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Atmospheric corrosion studies of Al, Cu, Zn and steel samples were
carried out in the different regions (marine, rural, urban) of Lithuania
with the aim to evaluate the corrosivity of atmosphere and to estimate
the role of aerochemical parameters and microbiological ambience on
the metal corrosion behaviour. The monitoring of wet and dry deposi-
tion rates of pollutants (air born Cl–, sulphur and nitrogen gaseous com-
pounds and aerosols), time of wetness, identification of bacteria and
fungal species on the metal surface and in precipitations collected from
the samples were carried out. It has been determined that the corrosi-
vity of Lithuanian atmosphere according to ISO classification corres-
ponds to the “low” category. The wet and dry pollutant (Cl– and sulphur
compounds) deposition rates, as well as wetness duration influenced the
corrosion rate of metals exposed to natural environment. Several fungal
species able to survive or adapt to the metal substrata were detected on
all the metals studied. It was established that bacteria might exert an
accelerating influence on the corrosion process of Cu and Zn, while for
Al and steel, on the contrary, bacteria caused corrosion inhibition.
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INTRODUCTION

A large number of atmospheric corrosion test pro-
grams have been implemented over the decades with
the general aim to identify and quantify the most
important environmental parameters involved in the
atmospheric corrosion process [1–6]. The electro-
chemical nature of atmospheric corrosion requires
the presence of electrolyte on the metal surface.
The corrosion rate of a metal depends also on the
characteristics of the electrolytic film formed, i.e.
on the concentration of pollutants, thickness of the
film, temperature. Numerous studies have provided
evidence that corrosion rates under outdoor expo-
sure conditions are strongly influenced by SO2 and
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Cl– as well as by humidity and temperature of at-
mosphere [1, 6, 7–11]. Nevertheless, the general go-
al of atmospheric corrosion studies to predict the
performance of a given metal in a given environ-
ment is far from being attained [12]. The reason
lies in the difficulties to involve into models the
numerous factors that may influence corrosion ra-
tes, such as uncontrolled pollutants, the nature and
structure of the corrosion products formed, the di-
versity of microbiological influence, etc.

Metal corrosion is modified by various environ-
mental factors, however, the role of microorganisms
has been not sufficiently studied. Fungi function on
metals in extreme conditions: in the presence of a
minimal source of organic matter, shortage of water
and sometimes high temperature. Fungal survival in
such environment is determined by their metabo-
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lism peculiarities, their ability to transform and adapt
their enzymatic systems to specific assimilation pro-
cess [13–17]. There are no reliable data that fungi
use metals as a substratum. It is known that many
microorganisms produce various chemical com-
pounds such as CO2, H2S, NH3, organic and inorga-
nic acids, which cause deterioration of metals. The-
refore, fungi and their associations may participate
in the metal corrosion process [18–20].

No systematic studies on the corrosivity of Lit-
huanian atmosphere were carried out up to date,
therefore, the main goal of the present study was
to evaluate this parameter in different regions (ur-
ban, rural and marine), evaluating also the influen-
ce of the main atmospheric pollutants (sulphur dio-
xide, chloride ions and air-born nitrogen compounds)
on metal outdoor corrosion performance. The at-
tention was focused on identifying strains of the mic-
roorganisms capable of colonizing metal surfaces du-
ring outdoor exposure.

EXPERIMENTAL

Atmospheric corrosion studies were carried out in
the following five test sites on the territory of Lit-
huania: marine (Baltic Sea shore: Preila), rural 1
(Molëtai) and rural 2 (Utena), urban 1 (Vilnius:
suburb) and urban 2 (Vilnius: centre) (Table 1). At-
mospheric field tests and corrosion evaluation were
performed according to the ISO standards 9223,
9224, 9225, 9226 [21–24].

Corrosion tests were started in June 2002 by ex-
posing specimens (10 × 15 cm) of four metals: Al
(Al > 99.5%), Cu (Cu > 99.5%), Zn (Zn > 98.5%),
low carbon steel (LCS) (C 0.5–0.12%, Cu 0.03–
0.10%, P < 0.07%). The samples were exposed at
an angle of 45° to the horizon facing south. Accor-
ding to the test program, three samples were wit-
hdrawn from all test sites after every measuring pe-
riod. The corrosion rates (mass loss) were determi-
ned gravimetrically. The corrosion products were re-
moved according to ISO 9226 [24] using the follo-
wing solutions: 500 ml/l HCl (d = 1.19 g/ml), 3.5 g/
l hexametylene tetramine for LCS 200 g/l CrO3 for
Zn; 54 ml/l H2SO4 (d = 1.84 g/ml) for Cu; 50 ml/
l H3PO4 (d = 1.69 g/ml) 20 g/l CrO3 for Al.

