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NOTATIONS 
 

CB Calcite Bioconcept curing compound 

CC CC curing compound 

CT CT preculture media 

M3 M3 curing compound 

M3P M3P curing compound 

BioCal
TM

 Powder used for the preparation of the Calcite Bioconcept curing compound  (trade mark) 

 

ABBREVATIONS 
 

B. Bacillus 

BME Budapest University of Technology and Economics 

CIE  Commission Internationale de l’Eclairage / International Commission on Illumination 

CB Calcite Bioconcept 

DTA Differential Thermal Analysis 

DTG Differential Thermal Gravimetry  

GHG Greenhouse Gases 

ICr  Relative Capillary Rate Index  

M. Myxococcus 

MCT  Microtomography, or Micro- Computer Tomography 

MICP  Microbially Induced Carbonate Precipitation 

MIP   Mercury Intrusion Porosimetry 

OSB Oriented Strand Board  

SEM Scanning Electron Microscopy or Scanning Electron Microscope 

TAN Total Ammonium Nitrogen 

TG Thermogravimetry 

VOC Volatile Organic Compound 

XRD X-Ray (Powder) Diffraction 
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GLOSSARY 

 

If not referred separately, terms and definitions found in the Glossary were written according 

to the following sources: Berg et al., (2002), Alberts et al., (2013), Ananthanarayan and 

Paniker (2006), De Muynck et al., (2010.a) 

 

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

Autoclaving sterilization of liquids by means of heating them up to 120 °C for 20 minutes under in a 

pressure vessel (autoclave) 

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 

(see Selective agar) 

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

aerobic, non-infectious bacterium. Group: Bacillus cereus. Genus: Bacillus, Family: 

Bacillaceae 

Bacterial concrete is a sub-field of the research on biocementation, aiming to improve the 

microstructure of the concrete, thus the durability and compressive strength by adding 

alkali-resistant bacteria and nutrients to the concrete mixture (Ramakrishnan et al., 2001; 

Ghosh et al., 2005) 

Bacto Casitone powder is a pancreatic digest of casein, full of peptides. It is used for the preparation 

of curing compounds, and serves as nitrogen sources for the production of NH
4+

 ions 

increasing pH. It is a water-soluble whitish powder. Contains no bacteria at all. 

Biomineralization - process by which living organisms produce minerals, often to harden or stiffen 

existing tissues  

Biocementation The use of the microbially produced minerals for cementation purposes (such as 

binding grains together, re-attachment of powdering grains of a sedimentary rock, etc.) 

Biodeposition A microbial process resulting in the deposition of crystals. The newly formed crystals 

in a porous matrix (e.g. stone, concrete) alter the pore-size distribution of the porous matrix 

due to their volume. In some articles it is also referred as Bioprecipitation 

Calcarenite is a porous bioclastic limestone, widely used as ornamental stone since Roman times 

along the Mediterranean Basin (Spain, Portugal, France, Italy, Greece)  

Carbonatogenic yield A rate indicating the efficacy of the biomineralizing process. According to the 

definition of Castanier et al. (1999): „the quotient of the weight of calcium carbonate 

produced to the weight of organic matter input”. Expressed either with a number smaller 

than one (e.g. 0.6), or in mass-percentage (e.g. 60 m/m%) 
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Crack remediation is a sub-field of the research on biocementation, aiming to remediate cracks. 

Experiments are performed on specimens with cracks, which were filled with bacteria, 

nutrients and sand (Ramachandran et al., 2001; De Belie and De Muynck, 2009). 

Curing compound A liquid compound made of distilled water and water soluble chemical 

components. It can be bacteria-inoculated or non-inoculated. Also referred to as Treating 

compound  

Elnent solvent that carries the solved material 

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

energy production in case oxygen is not present 

Heterotroph A heterotroph organism relies on organic sources of carbon to produce organic 

substrates, unlike autotrophs which can produce organic carbon from inorganic carbon 

dioxide. 

