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Abstract

This paper presents the most frequently occurring cases of cement paste corrosion caused by living organisms. Concrete
is exposed to the effects of corrosive factors. One of the factors which cause corrosion are living organisms. The key
role is played by bacteria, algae, fungi, lichen. The role of microorganisms is essential in the destructive processes. The
enzymes and metabolites secreted by microorganisms contribute to the destruction of the material by dissolution, hydrolysis,
crystallization of the products of corrosion. Also, the settlement of microorganisms on the surface of a material, the biofilm

effect, may lead to the processes of destruction.
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1. Introduction

Destruction of the cement matrix is caused by the
corrosive action of an environment. Deterioration
of concrete due to corrosion causes the disturbance
of material continuity. As a consequence, it leads to
the worsening of its utility properties. The physical
and chemical processes leading to the destruction of
concrete are synergic one. So, the corrosive factors
affecting the material are not separated. On the
contrary, they mutually enhance their effect.

The maintenance of proper strength, esthetic
parameters and economic reasons are the one, which
should be considered. As the stronger concrete
implies the smaller number of defects, less frequent
repairs, and longer lifetime of a building. Therefore
the investigations of the corrosive processes are
important one.

2.Biological corrosion

The factors causing corrosion of concrete paste
should include biological factors. Numerous physical
and chemical transformations occurring in concrete
and cement paste are the effect of metabolic activities
of microorganisms.

The processes of material destruction stimulated
by the activity of living organisms are defined
as Dbiological corrosion or biodegradation [1].
Mechanisms of effects are complex and the destructive
processes occur on many stages.
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According to standard PN-EN 201-1 biological
corrosion is classified as a special case of chemical
corrosion [2]. This standard in the exposition class —
threat of chemical corrosion XA — distinguishes three
levels of aggressiveness of environmental influence.

With regard to biological corrosion, the material
deterioration is usually caused by the enzymes and
metabolites. They are secreted by microorganisms,
which dissolve substrate compounds and react with
them. In consequence, they are creating the expanding
products, hydrolyzing salts, soluble complex salts
and water-absorbing gels. Thus, corrosive processes
includes external factors (i.e. microorganisms, water,
surface pollutants, dusts, compounds from sewage)
and internal materials (i.e. substrate components).

Among chemical compounds which are the products
of bacterial metabolism, the most aggressive include,
mineral acids: sulphur acid (VI) and nitric acids [3].
The disproportionate role which the biofilm plays in
initiation and development of biological corrosion is
mentioned by some investigators [4, 5].

2.1. Biofilm as the initiator of biological corrosion

Biofilm is a complex hydrogel structure. It is created
as aresult ofadsorption on the material surface of some
species of bacteria and primeval organisms. They
bind with the surface by means of mucus secreted by
microorganisms. Mucus constitutes a matrix in which
cells of microorganisms settle. It retains humidity and
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absorbs the products of transformations of substances
present in the environment. Also those, which result
from the metabolic processes of microorganisms [6].

Figure 1 shows a microscope image of biofilm on
the surface of more than 60-year old concrete found
in fort underground housing in Lower Silesia.

(SEM)

The colonization of a material and formation
of a biologically active layer are initiated by so-
called pioneer-phototrophic species. They facilitate
colonization by forming good conditions for
chemolitoautotrophic organisms (i.e. those which are
the right force that causes corrosion). The settlement of
pioneer species on the substrate built of cement paste
is possible after a pH partial neutralization from about
12 to about 8.5. That results from carbonatization.
The surface material which is porous and abundant
in pore openings filled with capillary water also
facilitates colonization by bacteria. Creation of a
biological film makes it possible to expand the range
of microorganisms by other species of bacteria, fungi,
alga, unicellular organisms. They can react with the
hardened cement paste, which originally could not
have survived in such a strong alkaline environment
(such conditions do not correspond to their range
of tolerance). A biological film, rich in organic and
mineral compounds, constitutes a ecosystem.

Figure 2 shows the present bacteria cells in the
earlier sample of concrete.

Mucus which penetrates the capillary pores of the
material causes mechanical stresses in the structure.
This results in an increase of the size of pores,
facilitates water transport and penetration of heat.
The hardened cement paste also deteriorates. It is due
to diffusion from the inside of chemical substances

necessary in the metabolic processes of organisms.
Microorganisms that develop on the material surface
begin to absorb some elements e.g. calcium, silicon,
magnesium. This phenomenon causes additional
pores and cracks in the material [7].

Fig. 2. Surface of concrete with visible bacteria cells
(SEM)

The increase in chemical corrosion of the material
caused by the colonization of microorganisms often
leads to formation expansive or hydrolyzing salt
complex, soluble salt, the water absorbent gel. That
may manifest itself by the loss of cohesion and
exfoliation of the material.