The time of wetness (TOW), i.e. the period in
which an electrolyte film is present on the metal
surface, was determined with the aid of a humidity
tester consisting of thin dielectrically separated elec-
trodes of all the metals studied, with monitoring
the current or electromotive force when the thic-
kness of the aqueous layer was sufficient to accele-
rate atmospheric corrosion.

Microorganisms were isolated from the metal pla-
tes in atmospheric corrosion test sites in two ways:
1) by direct isolation from the surface of plates using
a sterile metal loop; 2) by isolation from precipita-
tions collected from the metal samples. The latter
case included the use of suspensions prepared from
rainwater and then inoculated on two different me-
dia: a solid malt supplemented with antibiotics to
suppress the growth of bacteria, which was used for
isolation of microscopic fungi, and a solid meat pep-
tone medium which was used for isolation of bac-
teria.

Microorganisms were grown at a temperature of
26 ± 2 °C. Their colonies were counted in the fol-
lowing way: bacteria after 2–3 days and fungi after
3, 5 and 7 days. Pure cultures were obtained from
grown microorganisms and were identified according
to their physiological, cultural and morphological pe-
culiarities. Fungal species were identified as indica-
ted by various manuals [25, 26]. The percentage of
the distribution frequency and the population den-
sity were calculated according to the formula:

,%100⋅=
C

B
F (1)

where F is the distribution frequency, %, B is the
number of samples in which a particular species was
found; C – the total number of samples tested.

Precipitation sampling was performed on a mont-
hly basis. The precipitation samples were analysed
for the following cations and anions: sulfate (SO4

2–),
nitrate (NO3

–), chloride (Cl–), ammonium (NH4
+), as

well as for pH and conductivity. Air samples were
collected within a one-week period using filter-packs.
Ambient filter extracts were analysed for sulfate (SO4

2–

), nitrate (NO3
–), chloride (Cl–), ammonium (NH4

+),
sulphur dioxide (SO2). SO4

2–, NO3
– and Cl– were ana-

lyzed using a Dionex Model 2010i ion chromatog-
raph with conductivity detection. The pH was mea-
sured with an Orion combination electrode and a
pH meter. NH4

+ was analysed spectrophotometrically
with a continuous flow system by the indophenol met-
hod. Data quality was assured according to the EMEP
manual for sampling and chemical analysis [27].

RESULTS AND DISCUSSION

Metal corrosion data
The corrosivity of the exposure location site is de-
duced from the corrosion rates (K) calculated from

Table 1. Classification of Lithuanian atmosphere
corrosivity in different regions (test sites) accor-
ding to ISO 9223

Test site
Metals

Al Cu Zn LCS
Urban 1 Low Very low Low Low
Urban 2 Low Very low Low Low
Rural 1 Low Very low Low Low
Rural 2 Low Very low Low Low
Marine Medium Low Low Low
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the loss of mass per unit area (∆m) of standard
specimens following the descaling of corrosion pro-
ducts from the specimens after a one-year exposu-
re. The mass loss measurements, which provide the
most reliable indicator concerning the corrosion be-
haviour of metals, are summarized in Fig. 1.

The highest ∆m values and consequently the hig-
hest corrosion rates under natural exposure condi-
tions were determined in the marine test site. They
appeared to be at least twice as high as those in

urban and rural test sites. The ∆m va-
lues of steel after one year of exposu-
re to the marine conditions reached ne-
arly 200 g/m2, while those for Cu, Zn
and Al samples were 15 g/m2, 22 g/m2

and 0.9 g/m2, respectively. The lowest
metal corrosion rates were determined
in the urban (2) test site where ∆m
values were 3 to 5 times lower than in
the marine test site. The following mi-
nimal ∆m values were determined: Zn
6.4 g/m2, Cu 2.9 g/m2, Al 0.18 g/m2,
LCS 62.4 g/m2. The atmospheric cor-
rosion aggressiveness of the test sites
increased in the following sequence: ur-
ban 2 < urban 1 < rural 1 ≅  rural
2 < marine.