Inoculated (treating) compound A curing compound inoculated with bacteria either in lyophilized 

form (powder), or in liquidized form (from a preculture media) 

Inoculation The act when bacteria are added to a (usually) liquid compound, so that bacteria will be 

present in it. Inoculation can be performed with bacteria in „solid”, lyophilized form; with 

bacterial colonies obtained from an agar plate; or by mixing a liquid preculture containing 

bacteria into the compound 

Inoculum see Preculture media 

Lyophilisation Freeze-drying, (also known as lyophilisation, lyophilization, or cryodesiccation) is a 

dehydration process of frozen material by means of vacuum, typically used for preservation 

or to make the material more convenient for transport. When microbes are lyophilized, the 

result of this process is a dry powder. Upon addition of water and nutrients, the lyophilized 

bacteria revive 

Metabolic end-products - products resulting from the digestion of the nutrients by the bacteria. These 

products remain inside the treated material after the treatment, influencing the measured 

parameters. If they are soluble in water, they can be rinsed out of the specimen 

Microtomography micro- computer tomography or microtomography. Method of analysis used for the 

production of three-dimensional, in-depth models and images of a sample. With help of 

this technique changes inside the material can be assessed 

Myxococcus xanthus is a Gram-negative, aerobic (Goldman et al., 2007), facultative anaerobic 

(BIOCYC Database Collection, 2014), non-infectious bacterium commonly found in top 

soil. When environmental conditions are hospitable, Myxococcus xanthus takes a rod-

shaped form (yellow, size: 0.5 x 3.0 - 4.0 μm). When stressed, the bacterium collaborates 

with other cells to produce spherical spores (green) that can withstand stress (Figure II., 

Manhes et al., 2011) 
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Figure II. The two different forms of Myxococcus xanthus bacteria (Manhes et al., 2011, Image by Berger J. and Kadam S.) 

 

Non-inoculated (treating) compound - A curing compound in which no microbes are present. Can be 

produced by sterilization, or by using sterile components 

Peptone  Any water-soluble product consist of a mixture of polypeptides and amino acids, which is 

formed by the partial hydrolysis of protein 

Pietra di Lecce bioclastic limestone, consisting almost exclusively of CaCO3 (Tiano et al., 1999) 

Polypeptide A series of amino acids joined by peptide bonds form a polypeptide chain, which consists 

of a regularly repeating part, called the main chain or backbone, and a variable part, 

comprising the distinctive side chains. Most natural polypeptide chains contain between 50 

and 2000 amino acid residues and are commonly referred to as proteins. Peptides made of 

small numbers of amino acids are called oligopeptides or simply peptides. 

Preculture media A liquid media made of distilled water and nutrients, in which bacteria are 

preliminary cultured before inoculation of a curing compound. After a specific amount of 

time (about 12 hours in case of an overnight culture or 48 hours, etc.) this media contains a 

high concentration of the cultured bacteria. Also referred as Inoculum. 

Relative Capillary Rate Index (ICr) A new index proposed by Peruzzi et al. (2003) to precisely 

characterize differences in water absorption characteristics of the same sample in intact and 

then in treated states (two states). Calculated as quotient of the sizes of the areas under the 

two capillary absorption curves (thus quotients of the definite integrals of the two curves). 

Selective agar An agar plate used for the identification of specific microbes. It contains specific 

components, which allow the growth of certain type of organisms, inhibit the growth of 

other organisms, or evoke slightly distinguishable patterns due to the microbial activity 

typical to a specific genus of bacteria (e.g. precipitation zone around the bacteria of a 

specific color; or typical form of the colonies grow on the agar) 
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Self-healing concrete is a sub-field of the research on biocementation. Objective of the research is 

production of a concrete that can heal itself upon cracking, with help of the activation of 

bacteria by the water ingressing through the cracks (Jonkers, 2008; Jonkers et al., 2010) 

Sonication „is an effective means of cleaning or disrupting materials adhered to a surface. Its 

effectiveness, measured as the amount of material removed from a surface, may give an 

indirect estimate of surface material-substratum adhesion force” (Rodriguez-Navarro et al., 

2003). 

Sterilization Removal of all the microorganisms from a specimen, solution, liquid compound etc., so 

that no microorganism will be present on / in it. Common ways of sterilization of 

specimens are: Tyndallization, heating up and keeping for several hours in an owen at high 

temperature, heating in a water bath. Common ways of sterilization of liquid compounds: 

Autoclaving, boiling for several minutes (e.g. for 20 min). 

Strain number  An internationally used number for the unambiguous labelling of a specific bacteria 

TG/DTG/DTA  Abbrevations of the thermonalytical methods (see Abbrevations), used for the analysis 

and determination of the chemical composition of a material 

Total Ammonium Nitrogen concentration of total ammonium nitrogen (TAN) in a liquid compound. 