2.2. Biogeochemical deterioration of concrete caused
by bacteria

The matrix of cement binder is destroyed due to
biological corrosion. It’s caused by organic acids and
acid metabolites secreted by microorganisms, such
as, inter alia, nitric and sulphuric acids.

Structures especially susceptible to the activity of
biological factors include elements of settling tanks,
collectors, pipelines, supports, and sewage facilities.
Corrosive processes are intensified just above the
surface of a liquid. Although aggressiveness of
sewage-polluted waters is small (exposition class
XA1), they may lead to material structure changes, in
case they contain large amounts of organic substances.
Tiobacteria, nitrifying bacteria and ureolytic bacteria
play an important role here.

2.2.1. Deterioration of cement binder caused by the
activity of biogenic sulphuric acid

An important role in the process of deterioration
of materials on the cement binder is played by
chemolithotrophic aerobic bacteria of Thiobacillus
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type and chemoorganotrophic anaerobic bacteria of
Desulfovibrio type.

Anaerobic heterotrophic bacteria of Desulfovibrio
type reduce sulphates to hydrogen sulphide. Hydrogen
sulphide comes also from reactions of anaerobie
decomposition of organic compounds containing
sulphur i.e. proteins. Anaerobics decompose proteins
into the thiosulphate ion. It is subsequently oxidated
into sulphates and sulphuric acid, mercaptans and
other volatile sulphur compounds. PH of the material
decreases due to diffusion of hydrogen sulphide deep
into the material. Neutrofilic bacteria settle on the
surface of the hardened cement paste. Access to oxygen
and humidity makes microorganisms oxidate sulphur
compounds into elemental sulphur, polythionic acids,
which causes further decrease of pH to neutral and acidic
conditions. Then acidofilic bacteria Thiobacilli, inter
alia: T.intermedium, T.neapolitanus, oxidating sulphur,
settle on the surface and oxidate hydrogen sulphide into
sulphuric acid, maintaining oxidation until pH below 5
is achieved. With pH below 5 T.thiooxidans increase
and produce large amounts of sulphuric acid. If these
bacteria have a sufficient number of components from
which, due to transformations, energy is derived, they
can lower pH of the material even to 0. Therefore,
T.thiooxidans are regarded as key organisms, markers
for biological corrosion caused by sulphuric acid [8].

Diffusing sulphate ions attack calcium hydroxide.
Calcium hydroxide is the component of the cement
paste, forming gypsum, an important product for the
progressing sulphate corrosion.

Ca(OH), + SO *+2H,0 — CaSO,- 2H,0+20H (1)

Gypsum crystals formed as a result of the reaction
are expansive products. They disintegrate the structure
due to their immense capacity (130% of the initial
capacity of the solid substrate). Even greater stresses,
cracks in the hardened cement paste, scratches, are
formed in the second phase of the corrosive process.
Gypsum reacts with nonhydrated tricalcium aluminate
forming Candlota salt (ettringite). It crystallizes with
an increase in capacity up to 227% of initial capacity

of solid substrate [9].
3Ca0-ALO, + 3(CaSO,- 2H,0) + 26H,0 — )
— 3 CaOALQ,  3CaSO,- 32H,0

In the second phase of the reaction, gypsum can
react with monosulphate also forming an expansive
product
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Ca4Al,OH) SO,6H,0+ 3(CaSO,2H,0) + (3,
+26H,0 = 3Ca0AL,0,3CaS0, - 32H,0

The formed ettringite causes deterioration only
of the hardened cement paste which does not show
a large ability of the accumulation of strains. The
formed microcracks lead to the weakening of
a concrete structure.

2.2.2. Deterioration of the cement paste caused by the
activity of biogenic nitric acid

Corrosion of concrete materials is also caused by
the action of nitric acid. Nitrifying bacteria can be an
agent producing nitric acids.

Both in anaerobic and aerobic conditions, nitrogen
compounds contained in sewage can undergo
ammonification i.e. change of organic nitrogen (inter
alia from proteins) into ammonium. Then ammonium
may be nitrified i.e. biologically oxidated into
nitrates. This process occurs at two stages and only
in the presence of oxygen. At the first stage bacteria
of Nitrosomonas type: Nitrosococcus oceanus,
Nitrosolbus multiformis, Nitrosomonas europaea
oxidate the ammonium ion into nitrites and at the
second stage bacteria of Nitrobacter type oxidate
nitites into nitrates [10].

NH,* + 3/20, = NO, + H,0 + 2H"
NO, + 1120, = NO, + H,0 + 2H*
NH," + 20, = NO," + H,0 +2H"

(4)

Nitrifying bacteria, sensitive to light, are carried
into the deeper parts of the material by capillary
water. They derive energy from the decomposition
of inorganic substances. Their development is based
on derivatives of industrial and anthropogenic
ammonium settled on the particles of dusts. The
gathering of pollutants and microorganisms 1is
prevented by the application of plaster with cement
that contains nanometric titanium dioxide. The
solution consists in self-cleaning concrete formed by
introducing nanometric titanium dioxide into cement.
This reduces the level of harmful oxides that lead to
corrosive processes at the further stage.