The corrosivity of Lithuanian at-
mosphere according to the ISO classi-
fication based on the corrosion beha-
viour of almost all investigated metals
(data are listed in Table 1), corresponds
to the “low” category. The exceptions
were Al in the marine test site, whose
K values corresponded to the “me-
dium” corrosivity category, and Cu
samples which fitted the “very low”
corrosivity category.

Atmospheric pollution evaluation
Atmospheric corrosivity is usually cha-
racterized by a combination of three pa-
rameters: time of wetness (TOW) and
the concentrations of SO2 and Cl– in
the air [12]. However, numerous inves-
tigations based on both laboratory and
field exposures have proved at least so-
me gaseous constituents to be of signi-
ficant importance in metal corrosion
processes [12]: NO2, NH3, O3, H2O2,
H2S, Cl2, HCHO. The presence of the-
se substances may be the result of eit-
her natural or anthropogenic processes.
The incorporation of atmospheric spe-
cies into the aqueous layer on a metal
surface may occur through either dry
or wet deposition. In dry deposition,
there is no involvement of any precipi-

tation, whereas wet deposition requires rain, dew, fog
or snow for atmospheric pollutants to deposit.

The wet and dry air-born pollutant concentra-
tion was monitored in the different test sites. The
concentration of SO4

2–, NO3
–, NH4

+ and Cl– was de-
termined in the rainfall collected in the different
test sites. The results, together with the amount of
precipitations, are listed in Table 2.

The pollutant concentration in the rainfall va-
ried in a wide range (Table 2). The concentration
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Fig. 1. Mass losses (∆m) of Al, Cu, Zn and LCS samples under
different test site conditions
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of pollutants in a wet deposition was strongly rela-
ted to precipitation intensity. An increase in rainfall
reduces the pollutant concentration and vice versa.
The highest monthly average intensity of rainfall was
registered in the rural (58 mm/month) and the lo-
west in the urban (28 mm/month) test sites. The
largest difference between the minimal and maxi-
mal monthly concentrations of sulphur and nitrogen
compounds was observed in the precipitations of
the urban test site, while for Cl– ions the largest
difference was observed in the rainfall of the mari-
ne test site. The monthly average concentration of
Cl– pollutant in the rainfall was highest in the ma-
rine test site (2.41 mg/l), while the minimal concen-
tration (0.44 mg/l) was registered in the rural one.
The highest concentration of sulphur and nitrogen
compounds was registered in the precipitates of the
urban site and the minimal one in the rural test
sites. The high concentration of pollutants in the
urban test site is related to a small amount of pre-
cipitations.

The main proportion of the dry air-born sulphur
compound consisted of gaseous SO2, whose amount
was 6 to 7 times higher in respect to SO4

2– aerosol.
The ratio between the dry and aerosol proportions
of the sulphur pollutant varied depending on the
season. The mentioned ratio was 1.5 in summer
months and ∼ 13 in the winter–spring season. The
deposition rates of dry air-born pollutants are listed
in Table 3. The largest difference between the ma-
ximum and minimum deposition values of air-born
contaminants (SO2, NO2 and Cl–) was registered un-
der the marine test site conditions. The monthly
average deposition rate of Cl– in the air on the
seashore was 99.0 mg/m2, which was approximately

fivefold higher than that under urban and rural con-
ditions, where this parameter was close to 20.0 mg/
m2. The monthly average flow of sulphur and nitro-
gen compounds was higher in the rural (39.2 mg/m2

and 36.8 mg/m2, respectively) than in the urban (1)
test site (27.4 mg/m2 and 26.1 mg/m2, respectively).
The monthly average dry deposition rates of pollu-
tants were evidently higher in the marine while the
minimum deposition was typical of the urban test
site.

TOW evaluation
The aqueous phase on the metal surface acts as a
solvent for gaseous constituents of the atmosphere.
The properties of aqueous films thicker than three
monolayers approach those of bulk water [12]. The
relative humidity in this case is close to the critical
relative humidity, above which atmospheric corro-
sion rates increase substantially and below which
atmospheric corrosion is insignificant. The critical
relative humidity for different metals in the presen-
ce of pollutants has been reported to be between
50 and 90% [12, 28]. However, this definition should
not be taken too literally, since the actual time when
the surface is wet enough for rapid corrosion de-
pends on many other parameters, such as the type,
mass, orientation of metal, hygroscopic properties
of both corrosion products and surface contaminants,
the type and level of pollutants, wind velocity, pre-
sence of biofilm and solar flux [12]. Therefore, a
more convenient way to determine TOW is direct
application of humidity detectors but not calcula-
tion of the time when relative humidity exceeds a
certain value. The results of TOW measurements
for various metals applying humidity testers under
the different test site conditions are presented in
Fig. 2.

