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1 BACKGROUND OF THE RESEARCH 

There are a handful of research groups in the world engaged in the development of different 

applied biomineralization methods and techniques. The reason of this is that biomineralization 

is an alternative candidate method for stone conservation purposes as well as for cementation 

purposes instead of the conventional, already existing techniques, materials and methods (De 

Muynck et al., 2010). In Hungary, the present research is the first one done in this field, 

therefore no literature was available in this topic in Hungarian language until 2011. 

Applied biomineralization is based on the natural phenomenon, that different bacteria 

strains are capable of producing calcium carbonate crystals in adequate environment (Boquet 

et al. 1973). Therefore in-situ, controlled bio-production of calcium carbonate crystals could be 

used for the repair and protection of decayed ornamental and dimension stones. However, 

according to the extensive study of the scientific literature it was clear that large-scale 

application of biomineralization in stone conservation and protection still requires preliminary 

investigation of several parameters influencing the effect of biomineralizing treatments on the 

stone material.  

In the view of this, the present thesis deals with application oriented experiments 

performed on porous limestone with different biomineralizing curing compounds. Selection of 

the stone material (porous limestone of Sóskút, Hungary) is due to its high occurrence in the 

Budapestian architecture, as well as its rapid deterioration under urban circumstances 

necessitating compatible protection and conservation.  

Objectives of the research presented in this dissertation were: 

1. To determine the achievable weight-gain of the porous limestone specimens 

caused by the biomineralizing treatment; 

2. To accurately assess the changes in capillary water absorption of porous 

limestone caused by the biomineralizing treatment; 

3. To determine the parameters influencing the chromatic changes of the porous 

limestone due to the biomineralizing treatment; 

4. To determine the absorption characteristics of the bacteria in the porous matrix 

of porous limestone; 

5. To determine the cementing effect of the biomineralizing treatment. 

In case of conventional stone consolidants applied on porous stones (sandstone, tuffs, porous 

limestone) rate of the consolidation is of high importance. However, this thesis does not deal 
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with this issue, since my own result showed neither improvement nor decrease in compressive 

strength of the treated limestone specimens compared to the intact ones [14]. 

2 RESEARCH SIGNIFICANCE 

Sedimentary rocks deteriorate rapidly under urban circumstances (ICOMOS, 2008), leading to 

structural and aesthetic problems. In order to avoid deterioration of the stone material, early 

protection or conservation of the original stone material of the construction is highly desirable.  

In the capital of Hungary (Budapest) and its surroundings many historical buildings, 

constructions and sculptures with high rarity, architectural, cultural and historic value (Orbaşlı, 

2008) were made of the porous limestone quarried around the capital (quarries: Sóskút, 

Budafok, Kőbánya). Constructions made of porous limestone exposed to urban environment 

are highly vulnerable, and show various forms of deterioration (Török and Rozgonyi, 2004). 

Thus high-value buildings made of this type of stones should be protected and conserved in a 

compatible way.  

Standard methods for stone conservation are the use of water repellents and conventional 

stone consolidants. They „are used in an attempt to minimize the rate of stone decay and to 

strengthen decayed stone where there has been a failure of the natural stone cement through the 

normal processes of weathering, the effects of atmospheric pollution or through inappropriate 

intervention” (Young et al., 1999). Important criteria for successful treatments are the adequate 

penetration depth and that the treatment „should not block the porosity of the stone or 

significantly reduce the rate of moisture transport through the stone” (Young et al., 1999).  

At the Department of Construction Materials and Engineering Geology (BME) several 

experiments have been performed with conventional stone consolidants and stone conserving 

chemicals on tuffs (Forgó, 2008), and on porous limestone (Pápay and Török, 2013). In my 

research only one conventional stone consolidant was tested [10], but the results were not 

involved in the new scientific results. 