Nitrifying bacteria are also a component of soil
flora, where they take part in initiating the cycle of
nitrogen compounds. The formed nitric acids react
with the calcium carbonate and other minerals. This
leads to creation of nitrate which is better water-
soluble than native chemical compounds contained in
the cement paste minerals.
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2.2.3. Deterioration of cement binder caused by actions
of bacteria of other types

Anaerobic bacteria that bind nitrogen has an ability
to form the oleic acid from fat compounds e.g. in
municipal collectors. This acid causes destruction of
the hardened cement paste as a result of the formation
of calcium oleate, and subsequently as a result of
decomposition of calcium hydroxide. In the reaction
of the oleic acid with the calcium hydroxide, calcium
soap, well-soluble in liquids, is formed. Then the
calcium hydroxide is washed out of the cement paste.
Leaching corrosion is dangerous especially in case
of fresh cement paste. The reason for this is that the
calcium hydroxide first released from a supersaturated
solution in more reactive colloidal form [11].

C,H,,COOH + Ca(OH), - 5)
- (C, H,,C00),Ca+2H,0

Intensive washing out of the binder occurs mainly
in the zones of fluctuating levels of wastewater in
biological settling tanks.

Among bacteria causing biological corrosion,
ureolytic bacteria should be mentioned. They act on
urea contained in wastewater and hydrolize it. At the
same time they release ammonium and carbonic acid.

CO(NH,), + H,0 + BACTERIA = (¢
— NH,OH + CO, = NH, + H,CO,

NH,OH + Ca(OH), + CaSO, + H,0 -

7
— CaSO,(NH,),SO,-32H,0 2

In the presence of calcium hydroxide, ammonium, by
interacting with sulphates forms well-soluble salt.

3. Conclusions

e Life processes of microorganisms may contribute
to quickened biological corrosion of cement paste
and concrete.

e Numerous physical and chemical transformations
occurring in the material are a result of the
metabolic activity of microorganisms such as
for example bacteria. Due to acid and leaching
corrosion the material is destroyed.

e The effect is the formation of expansive products
of the reaction such as gypsum, ettringite or the
processes of washing out of calcium hydroxide,
the formation of products better soluble than
native compounds of the cement paste.

e The application of coatings based on titanium
dioxide prevents an increase in microorganisms
on the surface of the material
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Negatywne aspekty oddziatywania bakterii na beton

1. Wprowadzenie

Beton, podobnie jak wigkszo$¢ materiatow budow-
lanych narazony jest na dziatanie czynnikow koro-
zyjnych. Kluczowg role odgrywa $wiat organizmow
zywych tj. bakterie, glony, grzyby, porosty. Rola mi-
kroorganizméw, czesto zaniedbywana przez projek-
tantow betonu jest istotna w zachodzacych procesach
destrukcyjnych. Wydzielane przez mikroorganizmy
enzymy i produkty metabolizmu przyczyniaja si¢ do
destrukcji materiatu. Réwniez samo osadzanie si¢
mikroorganizmow na powierzchni materiatu, efekt
biofilmu moze prowadzi¢ do proceséw niszczenia.
W pracy przedstawione zostaly najczesciej wyste-
pujace przypadki korozji zaczynu cementowego wy-
wotane dziataniem organizmow zywych.

2. Korozja biologiczna

Liczne przemiany fizykochemiczne zachodzace
w betonie i zaczynie cementowym sg skutkiem ak-
tywnosci metabolicznej mikroorganizmow. Procesy
niszczenia materiatbw stymulowane aktywnoscia
organizméw zywych okreslane sg mianem korozji
biologicznej, biodeterioracji. Rozpatrujac korozje
biologiczng, zazwyczaj deterioracja materialu wywo-
tana jest wydzielaniem przez mikroorganizmy enzy-
mow 1 produktow metabolizmu, ktore rozpuszczaja
zwiazki podtoza i reagujac z nimi tworza ekspandu-
jace produkty, hydrolizujace sole, rozpuszczalne sole
kompleksowe, zele chtonace wode. W procesach ko-
rozyjnych biorg wigc udziat czynniki zewnetrzne tj.
mikroorganizmy, woda, zanieczyszczenia powierzch-
ni, pyty, zwigzki pochodzace ze $ciekow 1 materia-
ty wewnetrzne czyli sktadniki podtoza. Utworzenie
btony biologicznej umozliwia poszerzenie gamy mi-
kroorganizméw o inne gatunki bakterii, grzyby, glo-
ny, jednokomorkowce, ktore moga oddzialywaé ze
stwardniatym zaczynem cementowym, a ktore pier-
wotnie nie moglyby przezy¢ w tak silnie zasadowym
srodowisku.

