible with the data presented above, because the

2 4 —1 .
kg m™"s™ . latter data set showed an almost complete loss of grain boundary
150 + _ . . -
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Fig. 5. (A—C) Normalized mass loss and calculated corrosion kinetic models for yttria-dissolution (values with standard deviations in Table 3). (A) Linear model
for reaction-controlled corrosion."? (B) Parabolic model for diffusion-controlled corrosion. (C) Mixed reaction-control with reaction- and diffusion-controlled

fractions.'
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Table 3
Rate constants.
ki x 107 [kgm~2s7!] ky x 10710 [kg? m™* s~ R?
Linear BIO 0.3977 £+ 0.0102 0.9560
ABIO 0.2261 £ 0.0099 0.9495
Parabolic BIO 27.3832 + 0.0219 0.9470
ABIO 9.2799 + 0.0106 0.9691
Mixed reaction control BIO 2.1224 £ 0.5787 0.0508 £ 0.0019 0.9632
ABIO 1.9955 + 0.3456 0.0067 £ 0.0007 0.9774

phase from the triple points. The recession of this phase must
induce a relatively large linear term in (Eq. (3)). Likewise the
small linear term in the fit of the ABIO-data is compatible with
a small zone of total loss of the phase from the assemblage near
the surface.

The EMP-linescans of Fig. 3 show that the higher normalized
mass loss values for microbial corrosion are not only a result of
the complete dissolution of the glassy phase in BIO samples but
also of a deeper penetration of the microbially modified, corro-
sive medium. The ABIO-linescan shows a total dissolution of
Y only within the upper part of the corrosion zone (max. 4 pm)
and a gradation in the lower zone, indicating that the remaining
amorphous phase is not a corrosion-induced secondary precip-
itate but part of the original amorphous grain boundary phase.
A leaching process is therefore assumed to dominate the scale
formation.

The loss of alumina in the BIO-samples (Fig. 2B) is linear,
which fits to the yttria loss kinetics of the same data set. However,
the rather parabolic kinetics of yttria-loss from ABIO samples is
not mirrored by the BIO data set despite the gradation in alumina
in zone II seen in Fig. 3. This is difficult to explain, even though
we know that part of the alumina is not incorporated within the
triple points but either within the glassy films between individual
grains or in the SIAION-phase at the SizNy4-grain surfaces. Cur-
rently we have no good explanation for this discrepancy, which
is, however, based on a small number of data.

The reasons for the higher efficiency of microbially induced
corrosion are still unknown. Our experiments with microbially
modified culture medium (bacterial supernatant) indicate no
direct influence of the microorganisms by biochemical and bio-
physical interactions between the cells and the ceramic substrate
surface. This suggests that the composition of the culture super-
natant caused the more efficient corrosion. With regard to the
initial composition of the culture medium M71 (KH,PO4 3.00 g,
MgS04-7H,0 0.50 g, (NH4)2S0O4 3.00 g, CaCl,-2H20 0.25 g,
NaS,03-5H>0 5.00 g, deionized H,O 1000 ml) it may be pos-
sible to conclude that microbial activity within the growth phase
led to an enrichment of sulfate and chloride. Magnesium, cal-
cium, sodium and ammonium are used for the metabolic activity.
Thiosulfate is oxidized to sulphuric acid’>® whereas phosphate
is used as a buffer and is therefore not supposed to promote the
corrosive process. The higher biological corrosion efficiency is
probably due to organic compounds formed and released to the
supernatant as a result of the metabolic activity. These organic
compounds could include organic acids, alcohols, carbohydrates
or other carboxylic-group containing chemical compounds—all
compounds are known to be able to complex metal ions. The-

oretically it is possible that at each step of the TCA-3233 and
Calvin-Cycle** organic compounds are released by the cells into
the surrounding environment. The works of Valdés et al.3> and
Hold et al.3® support the theory that these organisms do release
additional organic compounds which could promote the cor-
rosive effect of sulphuric acid. Further experiments are being
conducted to identify these additional compounds that may
enhance the corrosive process.

5. Conclusions

In this study a higher efficiency of corrosion by bacterial cul-
tures with Acidithiobacillus ferrooxidans was shown compared
to abiotic corrosion under similar conditions of pH, temperature
and exposure time. The differences concern normalized mass
loss, corrosion kinetics and penetration depths. A removal of the
organisms by centrifugation and filtration gave a bacterial super-
natant, which had equal or similar corrosion power. Therefore
biophysical and biochemical interactions at the cell-substratum-
interface are probably not responsible for the differences. Until
now, the reasons for the higher microbial corrosion rates are not
fully understood, but we believe that this is due to the bacte-
rial release of additional corrosion-supporting compounds like
organic acids and complexing agents. However, so far our anlyt-
ical approaches to identify such substances were not successful.
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