Most inorganic materials used for the protection and conservation of porous stone (such as 

water-repellents, coatings, stone consolidants) often cause harm to the stone, being not 

compatible with the original material (Karatasios et al., 2009). Moreover, they might have 

long-term consequences „on future conservation concerns, including retreatability, durability 

and required maintenance” (Hansen et al., 2003). 
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As result of a biomineralizing treatement calcium carbonate crystals are produced, 

therefore this method is highly compatible with the conservation and post-consolidation of 

lime-based or lime-bound materials (such as porous limestone, lime-bound sandstones, or lime 

mortars, as well as bricks made of sand and lime) (De Muynck et al., 2010.a). Moreover, the 

solvent in the bio-based curing compounds is water, not a volatile organic compound (VOC), 

as in case of the conventional curing compounds (Scherer and Wheeler, 2009). Therefore bio-

based treatments do not contribute to the green-house effect by emitting VOCs, which increase 

the amount greenhouse gases (GHG). 

Application of biomineralization for conservation and restoration purposes is based on the 

idea that porous materials are capable of soak liquidized biomineralizing compounds, thus 

crystal-formation can be initiated inside the material. Therefore, the damaged, inner, thus 

hardly accessible parts of the construction elements will be repairable (Le Métayer-Levler et 

al., 1999). As another way of application, the precipitated calcium carbonate crystals might act 

as a binder. Therefore they might be adequate for the production of bio-cemented materials, 

such as concrete and plaster (Castanier et al., 1995) 

3 MATERIALS AND METHODS 

3.1. STONE MATERIALS 

The porous limestone was a Miocene porous limestone (medium-grained oolitic-micro-

oncolitic limestone, origin: Sóskút, Hungary). Apparent density of the specimens was 

determined before the experiments to be 1.55±0.02 g/cm3, their total water content was 

measured to be 22.18±0.72 m/m % upon immersion in water, and their apparent porosity to be 

34.38±0.72 v/v%. Specimens were drilled or cut out from masonry blocks (nominal size: 20 x 

20 x 38 cm) obtained directly from the Sóskút quarry. Specimens showing failures such as 

discontinuities, large pores, calcite veins etc. were sorted out and were excluded from the 

measurements (about 40% of the prepared specimens). 

Limestone powder used in the experiment was a finely ground powder used in the 

agriculture for feeding stuff. Particle size distribution of the powder was even, between 0.4 – 

0.002 mm. 

3.2. BACTERIA 

Two types of microorganisms, M. xanthus and B. cereus were used in the present research. 
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Myxococcus xanthus is a Gram-negative, aerobic (Goldman et al., 2007), facultative 

anaerobic (BIOCYC Database Collection) bacterium commonly found in top soil. M. xanthus 

takes a rod-shaped form (size: 0.5 x 3.0 - 4.0 μm), swarming, dividing, and competing with 

other cells for nutrients. When stressed, it collaborates with other cells to produce spherical 

spores that can withstand stress. M. xanthus was obtained from the Hungarian Collection of 

Microorganisms, in lyophilized form. Strain number is NCAIM B01663. 

Bacillus cereus is a 1 x 3-4 µm large, Gram-positive, rod-shaped, endospore forming, 

facultative aerobic bacterium. It belongs to the Bacillus cereus group. Genus: Bacillus, Family: 

Bacillaceae. Bacillus cereus was provided by a French company in lyophilized form.  

3.3. CURING COMPOUNDS 

For the biomineralizing treatments bacteria inoculated and non-inoculated liquid curing 

compounds were used. These liquid compounds are made of water-soluble organic and 

inorganic components solved in distilled water, and inoculated curing compounds (marked 

with +) are inoculated with bacteria (with a liquid preculture media). Overview of components 

of the liquid curing compounds can be seen in Table . (De Muynck et al., 2010.a)  

Table 1. Components of the curing compounds. BC = Bacto Castione, FGCCP = finely ground 

CaCO3 powder.  (De Muynck et al., 2010.a) 

CB +/-

T1

Notes BC = Bacto Casitone powder

no CaCO3, acrylate - polymer instead none

FGCCP = Finely Ground CaCO3 - powder

P1
10mg/ml BC, 10mg/ml Ca(CH3COO)2*4H2O, 2mg/ml K2CO3*1/2H2O, 10 

mM phosphate buffer, pH 8, 10mg/ml FGCCP
M. xanthus / -

0.25g BioCal
TM 

/ml in distilled water Bacillus cereus / -

M3 +/- 10mg/ml BC, 10mg/ml Ca(CH3COO)2*4H2O, 2mg/ml K2CO3*1/2H2O M. xanthus / -

M3P +/-
10mg/ml BC, 10mg/ml Ca(CH3COO)2*4H2O, 2mg/ml K2CO3*1/2H2O, 10 

mM phosphate buffer, pH 8
M. xanthus / -

Name of 

compound 
Components Bacteria strain

CC +/-
3mg/ml BC, 4mg/ml Ca(CH3COO)2*4H2O, 2mg/ml CaCl2, 3mg/ml 

NaHCO3, 10mg/ml yeast extract
M. xanthus / -

 

