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bstract

ttria/alumina doped silicon nitride ceramics were exposed to corrosive Acidithiobacillus ferrooxidans bacteria cultures. These microorganisms
roduce sulphuric acid as a metabolic product during thiosulfate oxidation. In this study, the effect of microbial corrosion of silicon nitride ceramics
s compared with an abiotic-chemical corrosion process in sulphuric acid under similar conditions (e.g. pH, temperature and exposure time). While
biotic corrosion caused only partial lixiviation of the superficial grain boundary phase, microbially induced corrosion lead to an almost total

issolution of the amorphous grain boundary within the corrosion zone. Microbial corrosion is thus more efficient than the abiotic process: it
issolves more silica and causes therefore a higher corrosion rate. This is probably due to the additional microbial release of metal-chelating
rganic compounds that stimulate the corrosion process.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride ceramics (Si3N4) are well known to show
igh corrosion stability as well as enhanced temperature
nd oxidation resistances under extreme conditions. Sintered
i3N4-ceramics typically consist of ≥90 weight percent of �-
i3N4-grains and an amorphous grain boundary phase (GBP).
his GBP is composed of silica and/or oxynitride and contains
dditional metal oxides (e.g. Al2O3, Y2O3 and MgO), typically
dded as sintering additives.1 The GBP can be divided into
wo distinct parts, (1) the stable film at the grain boundaries
hich reaches a thickness between 0.5 and 2 nm between indi-
idual grains in direct contact1,2 and, (2) the glass pockets in
riple points between several grains. These two parts of the GBP
sually differ from each other e.g. in terms of their chemical

omposition.1

Silicon nitride ceramics are often used under high temper-
ture conditions in engines but also in chemical plants, where
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kinetics

he material is exposed to extreme chemicals including strong
norganic acids and bases. Concerning the latter applications,
umerous works have revealed that sintered silicon nitride is
usceptible to corrosion by acids, bases, saline solutions and
ydrothermal treatments.3–12 Only a few studies report corrosive
ttacks of the silicon nitride grains.3–5,13 The common feature is
he attack of the GBP1,3,4,6,11,12,14,15 with an extent depending
n various parameters such as pH, temperature, composition and
oncentration of acids or bases in the corrosive medium. Often,
he corrosion process can be described by one or more of the
ollowing reactions16:

. Acid–base-reactions:

MexOy + 2yH+ → xMe(2y/x)+ + ½yH2O

. Hydration of metal oxides:

MexOy + nH2O → MexOy·nH2O
. Hydrolysis of covalent bonds:

Si3N4 + 3(n + 4)H2O → 3H4SiO4·nH2O + 4NH3

dx.doi.org/10.1016/j.jeurceramsoc.2010.12.001
mailto:detlef.dierksen@uni-tuebingen.de
dx.doi.org/10.1016/j.jeurceramsoc.2010.12.001
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The case of H2SO4 corrosion of silicon nitride ceram-
cs is best investigated.1,3,4,9–12,15–18 Exposures sometimes
xceeding 400 h in up to 120 ◦C hot sulphuric acid were
eported.8,10–12,15,16 Together all cited works cover a wide range
f experimental conditions with different sulphuric acid con-
entrations, exposure times and temperatures (Table 2). Most
tudies have shown a dissolution effect of the GBP within the
glass pockets” of triple points inside the silicon nitride grain
etwork.

The GBP is often amorphous and therefore studies on
lass corrosion can help to understand silicon nitride ceramics
orrosion.1,19–22 Previous works dealt with microbially influ-
nced or direct microbial corrosion of glass.23–28 The authors
escribed several mechanisms for the microbial corrosion of
lasses. Some organisms are able to use the compounds present
n the glass either as growth substrate or as nutrient source.23,28

ost of the described organisms belong to the fungi group
nd release different organic acids during their metabolic activ-
ty.

There is a lack of knowledge about microbial corrosion of
uch ceramics, even though the studies on abiotic corrosion of
i3N4-ceramics suggest that at least the sulphuric acid produc-

ng group of microorganisms should be able to corrode silicon
itride ceramics.

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

. Materials and methods

Corrosion experiments were carried out with commer-
ially available Si3N4 (Kyocera SN220 M) on bending bars
ith dimensions of 4 mm × 3 mm × 45 mm. Some of the
ars were cut to a different geometry with dimensions of
mm × 3 mm × 10 mm.