Matryca spoiwa cementowego ulega zniszczeniu
w wyniku korozji biologicznej na skutek wydziela-
nych przez mikroorganizmy kwasnych metabolitow,
migdzy innymi kwaséw azotowego i siarkowego,
a takze za przyczyna kwasow organicznych. Znacza-

18

cg role odgrywaja tutaj tiobakterie, bakterie nitryfi-
kujace oraz urolityczne.

3. Degradacja spoiwa cementowego wywotana
dziataniem biogennego kwasu siarkowego

Wazng role w procesie degradacji materialéw na
spoiwie cementowym odgrywaja chemolitotroficz-
ne bakterie aerobowe(tlenowe) rodzaju Thiobacillus
oraz anaerobowe(beztlenowe) chemoorganotroficzne
bakterie rodzaju Desulfovibrio.

Beztlenowe bakterie heterotroficzne rodzaju Desul-
fovibrio redukujg siarczany do siarkowodoru czego
skutkiem jest spadek pH. Na powierzchni stward-
niatego zaczynu cementowego osadzaja si¢ bakterie
neutrofilowe. Dostep tlenu i wilgo¢ powoduje, ze
mikroorganizmy utleniaja zwigzki siarki do siarki
elementarnej, kwaséw politionowych co powoduje
dalszy spadek pH do warunkow obojetnych i kwaso-
wych. Nastepnie bakterie acydofilowie osadzajg si¢
na powierzchni i przeprowadzaja proces utleniania
siarkowodoru do kwasu siarkowego. PH materialu
spada do wartosci 5 przy czym T.thiooxidans moga
obnizy¢ pH materialu nawet do wartosci 0. Dlatego
tez T.thiooxidans sg uwazane za kluczowe organi-
zmy, markery dla korozji biologicznej wywolanej
kwasem siarkowym.

W wyniku reakcji jondw siarczanowych z wodoro-
tlenkiem wapnia powstaje gips, produkt ekspansyw-
ny dezintegrujacy strukture. W drugiej fazie procesu
korozyjnego, w wyniku reakcji gipsu z niehydratyzo-
wanym glinianem tréjwapniowym utworzony zostaje
ettringit, ktory krystalizuje ze zwigkszeniem objeto-
Sci siggajacym 227% objetosci poczatkowej substratu
stalego.

4. Degradacja spoiwa cementowego wywotana
dziataniem biogennego kwasu azotowego

Korozje materiatbw betonowych wywotuje row-
niez dzialanie na nie kwasu azotowego. Czynnikiem
produkujacym kwasy azotowe mogg by¢ bakterie
nitryfikujace. Proces przebiega dwuetapowo i tyl-
ko w obecnosci tlenu. W pierwszym etapie bakterie
z rodzaju Nitrosomonas: Nitrosococcus oceanus, Ni-
trosolbus multiformis, Nitrosomonas europaea utle-
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niaja jon amoniowy do azotynéw by w kolejnym
etapie bakterie z rodzaju Nitrobacter utlenily azoty-
ny do azotanow. Bakterie nitryfikujace rozwijajg sie
w oparciu o pochodne amoniaku pochodzenia prze-
mystowego i o charakterze antropogenicznym, osa-
dzone na czastkach pytow.

Gromadzeniu si¢ zanieczyszczen i mikroorgani-
zmOw zapobiega zastosowanie tynku z cementem za-
wierajagcym nanometryczny dwutlenek tytanu.

Powstate kwasy azotowe reaguja z weglanem wap-
nia i innymi mineratami co prowadzi do powstania
azotanow lepiej rozpuszczalnych w wodzie od rodzi-
mych zwigzkéw chemicznych zawartych w minera-
tach zaczynu.

5. Podsumowanie

Procesy zyciowe mikroorganizméw moga przy-
czynia¢ si¢ do przyspieszania korozji biologicznej
zaczynu cementowego i betonu. Liczne przemiany
fizykochemiczne zachodzace w materiale sg skut-
kiem aktywno$ci metabolicznej mikroorganizmow
takich jak np. bakterie. W wyniku korozji kwasowe;j
1 lugujacej nastgpuje niszczenie materiatu. Skutkiem
jest powstawanie ekspansywnych produktow reakcji
takich jak gips, ettringit czy tez procesy wymywania
wodorotlenku wapnia, powstawanie produktow lepie;j
rozpuszczalnych od zwigzkéw rodzimych zaczynu
cementowego. Nalezy wiec ogranicza¢ osadzanie si¢
mikroorganizmow na powierzchniach betonowych.
Zastosowanie powlok na bazie dwutlenku tytanu za-
pobiega wzrostowi mikroorganizmow na powierzch-
ni materiatu.
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