It is evident that under the same conditions the
TOW values for various metals were different. The
highest TOW values were typical of Al (up to 20%
of exposure time) in all test sites, while those mi-

Table 2. The amount of precipitation and pollutant
concentration in the rainfall at different test sites

Pollutant / Value Test site location
rainfall Urban 2 Rural 2 Marine

Rainfall Minimum 0.8 10 1.5
mm/month Maximum 55 126 136

Average 28 58 43
SO4

2– Minimum 0.25 0.26 0.43
mg S/l Maximum 4.24 0.85 1.34

Average 1.03 0.57 0.79
NO3

– Minimum 0.15 0.15 0.20
mg N/l Maximum 4.11 0.66 1.47

Average 0.80 0.40 0.58
NH4

+ Minimum 0.07 0.02 0.18
mg N/l Maximum 3.73 0.57 1.05

Average 0.80 0.36 0.52
Cl– Minimum 0.22 0.18 0.58
mg/l Maximum 7.75 0.89 9.0

Average 1.59 0.44 2.41

Table 3. Deposition rates of dry atmospheric pol-
lutants in the air of different test sites

Pollutant / Value Test site location
rainfall Urban 2 Rural 2 Marine

SO4
2– Minimum 10.0 24.4 14.5

S, mg/m2 Maximum 45.0 58.9 86.1
Average 27.4 39.2 42.0

NO3
– Minimum 14.1 17.7 7.3

N, mg/m2 Maximum 49.5 51.6 89.3
Average 26.1 36.8 38.6

Cl– Minimum 7.6 2.1 5.4
mg/ m2 Maximum 48.9 50.1 504.3

Average 19.5 19.9 99.0
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nimal were determined for Zn samples (up to 2.5–
3% of exposure time), except the seashore site where
Cu had the shortest moisturizing period. On com-
paring the test sites, it became evident that the lo-
west TOW was characteristic of the urban sites, whi-
le the highest ones were observed under marine con-
ditions.

Microbiological studies
The total number of 172 fungal taxa (161 species)
from 74 genera were isolated and identified during
one-year exposure in all test sites. The number of
the fungal species found depended on the metal
nature. The greatest variety of fungal species was
detected on LCS (93 species from 45 genera). The
number of those detected on Cu plates was appro-
ximately twice lower (50 species from 26 genera).
The number of species found on Al and Zn plates
appeared to be very similar: 84 species from 41 ge-
nera and 79 species from 43 genera, respectively.
The genus Penicillium was most representative
among the fungi (26 different species).

Approximately 75% of all identified species we-
re detected at least three times. The detection fre-
quency of the other species is presented in Table 4.
The species Alternaria alternata, Aspergillus niger, Au-

reobasidium pullulans, Cladosporium cla-
dosporioides, C. herbarum and Paecilo-
myces parvus were most frequently iso-
lated from all exposed metals. Their ge-
neral (on all metals) detection frequ-
ency ranged from 16% to 27%. Furt-
hermore, the above-mentioned fungi
Alternaria alternata, Aspergillus niger and
Paecilomyces parvus, as well as some
species from the genus Cladopsorium,
were detected rather frequently as com-
pared to other fungal species on all
kinds of metals. Their detection frequ-
ency ranged from 10% to 38% depen-
ding on the metal. The fungus Aureo-
basidium pullulans, which was relative-
ly frequent on Al, LCS and Zn corro-
ded plates (detection frequency 10–
36%), was detected only in specific ca-
ses on Cu plates (detection frequency
reached only 4%). Several fungus spe-
cies were found more frequently (de-
tection frequency reached 10% and mo-
re) on certain metals: Fusarium solani
and Rhizopus stolonifer – on Al, Exop-
hiala jeanselmei, Fusarium oxysporum
and Rhizopus stolonifer – on LCS and
Oidiodendron echinulatum – on Zn sur-
face. It may be supposed that these
species adapt better to the test sub-
strata under the exposition conditions.
This fact coincides with the results of

another investigation which indicated that Aureoba-
sidium, Cladosporium, Paecilomyces, Oidiodendron, as
well as Geomyces and Torula genus fungi were tole-
rant to high concentrations of heavy metals [30].

Cluster analysis of fungal species isolated from
various metals exposed to different test sites sho-
wed that the species composition was more similar
between those found on Zn or Cu and between Al
and LCS (Fig. 3).