Used for the calculation of the theoretical maximum gain in mass due to the precipitation 

of calcium carbonate (De Muynck et al., 2010.b) 

Transfer (of bacteria) A process during which live colonies of microorganisms are taken from one 

media (solid agar or liquid compound) to another, which contains nutrients. Used for the 

maintenance of the pure bacterial culture, by continuously ensuring the conditions 

necessary for microbial growth 

Treating compound used as a synonym for Curing compound 

Tuffeau limestone a highly porous type of limestone, kind of chalk (Le Métayer-Levler et al., 1999) 

Tyndallization heating the specimens in flowing steam, at 100 °C for a certain period of time (e.g. 1 

hour), repeatedly for several days if necessary (e.g. 4 days in a row), with intermediate 

storage at room temperature. Used for sterilization of the specimens. 

X-Ray (Powder) Diffraction method of analysis used for the analysis and determination of the 

chemical composition of a material 
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1. INTRODUCTION, OBJECTIVES 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.a). 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. 

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 stone specimens caused by the 

biomineralizing treatment; 

2. To accurately assess the changes in capillary water absorption caused by the 

biomineralizing treatment; 

3. To determine the parameters influencing the chromatic changes due to the 

biomineralizing treatment; 

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

matrix; 

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

Detailed objectives of the research were formulated in form of questions, according to 

the review of the literature. Finding answers to these questions was the objective of the 
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research. The questions can be found at the ends of the sub-chapters 2.1. – 2.5., and the 

answers to them at the „Discussion” sub-chapters (Chapters 6.5., 7.7., 8.5., 9.5., 10.7.). 

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 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 (Juhász 

and Kopecskó, 2013.c). 

1.1. Biomineralization in a nutshell 

Biomineralization is a natural phenomenon, that different bacteria strains are capable of 

producing calcium carbonate crystals in adequate environment (Boquet et al. 1973). This 

phenomenon is called microbially induced carbonate precipitation (MICP). The basic 

equation of the calcium carbonate formation is the following (Morse, 1983): 

Ca
2+ 

+ CO3
2−

 → CaCO3                  

(1) 

In case of the MICP, CO3
2− 

ions are metabolic products of microbial activity resulting from 

the digestion of the different ion-sources by the bacteria. The type of the CO3
2−

 ion source 

(e.g. urea) is dependent on the applied microorganism, more precisely on the stimulated 

metabolic pathway, which the bacteria is able to produce the carbonate-ions through. Type of 

the Ca
2+ 

ion source (e.g.
 

calcium-chloride) varies by research groups. Process of the 

biomineralization is the following (illustrated in Figure 1.): consumption of the CO3
2-

 - 

source by the bacterium, and secretion of dissolved inorganic carbon (DIC) and ammonia 

(AMM) into the extracellular space (A). Ca
2+

 ions are present in the microenvironment of the 

bacterium (B), with which CO3
2-

 ions react (C), resulting in the formation of calcium 

carbonate crystals (D). (De Muynck et al., 2010.a). 

 

Figure 1. Process of the biomineralization: Consumption of the CO3
2-

 – source (here urea) by the bacterium and 

secretion of dissolved inorganic carbon (DIC) and ammonia (AMM) into the extracellular space as result of the 

metabolism (A). Ca
2+

 ions are present in the microenvironment of the bacterium (B), react with CO3
2-

 ions (C), 
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resulting in the formation of calcium carbonate crystals (D). (De Muynck et al., 2010.a) 

Dependent on the composition of the biomineralizing compound and dosage of the 

components, the bacterial activity either results in the formation of large crystals (Figure 2.a - 

Castanier et al., 1999) or calcium carbonate precipitation on the outer surface of the cell 

membrane (Figure 2.b -  Castanier et al., 1999).  

 

 

Figure 2. Formation of large crystals due to the bacterial activity – imprints of the cells are clearly visible (a) 

and cells encapsulated in CaCO3 cocoons – arrows showing the pores which maintain nutritional and gaseous 

exchanges between cells in spite of the cocoons (b) (image from Castanier et al., 1999) 

After the first isolation of a (denitrifying) bacterium able to form CaCO3 crystals in liquid 

medium by Drew (1913), several researchers reported on the production of different CaCO3 

crystals by seawater- and soil bacteria in liquid media and on solid agar (e.g. Boquet et al., 

1973, Castanier et al., 1999, Gat et al., 2013). The most important metabolic pathways 

involved in the biomineralization were assessed by Castanier et al., (1999). 