Preculture media was used for the cultivation of bacteria. In the present experiment liquid 

medium CT (10 mg/ml Bacto Casitone and 1 mg/ml MgSO4 · 7H2O in 10 mM phosphate 

buffer, pH 6.5, solved in distilled water, live culture of M. xanthus bacteria) was used for 

cultivation of M. xanthus bacteria (Rodriguez-Navarro et al. 2003). B. cereus bacteria were 

cultivated in a liquid media made of 25 mg/ml BioCalTM solved in distilled water. The 
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preculture media was inoculated with 5 mg/ml lyophilized B. cereus bacteria (according to the 

instructions of a French Company). 

3.4. AGAR PLATE 

Agar plates were prepared for printing the limestone specimens on them, after the specimens 

were treated by capillary absorption. The agar plate was prepared of solid agar NCAIM 0047 

made of a liquid curing compound (3.00 g Bacto Casitone powder, 1.36 g CaCl2, solved in 

1000 ml distilled water) solidified with 15.00 g agar-agar according to the instructions of the 

Hungarian Collection of Microorganisms. Components of the agar were mixed together (liquid 

curing compound) without the agar-agar, and then were boiled at 100 °C for 20 minutes for 

sterilization. After this the agar-agar was added to the mixture and the compound was cooled 

down to about 50 °C. Then the hot agar was spread on plastic trays and left to cool down and 

solidify 

4 METHODS 

Methods of the research included different experiments also on limestone specimens and also 

on liquid curing compounds. For the analysis of the different aspects of the biomineralizing 

treatments different experiments were carried out. Way of the analysis (experimental method 

and evaluation) is shortly mentioned after the examined aspect, and detailed right after the 

Theses, in the sections ‘Boundary conditions’. 

4.1. CHANGES IN MASS PROPERTIES  

4.1.1. Changes in pore-size distribution 

The treatment was performed on porous limestone grains treated by immersion with 

bacteria inoculated or non-inoculated curing compounds. Then specimens were washed 

and measurements were carried out with mercury intrusion porosimetry (MIP). 

4.1.2. Gain in mass of the treated specimens  

The treatment was performed on porous limestone specimens treated by either immersion 

or repeated capillary suction with bacteria inoculated or non-inoculated curing 

compounds, according to the standard MSZ EN 1936:2007, but with higher precision 

(mass was considered to be constant, when mass of the specimen changed less, than 0.01 

g within intervals of 24 hours). 
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4.1.3. Mineralogical composition of the precipitated matter 

An n vitro experiment was performed with bacteria-inoculated or non-inoculated curing 

compounds, which were evaporated down. Mineralogical analysis of the dry matter 

evaporated down was carried out by X-ray diffraction (XRD), FTIR spectroscopy and 

thermal analysis (TG/DTG/DTA). 

4.2. CHANGES IN THE CAPILLARY WATER-ABSORPTION PROPERTIES 

The treatment was performed on cylindrical porous limestone specimens treated by 

repeated capillary suction with different amounts (by groups) of CB+ (inoculated) and 

CB- (non-inoculated) curing compounds. Measurement was based on the standard MSZ 

EN 1925:2000 (E), and capillary elevation was measured paralelly. 

4.3. COLOR VARIATION DUE TO THE TREATMENT 

Limestone slabs were treated on a surface area of 225 cm2 with inoculated and non-

inoculated CC, CB, M3, M3P and inoculated P1 compounds. Treatment was performed by 

repeated pouring of the curing compound on the specimens Measurements were carried 

out with a spectrophotometer. Color measurements were performed using a 

spectrophotometer (ELCOM Comcolor). 