Although the corrosion test sites varied in cli-
mate conditions, the following fungal species were
detected in all of them: Alternaria alternata, Asper-
gillus niger, Aureobasidium pullulans, Cladosporium
cladosporioides, C. herbarum and Paecilomyce par-
vus, Aureobasidium microstrictum, Cladosporium te-
nuissimum, Cylindrocarpon destructans, Exophiala je-
anselmei, Fusarium moniliforme, F. solani, Mortierella
hyalina and Scytalidium lignicola. Further perennial
investigations are required for regularity estimation,
because the fungal development and survival stron-
gly depend on season alternation.

The surface of metals due to formation of a cor-
rosion product film undergoes permanent changes
in the superficial chemical compositions and morp-
hology. However, frequently found fungal species
(Alternaria alternata, Aspergillus niger, Aureobasidium
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Table 5. Values of constants A, ATOW ir b in equation (2) for various
metals exposed to different test sites

Metal Constants Test site
Urban 1 Urban 2 Rural 1 Rural 2 Marine

A 0.065 0.077 0.38 0.44 0.077
Al ATOW 0.141 0.170 0.129 0.087 0.330

b 0.36 0.36 0.38 0.44 0.78
A 1.31 0.55 1.31 1.01 2.40

Cu ATOW 4.94 2.88 8.52 4.84 14.28
b 0.51 0.65 0.84 0.70 0.73
A 1.66 1.74 3.25 2.97 4.13

Zn ATOW 8.26 6.62 10.30 10.52 11.35
b 0.51 0.42 0.35 0.38 0.49
A 17.23 6.36 27.27 6.21 47.35

LCS ATOW 93.65 62.52 54.66 27.4 134.28
b 0.62 0.84 0.51 1.08 0.56

pullulans, Cladosporium cladosporioides, C. herbarum,
and Paecilomyces parvus) were isolated in each so-
wing. Some species, such as Aspergillus fischeri (Weh-
mer, Malloch et Cain), Fusarium graminearum
(Schwabe), Rhizopus oligosporus (Saito), Trichospo-
riella hyalina (Kamyschko ex W. Gams et Domsch)
and others were detected only at the initial periods
of metal sample exposure (after 1 and/or 4 months).
Fungal species such as Acremonium strictum (W.
Gams), Chaetomium globosum (Kunze), Costantinel-
la terrestris (Link ex Fr.) S. Hughes, Mucor mucedo
(Fresen.), M. piriformis (A. Fisch.), many represen-
tatives of the genus Penicillium and others were de-
tected on the metal surfaces only on longer exposu-
res, possibly because of the chemical and/or struc-

tural changes in the metal sur-
face. The atmospheric condi-
tions (air temperature, precipi-
tations, pollutant concentra-
tion) also should be taken in-
to consideration.

Statistical analysis of corro-
sion data

The statistical analysis of
the metal atmospheric corro-
sion test results is frequently
made using the exponential
function [31–36]:

K = A tb, (2)
where K is the specimen cor-
rosion rate (mass losses in g m–

2) over the period t (time in
years), A is the corrosion rate
during the first year, and b

stands for exposure site dependent constants, which
for a given set of experimental data are functions of
the nature of metal, the meteorological and aeroche-
mical parameters of the atmosphere and the proper-
ties of corrosion products. The constant A is related
to atmospheric parameters, whereas the exponent b
characterizes the passivity (protective) properties of
the corrosion product film. Metal corrosion occurs
only in the presence of an electrolyte layer on the
surface, therefore it is reasonable in equation (2) to
use TOW instead of the time of exposure t [31, 35].
In that case, the constant ATOW means the corrosion
loss during one year of wetness.

The values of constants A, ATOW and b were cal-
culated by best fit regression analysis for each spe-

Table 4. Fungal species detection frequency (%) on metal plates during 12 months of exposition in five
different sites