1.2. Deterioration of sedimentary rocks and stone conservation 

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

to structural and aesthetic problems. Total substitution of the deteriorated stone material offers 

a very effective, but costly, time-consuming and often structurally complicated solution for 

the aforementioned problems. Moreover, in some cases the original stone material is not 

available anymore. In addition, extensive quarrying of stone is harmful to the landscape, too. 

In order to avoid the total substitution 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: 
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Sóskút, Budafok, Kőbánya). Similar examples for the local use of porous limestone are the 

widespread use of tortonian calcarenite as ornamental stone since Roman times along the 

Mediterranean Basin (Jimenez-Lopez et al., 2008.), or the use of French limestone, including 

Euville, Savonnières, etc., and Avesnes in the Belgian cultural heritage. These types of stones 

are highly porous, and consists of small particles called oolits and bioclasts (De Muynck et 

al., 2011). 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 and Török, 2006; Forgó, 2008), and on porous limestone (Pápay 

and Török, 2007 and 2013). In my research only one conventional stone consolidant was 

tested (Juhász and Kopecskó, 2012), but the results were not involved in the new scientific 

results. 

1.3. Suitability of the biomineralization for conservation purposes 

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). 

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, 
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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). In the future application of materials 

containing VOCs will be limited or prohibited.  

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) 

1.4. Fields of applied biomineralization 

Adolphe et al. (1990) were the first who considered the practical application of the 

microbially induced carbonate precipitation, firstly for the conservation of porous ornamental 

stones. Until that time, research is continuously done on the biomineralization applied for 

conservation and cementation purposes. 

Nowadays there are two main branches in the research of biomineralization: biodeposition 

and biocementation (De Muynck et al., 2010.a). Biodeposition results in a deposition of a 

carbonate layer on the surface, and a few centimetres under the surface of porous building 

materials. Crystals produced during the precipitation integrate themselves into the matrix of 

the porous material to a high extent. This method was first used for conservation purposes on 

tuffeau limestone by a French research group (Le Métayer-Lever et al., 1999). The other field 

of research of microbially induced carbonate precipitation (MICP) is biocementation, which is 

being developed for the generation of binder-based materials such as mortars and concrete. 

With the advancement of the research and emergence of new ideas and needs, these two 

main branches divided into sub-branches (De Muynck et al., 2010.a). Among biodeposition 

three main sub-branches have developed: application of calcinogenic bacteria, application of 

organic matrix molecules and application of an activator media. In the first method a treating 

compound containing organic nutrients is inoculated with bacteria, and then applied on the 

stone. In case of the application of organic matrix molecules, only organic matter is added to 

the stone, and natural as well as synthetic polypeptides control the growth of calcite crystals 
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in the pores (Tiano, 1995). Thus, no bacterial contribution is necessary for the formation of 

calcium carbonate. This way possible negative consequences of the presence of bacteria, such 

as chemical reactions damaging the stone minerals, or formation of stained patches due to 

undesired microbial growth can be avoided. Eventually, aim of the application of an activator 

medium is to activate the calcinogenic bacteria inhabiting the stone, offering a user-friendly 

method for the in situ consolidation of ornamental stone (Rodriguez-Navarro et al., 2003; 

Jimenez-Lopez et al., 2007).  

Research on biocementation can be divided to five sub-fields. The first one is aiming to 

produce bio-based mortar, in which the newly formed crystals would act as a binder between 

the grains (Castanier et al., 1995; Orial et al., 2002). The second sub-field is crack 

remediation in concrete, developed in Belgium and in the USA (Ramachandran et al., 2001; 

De Belie and De Muynck, 2009). The third category covers the research on bacterial concrete 

(Ramakrishnan et al., 2001; Ghosh et al., 2005). Sub-field four is the development of a self-

healing concrete (Jonkers, 2008; Jonkers et al., 2010). In this case bacteria are introduced into 

porous aggregates, which are added to the concrete mixture. Upon cracking bacteria is 

activated by the ingressing water in the porous aggregate, and the calcium carbonate crystals 

produced by the bacteria seal the crack. Finally, the last sub-field of the research on 

biomineralization is the soil consolidation. Strengthening and consolidating potential of 

biomineralizing have been demonstrated on sand columns (Whiffin, 2004) and on soil in situ 

(Cheng et al., 2012). 
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2. REVIEW OF LITERATURE 

State of the art of biomineralization 

According to the review article of Willem De Muynck (2010.a) and the extensive study of the 

further articles in this subject it was clear, that large-scale application of biomineralization in 

the construction industry is rather a future perspective. However, there is a French company 

(Calcite Bioconcept), which has been using the biomineralization technique for the treatment 

of facades in Paris and the Parisian Basin, most of the applications and experiments are done 

by microbiologists and engineers among laboratory circumstances.  