4.4. ABSORPTION OF THE BACTERIA IN THE POROUS MATRIX 

Limestone specimens were treated with M3+ and M3- curing compounds by capillary 

suction. For the analysis of the elevation I developed a new technique, the “combined 

printing on agar plate - capillary elevation test”. 

4.5. BINDING EFFECT OF THE TREATMENT 

Porous limestone specimens and freshwater limestone specimens (pores plugged with 

resin) were used in this experiment. Fine limestone powder was spread on the surface of 

porous limestone specimens, and bacteria inoculated or non-inoculated bio-based plaster 

was spread on the surface of the freshwater limestone specimens. After this specimens 

were treated with M3+ or M3- curing compounds by repeated pouring the liquid 

compounds on them. 

5 EXPERIMENTAL PROGRAM 

Detailed objectives of the research were formulated according to the review of the literature, to 

explore those fields that left underexplored or not sufficiently explored. The experimental plan 

was planned in line with these objectives, and consisted of performance of several types of 
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biomineralizing experiments. The complete experimental plan and process can be seen in 

Figure 1. 

 

Figure 1. Overview of the experimental program 
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Experiments were based on the results obtained from preliminary tests and experiments, and 

on those referred in the literature review. For this reason the experiments were not performed 

under identical circumstances, and not all the curing compounds were tested in every 

experiment. 

6 NEW SCIENTIFIC RESULTS 

The text in bold indicates the new scientific result; other text gives explanation or experimental 

background for the new scientific results.  

 [9,15]

In contrast to the large number of reported (Rodriguez-Navarro et al., 2003; Jimenez-Lopez 

et al., 2008; De Muynck et al., 2010.b, 2011, 2012) experiments on gain in mass performed 

by immersion of the specimens, I experimentally demonstrated that activity of the 

Myxococcus xanthus bacteria to precipitate calcium carbonate and other non-soluble 

solid phases is higher under aerobic (here: open to air) circumstances, than under 

circumstances lacking oxigen (here: in a liquid compound).  

As the water evaporates from the specimens during a treatment by capillary suction, bacteria 

can access the oxygen in the air, which enhances the microbially induced precipitation. In case 

of a treatment by immersion bacteria are active in a liquid compound. Upon immersion of the 

specimens in a liquid curing compound (anaerobic circumstances) chemical precipitation is a 

more pronounced phenomenon, than microbially induced precipitation.

  The above detailed results were obtained among the following 

circumstances. Cylindrical (d = 36 mm, h = 40 mm, average values) porous limestone 

specimens (origin: Sóskút) were treated with curing compounds M3P+ and M3P- by 

immersion or repeated capillary suction. Inoculation was performed with CT preculture media 

containing Myxococcus xanthus (Rodriguez-Navarro et al., 2003). In our experiment dosage of 

the components was increased to be 1.5 higher than reported by Rodriguez-Navarro et al. 

(2003). Specimens were treated by immersion or repeated capillary suction among non-sterile 

circumstances, and were incubated at 30°C for 7 days during the treatment. 
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 [9,15]

I experimentally demonstrated that hydroxilapatite (Ca10(PO4)6(OH)2) precipitates from 

the M3P curing compound, regardless on the inoculation (M3P+) or non-inoculation 

(M3P-) of the compound. Rate of the ‘in vitro’ precipitation of hydroxilapatite in the 

liquid compound (thus under circumstances lacking oxigen) is higher in the non-inoculated 

samples, than in the inoculated ones. In turn, no calcium carbonate precipitation was 

observed in the non-inoculated samples. These results suggest that presence and activity 

of the bacteria affect the rate of the chemical equilibrium reaction resulting in the 

precipitation of hidroxilapatite. 

Until now precipitation of hydroxilapatite has been demonstrated to occur only in a non-

inoculated curing compound, and its presence was difficult to detect by XRD (Rodriguez-

Navarro et al., 2003). 

The in vitro experiment was performed with curing compounds M3P+ 

and M3P- among non-sterile circumstances. M3P+ inoculated with CT preculture media 

containing Myxococcus xanthus (Rodriguez-Navarro et al., 2003). Liquid compounds were 

incubated in sealed beaker glasses for five days at 30°C. After this the solutions were 

evaporated down at 70°C resulting in a dry matter on the bottom of the boiling glasses. 