Fungal species Detection frequency on metal plates, %
Total Al Cu LCS Zn

Alternaria alternata (Fr.) Keissl. 25.5 34.0 14.0 26.0 28.0
Alternaria solani Sorauer 2.5 4.0 2.0 4.0 0.0
Alternaria tenuissima (Kunze ex Pers.) Wiltshire 3.0 2.0 2.0 2.0 6.0
Arthrinium phaeospermum (Corda) M. B. Ellis 4.5 8.0 4.0 2.0 4.0
Aspergillus flavus Link 2.0 0.0 2.0 0.0 6.0
Aspergillus fumigatus Fresen. 2.5 4.0 2.0 4.0 0.0
Aspergillus niger Tiegh. 27.5 20.0 38.0 24.0 28.0
Aspegillus penicilloides Speg. 3.0 6.0 0.0 4.0 2.0
Aspergillus terreus Thom 2.0 2.0 2.0 2.0 2.0
Aureobasidium microstrictum (Bubak) W. B. Cooke 6.5 8.0 4.0 6.0 8.0
Aureobasidium pullulans (de bary) G. Arnaud 16.5 16.0 4.0 36.0 10.0
Botrytis cinerea Pers. et Fr. 3.0 4.0 0.0 8.0 0.0
Chrysosporium merdarium (Link ex Grev.) J. W. Carmich. 2.5 2.0 0.0 4.0 4.0
Cylidrocarpon destructans (Zinssm.) Scholten 4.0 8.0 2.0 10.0 0.0
Cladosporium cladosporioides (Fresen.) G. A. de Vries 26.0 28.0 20.0 28.0 28.0
Cladosporium herbarum (Pers.) Link ex Gray 16.0 22.0 14.0 16.0 12.0
Cladosporium sphaerospermum Penz. 4.0 6.0 2.0 2.0 6.0



31Investigation of microbiologically influenced corrosion. 1. Characterization of natural outdoor conditions...

cimen exposure site, and the data obtained are lis-
ted in Table 5. The regression coefficients were not
lower than 0.9 and 0.85 for all determined ATOW

and A constants, respectively. As might be expec-
ted, the determined ATOW values were significantly
higher than those of A. Moreover, the highest valu-
es of both constants were obtained under marine
conditions. The following sequence of ATOW values
in all test sites was determined: (Al) ATOW < (Cu)
ATOW < (Zn) ATOW < (LCS) ATOW with one excep-
tion, (Zn) ATOW < (Cu) ATOW, in the marine test
site. It is also evident that the values of constants
A and ATOW strongly depend on the test site loca-
tion. The following sequence is valid: ATOW (urban)
< ATOW (rural) < ATOW (marine).

The highest values of exponent b were also de-
termined for the steel samples. It is well known
that atmospheric corrosion products of steel do not
exhibit a good protective capacity. In general, the
highest values of b for the majority of metals were
determined for samples exposed to the marine test
site conditions [35].

The constant ATOW was determined in order to
apply it for evaluation of pollutant influence on the
corrosion rates of metals. It is known that SO2 and
Cl– are the main corrosion promoting factors [35, 37]
and that the constant ATOW could be approximated as
a linear function of SO2 and Cl– deposition rate:

 ATOW = c1 + c2 [SO2]+ c3 [Cl–]. (3)
The values of constants c1, c2, c3 in equation (3)

were determined taking into account dry and wet

deposition rates of pollutants. The results are listed
in Tables 6 and 7. A detailed evaluation of atmosp-
heric parameter influence on metal corrosion requi-
res data on more than one year of exposure. Ne-
vertheless, several preliminary conclusions may be
drawn from one-year exposure data.

Taking into account the dry deposition of a pol-
lutant, the values of the calculated constants c2 and
c3 (Table 6) imply that sulphur compounds (coeffi-
cients at c2 are positive) accelerate Al and steel
while Cl– ions (coefficients at c3 are positive) Cu
and Zn corrosion. In the case of application of wet
pollutant deposition, Cl– ions accelerated the corro-
sion of all metals studied. The regression coeffi-
cients in determining the parameters of equation 3
were higher than 0.8.

An attempt was made to evaluate the influence
of nitrogen compounds, assuming, that ATOW may be
approximated as a linear function of SO2 and Cl–

and NO2 deposition rates:
ATOW = c1 + c2 [SO2]+ c3 [Cl–] + c4 [NO2].(4)
A statistical analysis of the corrosion and the

pollutant data was performed, however, the relati-
vely low regression coefficients (<0.60), did not al-
low reasonable conclusions regarding the influence
of nitrogen compounds on atmospheric corrosion.
It seemed that there were no corrosion data enough
for analysing the influence of more than two fac-
tors. Therefore, the obtained results are not presen-
ted and the analysis will be repeated after more
data on atmospheric corrosion are obtained.

Atmospheric corrosion and microbiological
environment relationship
The highest variety of fungal species was detected
on steel plates, which exhibited also the highest cor-
rosion rates, confirming that steel corrosion products
are not toxic for many fungal species [30]. Besides,
fungal mechanical entrenchment (consolidation) is
easier on a more corroded surface. The lowest num-
ber of fungal species was detected on Cu plates,
indicating fungicidal properties of copper corrosion
products.