The corrosion experiments were conducted in 50 or 100 ml
f either 5 mM H2SO4 (pH 2.0, “abiotic corrosion”), bacte-
ial culture with A. ferrooxidans (acidophilic, pH ∼2.0–2.5,
microbial corrosion”) or culture medium without microorgan-
sms in DSMZ-medium M71 as described by Tuovinen and
elly29 at a pH of 4.5. M71 was used as a non-corrosive stan-
ard. All experiments were performed at 30 ◦C in Erlenmeyer
asks with a fixed volume of corrosion media. These were
losed with cellulose stoppers and fixed on a rotary shaker
150 rpm). The bacterial cultures grew until the required pH-
ange of 2.0–2.5 was reached, which lasted up to 5 days. The
eramic samples were then immersed into the cultures. Short
ars (10 mm) were placed into 50 ml and long bars (45 mm)
nto 100 ml of culture medium. Abiotic control tests were
erformed by exposing bending bars to aqueous solutions of

mM H2SO4. The exposure time varied between 168.5 and
64 h.

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

o
s
c
s
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nvironment set by bacteria. This was done because biochemi-
al and biophysical interactions between the bacterial cells and
he inorganic substratum might contribute to the corrosion pro-
ess. On the other hand the bacteria do change chemistry of
he acids during their life and this variation may be the reason
or differences in the corrosion behavior. Thus exposure tests
ith two Si3N4-samples (SN220-20, -21; Table 1) in 50 ml of

n appropriate culture supernatant were performed. The bac-
erial cultures were grown for 5 days before the cells were
emoved by centrifugation at 7500 × g and subsequent filtration
ith 0.22 �m cellulose acetate filters. These steps ensured the

omplete removal of bacteria, organic agglomerates and inor-
anic precipitates such as elemental sulphur from the medium.
ut the conditions of these experiments were similar to abi-
tic (pH = 2.0, T = 30 ◦C) and microbial treatments (pH 2.0–2.5,
= 30 ◦C). These experiments were conducted for a period of
40 h.

Before and after the corrosion experiments the ceramic sam-
les were washed with acetone in an ultrasonic bath for 10 min,
hen rinsed with deionized water for 2 min and air-dried in a cab-
net dryer for at least 2 h at 150 ◦C. After a cooling period of 2 h
n an exsiccator the samples were weighed with a microbalance
d = ±0.01 mg, triplicate measurements).11 During the abiotic
xposure to sulphuric acid some of the ceramic bars were gravi-
etrically measured. This was not possible with microbially

xposed samples because such a treatment would induce a loss
f sterility. To confirm the gravimetric results of abiotically
orroded samples, 2 bars were immersed into H2SO4 without
ntermittent weighing steps.

To determine and quantify the dissolution of yttrium and
luminium from the ceramic surface eluate (2 ml each) was
ampled 6–7 times during each experiment. In case of bacte-
ial cultures the samples were taken under sterile conditions to
void microbial contamination. Each microbial eluate sample
as centrifuged for 5 min at 20,000 × g and subsequently fil-

ered through 0.22 �m syringe filters. This was done in order
o remove residual bacterial cells, organic agglomerates and
recipitates from the supernatant. The eluates were stored in
ightly closed Eppendorf vials either at 4 ◦C (abiotic samples)
r at −18 ◦C (microbial samples). The concentrations of dis-
olved yttrium and aluminium in the eluates were measured by
CP-MS (Perkin Elmer Elan 6000) and ICP-OES (Perkin Elmer
ptima 5200), respectively. All eluate results were related to the
eometrical surface area to obtain a measure of mass loss per
urface area unit (�g/cm2).

Cross sections of the Si3N4-bars for scanning electron
icroscopy (SEM) and electron microprobe (EMP) analysis
ere fixed in epoxy resin, polished and plasma etched with
CF4–O2-gas-mixture with a mixing ratio of 2:1. For quali-

ative EMP-linescans the samples were sputtered with carbon
max. thickness ∼30 nm) and measured in 1, 2 and 5 �m steps
o determine the corrosion penetration depth.

The microstructure of the samples, particularly the devel-
pment of porosity, was analyzed by SEM, and taken as a

ign for corrosion penetration. The preparation of the samples
orresponded to that for EMP analysis, however in this case the
amples 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 5 mM H2SO4 Y
8 9.8 249.5 Y
9 10.0 249.5 Y
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18 10.0 264.0
19 10.6 264.0

. Results

.1. Gravimetry

The gravimetric measurements of the silicon nitride samples
efore and after exposure to microbial and abiotic corrosive
edia and M71 culture medium are shown in Fig. 1. Signifi-

ant mass losses were observed from experiments performed in
mM H2SO4, with A. ferrooxidans and the culture supernatant,
hereas exposure to the sterile M71 medium did not result in
ny mass loss.
The (abiotic) mass loss in 5 mM H2SO4 is clearly not a linear

unction of the exposure time, even though two samples with-
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ut intermediate weighing steps gave somewhat higher losses at
ong times (dashed arrow in Fig. 1). The problem of kinetics is
ddressed below in a later section of this paper.