Samples were prepared from this dry matter, and from washed dry matter, too. Mineralogical 

analysis was carried out by X-ray diffraction (XRD), FTIR spectroscopy and thermal analysis 

(TG/DTG/DTA).  

 [9, 13, 15]

I experimentally demonstrated that performance of the Myxococcus xanthus bacteria to 

alter the pore size distribution of the stone is quantifiable, and this performance is 

different from the performance of the curing compound without bacteria.  Lower relative 

incidence of pores in the order of 10.5 – 16.0 μm pore diameter was found to be typical 

and pronounced (1.52-2.20 v/v%) only upon application of the M. xanthus-inoculated M3 

curing compound, compared to the intact, or non-inoculated M3-treated specimens. This 

also suggests that M. xanthus bacteria are adsorbed the best by these pores, being 21 - 32 

times larger in diameter, than the smaller dimension (0.5 μm) of the bacteria.

The treatment was performed on porous limestone (origin: Sóskút) 

grains (grain size = 2-10 mm). Curing compound M3+ was used, inoculated with CT 
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preculture media containing Myxococcus xanthus (Rodriguez-Navarro et al., 2003). 

Specimens were treated by immersion (anaerobic circumstances) and were incubated at 24-

26°C for 72 hours among non-sterile circumstances. Then specimens were washed and 

measurements were carried out with mercury intrusion porosimetry (MIP). Results achieved 

with the inoculated curing compound were compared to the pore-size distribution of the intact 

sample and the sample treated with non-inocuated curing compound. 

  [5, 9] 

I introduced the „ratio of capillary absorption coefficients” (rk) and „ratio of capillary elevation 

coefficients” (re) for the quantification of the extent, to which the biomineralizing curing 

compounds decrease the water absorption rate of the treated porous limestone. rk is equal with 

the quotient of the final and initial capillary absorption coefficients (k4/k1), and re is equal to the 

quotient of the final and initial capillary elevation coefficients (e4/e1). e and k coefficients were 

measured on the same specimens four times during the experiment: before the treatment, in the 

intact (initial) state (k1 and e1); after the treatment (k2 and e2); after the first rinse (k3 and e3); 

and after the second rinse, in the final state of the specimen (k4 and e4).   

I experimentally demonstrated that lower ratios of capillary absorption (k) and capillary 

elevation (e) coefficients, thus better performance of treatment can be achieved by 

treatment with repeated capillary absorption if: 

- increasing amount of Bacillus cereus-inoculated curing compound is applied for the 

treatment; 

- Bacillus cereus-inoculated curing compound is applied instead of non-inoculated 

curing compound; 

- the absorbed curing compound is „post-watered” with (distilled) water.  

 ‘Post-watering’: after the specimen absorbed the liquid curing compound, I pour distilled 

water under it, which will be also absorbed. Possible reason of this phenomenon is that water 

acts as an eluent of the solved material in the curing compound, thus the solved matter will be 

more evenly distributed inside the specimen due to the „post-watering”. Therefore it will be 

not accumulated on the bottom of the specimen.  
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 [10, 13]

I experimentally demonstrated that capillary absorption (k) and capillary elevation (e) 

coefficients measured on the specimens decrease after the treatment comparing to the k 

and e values measured on the intact specimens (before treatment). Afterwards they 

increase due to the first rinse of the specimens, but do not reach the values measured in 

the intact (initial) state of the specimens. Then they either stagnate or decrease 

(specimens treated with inoculated curing compound), or rise (treatment with non-

inoculated curing compound) upon further rinse.  

Reason of the phenomenon is that the water-soluble organic and inorganic material remained 

in the specimens hamper the capillary absorption, but eliminated upon rinse. 

The above detailed results were obtained among the following 

circumstances. The treatment was performed on cylindrical porous limestone specimens 

(origin: Sóskút) with radius of 36.84±0.07% mm and height of 89.8±0.78% mm. Curing 

compounds CB+ and CB- were used, inoculation was performed with Bacillus cereus bacteria. 

Four groups of specimens were treated by repeated capillary suction, with bacteria-inoculated 

curing compound (CB+), among non-sterile circumstances. One group was treated similarly 

with non-inoculated (CB-) compound. During the treatment and the measurement specimens 

were incubated at room temperature (24-26 °C). 