A great dependence of fungal species variety on
metal nature was observed in our study. In this sen-
se, species variety on Al and LCS plates is more
comparable without regard to different corrosion de-
grees. Nevertheless, some fungal species (Alternaria
alternata, Aspergillus niger, Aureobasidium pullulans,
Cladosporium cladosporioides, C. herbarum and Pa-
ecilomyces parvus) were detected on all study metals
exposed to different environmental conditions of test
sites and different corrosion degrees. These species
could be supposed to be able to survive on or adapt
to such substrata.

Because of the contribution of different parame-
ters to atmospheric corrosion it is difficult to deter-
mine the influence of any single factor in the field

Table 6. Values of constants c1, c2, c3 in equation
(3) for various metals exposed in different test
sites, taking into account dry pollutant deposi-
tion rates

Metal   Coefficient
c1 c2 c3 Regression

coefficient
Al 1.5 1.62 –0.97 0.91
Cu 1.98 –1.94 2.34 0.92
Zn 3.85 –3.67 3.89 0.83
LCS 1.6 1.68 –1.73 0.87

Table 7. Values of constants c1, c2, c3 in equation
(3) for various metals exposed to different test si-
tes, taking into account wet pollutant concentra-
tions

Metal   Coefficient
c1 c2 c3 Regression

coefficient
Al 0.18 –0.25 0.14 0.91
Cu 4.1 –3.5 3.78 0.89
Zn 10.2 –4.41 2.55 0.90
LCS 1.23 –0.87 3.2 0.87
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tests. Nevertheless, an attempt has been made to
evaluate the effect of pollutants and microorganisms
on the corrosion rates of metals exposed to natural
conditions. In order to quantify the fungal and bac-
terial species that might actively participate in cor-
rosion processes, analysis of precipitates collected

Table 8. The amount of bacteria and fungal species (kfv/ml) in precipita-
tions from metal samples exposed (1 year) to the different test sites

Test site Metal Number of bacteria (kfv/ml) Number of fungi (kfv/ml)

Al (516.78 ± 114.52) 103 8.3 ± 1.5
Rural 1 Cu (0.26 ± 0.14) 103 440.2 ± 188.3

Fe (61.85 ± 12.74) 103 13.3 ± 5.7
Zn (1024.55 ± 279.88) 103 (25.7 ± 14.8) 103

Al (899.52 ± 254.71) 103 51.3 ± 6.1
Marine Cu (18.89 ± 124.83) 103 1378.0 ± 574.0

Fe (61.24 ± 24.51) 103 8.3 ± 1.5
Zn (193.24 ± 54.71) 103 690.2 ± 14.5
Al (75.84 ± 28.76) 103 21,7 ± 1.7

Urban 1 Cu (0.68 ± 0.13) 103 1.5 ± 3.8
Fe (190.34 ± 62.11) 103 13.3 ± 5.7
Zn (387.5 ± 142.8) 103 (324.5 ± 33.3) 103

Al (9.96 ± 2.04) 103 560.0 ± 62.0
Urban 2 Cu (0.042 ± 0.00) 103 2.4 ± 0.8

Fe (1180.00 ± 276.20) 103 333.3 ± 152.7
Zn (0.86 ± 0.30) 103 19.4 ± 5.8

Table 9. Values of constants c1, c2, c3, c4 in equ-
ation (5) for various metals exposed to different
test sites, taking into account MIC1, the number
of bacteria in the precipitation collected from the
exposed samples

Metal Coefficient
c1 c2 c3 c4 Regression

coefficient
Al 0.53 –0.55 0.61 –0.69 0.89
Cu 0.50 –0.41 –0.22 0.55 0.91
Zn –0.66 0.86 –0.16 1.8 0.90
LCS –2.07 2.10 –1.85 –1.14 0.87

Table 10. Values of constants c1, c2, c3, c4 in equ-
ation (5) for various metals exposed to different
test sites, taking into account MIC2, the number
of fungi in the precipitation collected from the
exposed samples

Metal Coefficient
c1 c2 c3 c4 Regression

coefficient
Al 0.52 –0.49 0.72 –0.44 0.81
Cu 0.55 –0.3 0.38 0.28 0.87
Zn 2.61 1.16 1.22 –0.39 0.90
LCS –1.1 2.10 –1.85 –2.78 0.91

from the surface of expo-
sed metals was perfor-
med. The results are lis-
ted in Table 8; they were
analysed together with
metal corrosion data. An
assumption has been do-
ne that the constant ATOW

may be approximated as
a linear function of SO2
and Cl– deposition rates
and the number of mic-
roorganisms (bacteria or
fungi):

ATOW = c1 + c2 [SO2]+
c3 [Cl–] + c4 [MICx], (5)
where MIC1 is the num-
ber of bacteria and MIC2
is the number of fungi in
precipitation collected
from the exposed sam-
ples. A statistical analysis
on the basis of equation

5 has been done and the obtained coefficients are
listed in Tables 9 and 10.