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

One of the samples, which were exposed to the bacterial
upernatant (i.e. the solution of biological history without living
acteria) had in one case a mass loss in agreement with those
rom exposure to A. ferrooxidans culture. However, the second
ample gave a lower value (307–224 �g/cm2, Fig. 1, full arrows).
he question, whether living bacteria do influence the process,
an therefore not be answered from our gravimetric data.

.2. Eluate chemistry

The results of eluate analyses allow the determination of nor-
alized mass losses over time for individual elements. These

ata enable us to calculate models to describe corrosion kinetics.
The concentrations of dissolved yttrium and aluminium in

he eluates were recalculated to mass loss of yttria and alumina
er surface area to compare the results of gravimetry and eluate
hemistry (Fig. 2). From Fig. 2a it can be seen that microbial
orrosion led to higher dissolution rates of yttria, although we
erformed our abiotic experiments under similar conditions. No
ttria loss was observed when the ceramics were exposed to the

riginal culture medium M71.

The spread in the values for microbial yttria dissolution
s much higher than those from abiotic corrosion in H2SO4.
onetheless 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 H2SO4-concentration [mol/l] pH T [◦C] Exposure time, max. [h] Mass loss** (−�m) [mg/cm2]

Okada et al.8 1.5–6.0 (3.0–12.0 N*) <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.4 0.5 (1.0 N*) 0 90 200 20.02
Schilm et al.10 0.5 (1.0 N*) 0 60–101 240 ∼9.0–20.0
Schilm et al.15 0.00005–3.0 <0–4 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.
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** Approximate values were taken out of published diagrams.
** Values were rounded off to two decimal places.
***Different additive composition of samples.

ans is significantly enhanced in comparison to the corrosion in
2SO4 under similar pH conditions. The data of Fig. 2a include

he values for the exposure to the culture supernatant, which
annot be distinguished from microbial corrosion in presence of
. ferrooxidans.
In contrast, the dissolution of alumina does not show differ-
nces between microbial and abiotic corrosion (Fig. 2B). The
uperficial dissolution kinetics of alumina appears to be linear
ith exposure time, independent from the corrosion method.
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.3. Electron microprobe (EMP) linescans

EMP-linescans were performed perpendicular to the sample
urface on cross sections. Their results showed the element dis-
ribution from the ceramic surface to the unmodified interior.
hese analyses provided therefore information about the pene-

ration depths of the corrosion experiments. The gravimertric
nd eluate chemistry results were confirmed by these lines-
ans. The linescans were conducted on samples, which were
xposed for 237.5 (BIO) and 249.5 (ABIO) hours to the corro-
ive media and are shown in Fig. 3. They allow an estimation
f the penetration depths directly from the data of the counts of
he elements yttrium, aluminium and the associated oxygen. The
inescans exhibited three zones, which may be attributed to: the
mbedding agent (I), the corrosion (II) and the bulk zone (III).
he penetration depths depend on the corrosion medium (BIO,
BIO).
A shift of Y-, Al- and O-concentrations from (II) to (III) was

bserved in both BIO and ABIO linescans. Within the corro-
ion zone the samples showed lower concentrations than in the
ulk zone. Regarding the microbially treated (BIO) samples the
lement concentrations from corrosion to bulk zone increased
ith clear borders between the zones. The microbial corrosion

esulted in an almost complete depletion of Y whereas Al and
were depleted partially. Si- and N-linescans did not show any

orrosion influence.
Similar results were gathered during abiotic corrosion in sul-

huric acid (ABIO).
A detailed analysis of the results in Fig. 3, however, revealed

nteresting differences. In contrast to microbial leaching the abi-
tic corrosion process did not lead to a complete superficial
issolution of yttria. Instead we observed gradual changes with
epths rather than clear steps in the element concentrations. In
ontrast to BIO-results the ABIO-scans showed also gradual
ncreases of Si and N.