 

Table 2. Dosage of the curing compounds. i = inoculated (with bacteria), ni = not inoculated 

(without bacteria), w = distilled water. 1 unit of curing compound is equal to 7.68 ml 

curing compound, which is about one fourth of the capillary water absorption 

capacity of the specimens (0.25 x 30–32 v/v% of the specimen) 

Time 14 h 38 h 68 h 92 h

unit unit unit unit

I. 9, 11, 12 1 i 0,75 ni 0,75 ni 0,5 ni 3 / 23.04

II. 1, 3, 10 2 i 1,5 ni 1,5 ni 1 ni 6 / 46.08

III. 4, 5, 8 4 i 3 ni 3 ni 2 ni 12 / 92.16

IV. 2, 6, 7 1 i  + 3 w
0.75 ni  + 2.25 

w

0.75 ni  + 2.25 

w
0.5 ni  + 1.5 w

3 + 9 /                 

23.04 + 69.12

- C 4 w 3 w 3 w 2 w 12 / 92.16

K K1, K2, K3 1 ni  + 3 w
0.75 ni  + 2.25 

w

0.75 ni  + 2.25 

w
0.5 ni  + 1.5 w

3 + 9 /                 

23.04 + 69.12

Groups of 

the 

specimens

Mark of 

the 

specimens

Amount and type of curing compound Total amount per 

specimen (unit / 

ml)

 



 

12 

 

 

Figure 2. Determination of the main slope of the capillary elevation (or capillary absorption) 

curves. Example is shown in the capillary elevation diagram of Specimen 10 from Group II. 

 

Figure 3. Changes of capillary elevation coefficients (e) of the specimens during the 

experiment 

 

Figure 4. Changes of capillary absorption coefficients (k) of the specimens during the 

experiment. 
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  [9, 10] 

I experimentally demonstrated that inoculation of the curing compound with Myxococcus 

xanthus either results in increase or decrease of the discoloring effect that is inevitably 

achieved with the application of non-inoculated curing compounds. I demonstrated that 

this increase or decrease in the discoloring effect is dependent on the composition of the 

inoculated curing compound. 

This suggests that components of the curing compounds and metabolic end-products resulting 

from microbial activity have an important role in the discoloring effect of the components of 

the curing compound. 

  [9, 10] 

I experimentally demonstrated that perceptible alteration of the porous limestone surface 

results from a biomineralizing treatment can be avoided by the appropriate choice of the 

components of the curing compound.  Use of Bacto Casitone powder as an alternative 

nitrogen source in the liquid compound for the production of NH4+ ions instead of colored 

nitrogen sources (yeast extract, peptone) results in non-perceptible color variation of the 

treated stone surface.

The above detailed results were obtained among the following 

circumstances. Altogether 11 limestone slabs (10 slabs for the different treatments and 1 

control slab) with dimensions of 38.0 x 12.0 x 6.5 cm were cut out from four limestone blocks. 

These specimens were treated on a surface area of 225 cm2 with inoculated and non-inoculated 

CC, CB, M3, M3P and inoculated P1 compounds. Treatment was performed by repeated 

pouring of altogether 800 ml of curing compound on the specimens during 5 days under 

outdoor circumstances. Measurements were carried out with a spectrophotometer both before 

and two months after the treatment. 

  [1, 12] 

I developed and introduced the ‘combined printing on agar plate - capillary elevation 

test’ technique, by which capillary elevation height of the bacteria in porous stone (or in 

other porous material) can be efficiently analyzed after the performance of a 

biomineralizing treatment applied on the stone by capillary absorption. 
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  [1, 12] 

I experimentally demonstrated that after the performance of a biomineralizing treatment 

applied on the stone by capillary absorption, the elevation height of the bacteria is in a 

strong correlation (r2 = 0.965-1.000, Pearson’s correlation coefficient) with the capillary 

elevation coefficient of the specimen, regardless of the applied amount of the curing 

compound or the concentration of bacteria in the curing compound.  