The results imply a different effect of microbio-
logical species on the corrosion behaviour of me-
tals. The positive coefficient c4 for Cu and Zn sam-
ples (Table 9) indicates that bacteria may exhibit an
accelerating effect on corrosion rates. By contrast,
the coefficient for Al and steel is negative due to
inhibition effect. Some similar effects for Al (inhi-
bition) and Zn (acceleration) were observed in la-
boratory tests with different fungi, using electroche-
mical impedance spectroscopy [38]. The corrosion
inhibition effect for Al can be stated also on the
basis of fungal effect analysis on corrosion rates (c4
in equation 5 is negative) (Table 10).

CONCLUSIONS

The corrosivity of Lithuanian atmosphere according
to ISO classification corresponds to the “low” cate-
gory.

Wet and dry pollutant (Cl– and sulphur com-
pound) deposition rates as well as the time of wet-
ness determined the corrosion rates of metals expo-
sed to natural conditions. The deposition rates of
Cl– (wet and dry) and sulphur / nitrogen (dry) were
the highest under marine conditions, while wet sulp-
hur / nitrogen compound deposition was most in-
tensive under urban conditions. Al showed the hig-
hest values of time of wetness among all metals,
while Zn and Cu samples possessed the lowest ones.

Several species (Alternaria alternata, Aspergillus ni-
ger, Aureobasidium pullulans, Bacillus mycoides, Cla-
dosporium cladosporioides, C. herbarum, Paecilomy-
ces parvus and Penicillium frequentans) were detec-
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ted on all metals exposed to different atmospheric
conditions and on samples with a different level of
corrosion damage. These species may be supposed
to be able to survive on or adapt to the metal sub-
strata.

Statistical analysis of metal corrosion, time of
wetness and pollutant concentration data has shown
that dry deposited sulphur compounds accelerate Al
and steel while Cl– ions enhance Cu and Zn corro-
sion rates. Taking into account wet pollutant depo-
sition, it was established that Cl– ions accelerated
the corrosion processes of all study metals. The re-
sults of statistical analysis indicated that microorga-
nisms may have an accelerating influence on the
corrosion processes of Cu and Zn, while corrosion
inhibition was characteristic of Al and steel.
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MIKROBINËS KOROZIJOS TYRIMAI
1. ATMOSFERINË KOROZIJA LIETUVOS
SÀLYGOMIS

Santrauka

Siekiant ávertinti Lietuvos atmosferos agresyvumà bei nu-
statyti aerocheminiø parametrø ir mikrobiologinës aplinkos
átakà metalø korozijai, buvo vykdomi Al, Cu, Zn ir plieno
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atmosferinës korozijos tyrimai pajûrio, kaimo ir miesto sà-
lygomis. Stebëti ir analizuoti sausi ir ðlapi atmosferos ter-
ðalai (chloridai, sieros ir azoto dujiniai junginiai ir aerozo-
liai), drëkinimo laikas, apibûdintos bakterijos ir grybai tiek
ant metalø pavirðiø, tiek lietaus vandenyje, nuplautame nuo
eksponuojamø pavyzdþiø. Nustatyta, kad Lietuvos atmosfe-
ros agresyvumas pagal tarptautinæ klasifikacijà atitinka „þe-

mo agresyvumo“ lygá, o metalø atmosferinës korozijos greitá
sàlygoja chloridø ir sieros junginiø koncentracijos ore ir kri-
tuliuose. Buvo aptikta keletas grybø ir bakterijø, kurie ið-
likdavo gyvybingi ir sugebëdavo prisitaikyti prie koroduo-
janèio metalo. Nustatyta, kad bakterijos gali turëti aksele-
ruojantá korozijos poveiká Cu ir Zn, tuo tarpu Al ir plie-
nui, prieðingai, galimas inhibicinis poveikis.