Since the EMP-linescans indicated different zones within the
orroded samples, the widths of the corrosion zones depicted
he depth of corrosion penetration. Due to a beam diame-

er of 2 �m and an excitation volume of several �m3 the
ones cannot be separated with an accuracy better then 4 �m.
he microbial corrosion (BIO) affected a zone of 8–16 �m
epth (transition zones marked by grey shadings) whereas
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II) corrosion and (III) bulk zone. The dashed lines mark the transitions between t
fter microbial corrosion (8–16 �m including the transition zones) compared w
hile N- and Si-concentrations were not influenced.

he abiotic corrosion (ABIO) reached a penetration depth of
pproximately 6–14 �m.

.4. Microstructure by scanning electron microscopy (SEM)

The microstructures of the corroded samples as investi-
ated by a scanning electron microscope (SEM) are shown
n Fig. 4. Both corrosion methods caused surface embrittle-

ent, evidenced by numerous preparation marks at the sample
urfaces like pits from cutting and polishing (Fig. 4A–C),
bsent in untreated samples. The corrosion did not intrude
omogeneously but resulted in an undulated corrosion front.
ig. 4B and C shows that the corrosive medium pen-
trated preferentially along tight channels and vein-like
athways.

Fig. 4D–H reveals different states of dissolution of the
morphous glass phase (GBP) appearing within the triple
oints between the Si3N4-grains, depending on the experimen-
al method. Microbial corrosion resulted in an almost complete
issolution of the GBP without any visible residuals (Fig. 4E
nd G). Inside the corrosion zone most of the Si3N4-grains
ppear “clean” and show their typical hexagonal shape. Even
mall cavities within the structure lack a bonding glassy phase

Fig. 4G).

Abiotic sulphuric acid corrosion caused a similar dissolution
f the GBP only within the upper surface area (up to 3–4 �m
epth, Fig. 4D and F) and a partially dissolved amorphous phase

T
c
e
m

ee zones within uncertainty ranges (grey shadings). Deeper penetration occurred
biotic corrosion (6–14 �m). Corrosion affected O-, Al- and Y-concentrations

nside the deeper corrosion zone (Fig. 4H). This graded dissolu-
ion with distinct glassy residuals caused an irregular coverage
f Si3N4-grains. Single grains and grain boundaries cannot be
eparated in detail (Fig. 4H).

. Discussion

A higher efficiency of microbial corrosion compared to abi-
tic corrosion under similar conditions was indicated in this
tudy through various analytical techniques. Eluate chemistry
esults regarding the superficial dissolution of yttria correlate
ell with gravimetric measurements and SEM- and EMP-

nalyses. An almost complete dissolution of the amorphous
lassy phase inside the corrosion zone of the microbially treated
i3N4-samples suggests that the yttria-concentration decreased

owards zero within that domain. It is known that yttria is nor-
ally enriched inside the “glassy pockets” whereas alumina can

e found in the “glassy pockets”, the stable glassy films between
ndividual grains1 and inside the grains by SiAlON formation.
o all the yttria is available for the corrosive attack but alumina
nly partially.

Our results concerning yttria-dissolution-mediated mass loss
istinguish microbial (BIO) and abiotic (ABIO) corrosion.

herefore the results of Y-eluate-chemistry were used to cal-
ulate both the mass loss per surface area (Fig. 2) and to
valuate the possible corrosion kinetics based on standard
odels5,10,30,31 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).



pean

s
a
u
b
p
s

o
f
t
o
b

1

2

3

m
t
i
t
a
c

r
b
f
a
z

(
m

F
f
f

D. Dierksen et al. / Journal of the Euro

ional mass transport.5 Linear kinetics could be caused by
reaction-controlled corrosion whereas parabolic kinetics are

sually due to diffusion-control. A mixed reaction-control may
e assumed for more complex corrosion patterns and in the sim-
lest case includes the assumption that the basic laws operate
imultaneously.

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

. Linear (reaction-controlled):

α(t) = kl · t (1)

The linear rate constant kl in SI-units is then kg m−2 s−1.
. Parabolic (diffusion-controlled):
α(t) = √
kp · t (2)

The parabolic rate constant for mass loss kp has the unit
kg2 m−4 s−1.
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. Mixed reaction-control:

α(t) = k′
p · √

t + kl · t (3)

The correlations between experimental data and calculated
odels are given in Fig. 5A–C, the extracted rate constants and

heir standard deviations are given in Table 3. From Fig. 5A
t is obvious that a linear fit would either violate the condition
hat mass loss is zero at time zero or include systematic misfit
t short run times for both microbial (BIO) and abiotic (ABIO)
orrosion.