This can be contributed to the effect that during a slow absorption process (characterized by 

the low capillary elevation coefficient) bacteria can settle in the curing compound and/or attach 

to the pore walls. Rapid absorption of the curing compound does not allow bacteria to 

aggregate in the bottom of the specimen, thus a more homogenous compound will be absorbed, 

which contains bacteria even at higher elevation heights, too. The results suggest that elevation 

height is directly proportional to the initial capillary elevation coefficient of the specimen (for 

the verification of this more measurements are required). 

 

Table 1. Pearson’s correlation coefficients between the ie,s (specific capillary elevation index) 

and e (initial capillary elevation coefficient) values, their rating, and the equations of the 

correlation. Specific capillary elevation index (ie,s) is equal to the quotient of the average 

elevation height of bacteria (hb,m) and the sorption area of the specimens (A): ie,s = hb,m / A 

ie,s e ie,s e ie,s e ie,s e

cm/cm
2

cm/√s cm/cm
2

cm/√s cm/cm
2

cm/√s cm/cm
2

cm/√s 

0,0213 0,2733041 0,0389 0,3307475 0,0180 0,2482676 0,05121 0,3481553

0,0303 0,405674 0,0472 0,3452379 0,0438 0,3913119 0,0515638 0,36

0,024 0,3178878 0,0337 0,3178878 0,0236 0,307824 0,0416549 0,3207135

corr.coeff. 1,000 0,996 0,976 0,965

rating strong strong strong strong

ie,s  = 0,1844e - 0,0297 ie,s  = 0,2691e - 0,0441

equation

ie,s = 0,4943e - 0,1238ie,s = 0,0677e + 0,0029

Group

8 8* 16 16*
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Figure 5. Apparent relation of the ie,s (specific capillary elevation index) and the e (initial 

capillary elevation coefficient) values. R2 is the values of Pearson’s correlation coefficient. 

  [1, 12] 

I experimentally demonstrated that upon performance of a biomineralizing treatment 

applied on the stone by capillary absorption, capillary elevation height of the bacteria 

increases with the increasing amount of curing compound applied on the specimen 

and/or with increasing concentration of bacteria in the liquid curing compound used for 

the treatment.  

The reason of this is that both larger amount of bacteria-inoculated curing compound or curing 

compound with higher bacteria-concentration means more bacteria applied on the stone. For 

the attachment of higher amount of bacteria to the pore walls requires larger surface area, thus 

elevation height will be enhanced. Moreover, settling of the bacteria in the propagating curing 

compound with higher bacteria-concentration is presumably slower during the capillary 

absorption, thus bacteria can propagate higher. 

  [1, 12] 

I experimentally demonstrated that upon performance of a biomineralizing treatment 

applied on the stone by capillary absorption, capillary elevation height of the liquid 

curing compound is not equal to the capillary elevation height of the bacteria in the 

porous limestone specimen. This result confirms the separation of the bacteria from the 
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liquid compound, which can be explained either with the adsorption (adhesion) of bacteria to 

the pore walls, and/or with the settling of the bacteria down in the compound during the 

biomineralizing treatment by capillary absorption.  

For the experiment on the migration of bacteria altogether 14 porous 

limestone specimens (origin: Sóskút) were produced (12 specimens for the treatment and 2 

control specimens) with dimensions of 40 x 40 x 80 mm (average values) were cut out from 

limestone blocks. Specimens were treated with M3+ and M3- curing compounds among non-

sterile circumstances. Treatment was performed by capillary suction with 8 or 16 ml of curing 

compound, inoculated with 4 or 20 v/v% CT preculture media of Myxococcus xanthus. For the 

analysis of the elevation height the treated specimens were printed on agar plates. 

Table 2. Average elevation heights of bacteria (hb,m), maximum elevation heights of the curing 

compounds (hc,max) specific elevation indexes (ie,s) and elevation coefficients (e) measured on 

3-3 specimens in each group. * = concentration of CT preculture media (media in which 

bacteria multiplies) is 20 v/v% in the curing compound. Without * = 4 v/v% of CT media 