A parabolic fit (Fig. 5B) is acceptable for the abiotic cor-
osion (ABIO) but clearly overestimates the BIO-data at times
elow 100 h. A diffusion-controlled kinetic law is conceivable
or the ABIO-data, because we have considerable amounts of
morphous grain boundary phase remaining and the corrosion
one 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
odel (Table 3), it is plain that the linear constant kl is much
maller for the ABIO-data then for those from biotic experi-
ents, while the kp values are equal within their uncertainty.
his is compatible with the data presented above, because the

atter data set showed an almost complete loss of grain boundary
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Table 3
Rate constants.

kl × 10−5 [kg m−2 s−1] kp × 10−10 [kg2 m−4 s−1] R2

Linear BIO 0.3977 ± 0.0102 0.9560
ABIO 0.2261 ± 0.0099 0.9495

Parabolic BIO 27.3832 ± 0.0219 0.9470

M 0.57
0.34
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ABIO
ixed reaction control BIO 2.1224 ±

ABIO 1.9955 ±

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

he surface.
The EMP-linescans of Fig. 3 show that the higher normalized

ass loss values for microbial corrosion are not only a result of
he complete dissolution of the glassy phase in BIO samples but
lso of a deeper penetration of the microbially modified, corro-
ive medium. The ABIO-linescan shows a total dissolution of

only within the upper part of the corrosion zone (max. 4 �m)
nd a gradation in the lower zone, indicating that the remaining
morphous phase is not a corrosion-induced secondary precip-
tate but part of the original amorphous grain boundary phase.

leaching process is therefore assumed to dominate the scale
ormation.

The loss of alumina in the BIO-samples (Fig. 2B) is linear,
hich fits to the yttria loss kinetics of the same data set. However,

he rather parabolic kinetics of yttria-loss from ABIO samples is
ot mirrored by the BIO data set despite the gradation in alumina
n zone II seen in Fig. 3. This is difficult to explain, even though
e know that part of the alumina is not incorporated within the

riple points but either within the glassy films between individual
rains or in the SiAlON-phase at the Si3N4-grain surfaces. Cur-
ently we have no good explanation for this discrepancy, which
s, however, based on a small number of data.

The reasons for the higher efficiency of microbially induced
orrosion are still unknown. Our experiments with microbially
odified culture medium (bacterial supernatant) indicate no

irect influence of the microorganisms by biochemical and bio-
hysical interactions between the cells and the ceramic substrate
urface. This suggests that the composition of the culture super-
atant caused the more efficient corrosion. With regard to the
nitial composition of the culture medium M71 (KH2PO4 3.00 g,

gSO4·7H2O 0.50 g, (NH4)2SO4 3.00 g, CaCl2·2H2O 0.25 g,
a2S2O3·5H2O 5.00 g, deionized H2O 1000 ml) it may be pos-

ible to conclude that microbial activity within the growth phase
ed to an enrichment of sulfate and chloride. Magnesium, cal-
ium, sodium and ammonium are used for the metabolic activity.
hiosulfate is oxidized to sulphuric acid29 whereas phosphate

s used as a buffer and is therefore not supposed to promote the
orrosive process. The higher biological corrosion efficiency is
robably due to organic compounds formed and released to the

upernatant as a result of the metabolic activity. These organic
ompounds could include organic acids, alcohols, carbohydrates
r other carboxylic-group containing chemical compounds—all
ompounds are known to be able to complex metal ions. The-
9.2799 ± 0.0106 0.9691
87 0.0508 ± 0.0019 0.9632
56 0.0067 ± 0.0007 0.9774

retically it is possible that at each step of the TCA-32,33 and
alvin-Cycle34 organic compounds are released by the cells into

he surrounding environment. The works of Valdès et al.35 and
old et al.36 support the theory that these organisms do release

dditional organic compounds which could promote the cor-
osive effect of sulphuric acid. Further experiments are being
onducted to identify these additional compounds that may
nhance the corrosive process.

. Conclusions

In this study a higher efficiency of corrosion by bacterial cul-
ures with Acidithiobacillus ferrooxidans was shown compared
o abiotic corrosion under similar conditions of pH, temperature
nd exposure time. The differences concern normalized mass
oss, corrosion kinetics and penetration depths. A removal of the
rganisms by centrifugation and filtration gave a bacterial super-
atant, which had equal or similar corrosion power. Therefore
iophysical and biochemical interactions at the cell–substratum-
nterface are probably not responsible for the differences. Until
ow, the reasons for the higher microbial corrosion rates are not
ully understood, but we believe that this is due to the bacte-
ial release of additional corrosion-supporting compounds like
rganic acids and complexing agents. However, so far our anlyt-
cal approaches to identify such substances were not successful.
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