Group

ID 1 2 3 1 2 3 1 2 3 1 2 3

hb,m mm 3,52 4,56 3,65 6,38 7,07 5,66 3,02 6,88 3,59 7,75 7,94 6,84

hc,max mm 37,50 43,50 41,50 37,75 44,00 38,50 56,50 69,00 64,50 67,50 65,00 61,25

ie,s cm/cm2
0,0213 0,0303 0,0245 0,0389 0,0472 0,0337 0,0180 0,0438 0,0236 0,0512 0,0516 0,0417

e cm/√s 0,2733 0,4057 0,3179 0,3307 0,3452 0,3179 0,2483 0,3913 0,3078 0,3482 0,3600 0,3207

8 ml 8 ml * 16 ml 16 ml *

 

Specific capillary elevation index (ie,s) is equal to the quotient of the mean elevation height of 

bacteria (hb,m) and the sorption area of the specimens (A): ie,s = hb,m / A 

 [11] 

I experimentally demonstrated that both bacteria inoculated or non-inoculated curing 

compounds have the capability to bind newly introduced fine limestone grains onto 

porous limestone surface in a durable way (the bond is resistant both against 7 bar high 

pressure of air-flow (mechanical stress) and against solution in water upon rinse the stone 

specimen in water). 

The possible reason of this is that precipitation of solid minerals can occur both chemically and 

in a microbially induced way. In case of the treatment by non-inoculated curing compounds the 

chemically produced minerals act as a binder. In case of a treatment by inoculated curing 

compounds both chemically and microbially precipitated minerals act as cementing agent. 
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For the experiment on the binding effect porous limestone (origin: 

Sóskút) specimens (12 pieces, 9.5 x 4.7 x 4.0 cm) were used. Specimens were treated with 

M3+ and M3- curing compounds. For inoculation of the M3+ compound CT preculture media 

containing Myxococcus xanthus was used. 1.00 g of fine limestone powder was spread on the 

surface of porous limestone specimens, and then they were treated by pouring the liquid 

compounds on them for 4 days, then were dried, weighted and washed. In addition, they were 

cleaned with high-pressure air, too. Experiment was performed at room temperature (24-26 

°C), among non-sterile circumstances.

 

Figure 6. Final gain in mass (after washing) of the porous limestone specimens in the different 

groups. Final gain in mass is approximately equal to the amount of limestone powder cemented 

onto the porous limestone specimens as result of the biomineralizing treatment. In brackets the 

number of specimens in each group. 

7 APPLICATION OF THE RESULTS 

My results can be directly used for the design of biomineralizing treatments (quantity of curing 

compound, expectable color difference, decrease in water absorption, etc.). I provided useful 

methods and information for testing the migration of bacteria and for the enhancement of the 

effective depth of the treatment, as well as for the enhancement of the ability of the treatment 

to reduce the water-absorption properties of the stone in a compatible way. I also provided 

information on the binding effect of the biomineralizing treatment, which can be useful for the 
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treatment of stone materials showing forms of deterioration due to weight loss like powdering 

and detachment of layers. 

8 FUTURE PERSPECTIVES 

Subject of the future research will be performance of life-size biomineralizing treatments and 

evaluation of the effects in long periods of time.  
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11 GLOSSARY 
 

Aerobic  Refers to an organism, which requires the presence of oxygen for its metabolic 

processes.  

Agar plate A plate containing a mixture of nutrients, microbial indicators, vitamins etc. in 

solid form (like a jelly), solidized with agar-agar. Used for cultivation or 

identification of microbes. 

Facultative aerobic Refers to an organism which can switch to the less efficient fermentation 

for energy production in case oxygen is not present 

Gram-negative  is a bacteria which retains the crystal violet dye as result of a Gram-staining 

procedure. Gram-positive bacteria becomes pink or red upon the staining. 

Lyophized Freeze-dryed, as result of a dehydration process of frozen material by means of 

vacuum, typically used for preservation or to make the material more convenient 

for transport. Lyophilized bacteria is like a dry powder.  

Inoculated Refers to a (liquid) compound, to which bacteria were added. Opposition is Non-

inoculated 

Bacto Casitone powder is a pancreatic digest of casein, full of peptides. It is a water-soluble 

whitish powder. Contains no bacteria at all. 

 

 

 

 

 

On the cover: Scanning electron microscopic image of Bacillus cereus bacterial bodies 

encapsulated in calcium carbonate (own image) 

http://en.wikipedia.org/wiki/Drying_(food)
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