The reason of this is that the biomineralization technique is very case-sensitive, thus its 

efficiency is largely dependent on the environmental circumstances of the site of application. 

Another reason is that yet only a few detailed experiments and results are available on large-

size applications and on the durability of the treatment (De Muynck et al., 2010.a). Moreover, 

in case of an in situ experiment far less opportunities are available for sampling and 

measuring the effects of a biomineralization treatment, than in laboratory. For example Le 

Métayer-Levler et al. (1999) have reported on the effects of a large-scale treatment on the 

Thouars church tower, but only rate of water absorption and changes in chromatic aspect of 

the treated and intact surfaces were evaluated. Large-scale application is further hampered by 

the lack of results obtained from identical measurements. Some experiments have been 

performed according to international standards, but almost all the researchers are doing 

experiments with different microbes, biomineralizing compounds on different stones and 

under versatile circumstances considering national standards. This way the results of the 

measurements cannot be directly compared to each other (De Muynck et al., 2010.a). In 

addition, application of the biomineralizing treatment in industrial scale is dependent on 

economic aspects, too. (Castanier et al., 1999). 

The present state of art in applied biomineralization is that international research groups 

are analyzing the effect of biomineralization from as many aspects as possible. Since the 

microbiology of the microbially induced carbonate precipitation has been very well based by 

several authors (e.g. Castanier et al., 1999; Hammes and Verstraete, 2002), researchers are 

focusing mostly on application tests (De Muynck et al., 2010.a).  

Literature available on the field of biomieralization was processed according to the 

objectives of the research (Chapter 1.), i.e. performance of application tests in five different 

fields. Therefore results of previously reported experiments were sorted and grouped by their 

objectives. According to this, the following groups of results were established: 
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1. Changes in mass properties 

2. Water absorption and capillary absorption 

3. Chromatic aspects 

4. Absorption of the bacteria in the porous matrix 

5. Cementing effect 

This Review of Literature contains codes (like M3, CC) of different, standard liquid curing 

compounds. Composition of these liquid compounds is detailed in Table I. in Chapter 3., 

Materials. Signs + and – show whether the liquid compound contains bacteria (= inoculated, 

marked with +), or not (= non-inoculated, marked with –). 

Review of Literature is evaluated and summarized at the end of each Sub-Chapters 

(Chapters 2.1.-2.5.), under the sections “Evaluation and considerations”. These sections 

present the most important considerations (marked with bold letters in italic), based on the 

evaluation of the literature review regarding the five above written aspects. 

2.1. Effect of the treatment on the mass properties of the specimens 

The standard and basis measurements on the effect of biodeposition are the measurements on 

the mass-properties, thus changes in dry mass, total- and apparent porosity and density. They 

give information on the efficiency of the treating compound (namely the carbonatogenic 

yield), and influence the water absorption characteristics, the mechanical properties as well as 

the durability of the treated material. Measurements on mass properties are sometimes 

complemented with phase analysis, thus X-ray diffraction (XRD) and thermo analytical 

analysis (TG/DTG/DTA), in order to analyze the crystallography and mineralogy of the 

precipitated solid matter. 

The first type of experiment was the measurement of the gain in mass of the treated 

specimens due to the treatment. Gain in mass can be associated with the amount of calcium 

carbonate precipitated by the bacteria. The ‘carbonatogenic yield’ (or calcium carbonate 

yield) of different bacterial strains can be defined as the ratio of the weight of organic matter 

input to the weight of calcium carbonate produced (Le Métayer-Levler et al., 1999). Castanier 

et al. (1999) reached a ratio of 0.6 in laboratory in agitated water bath at 20°C with the B. 

cereus, meaning 60% of efficiency. Other strains displayed carbonatogenic yield of 0.2 to 0.5.  

Experiments evaluating gain in mass were performed in laboratory first by Rodriguez-

Navarro et al. (2003). In their sterile laboratory experiment sterilized pieces of highly porous 

limestone were immersed in a mixture composed of benthic foraminifera, red algae, and 

fragments of bivalves and echinoderms. Specimens were immersed in 5 (small specimens) 
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and 100 ml (large s.) of M. xanthus-inoculated (+) and non-inoculated (-) M3+/- and M3P+/- 

compounds, and they were incubated for 30 days either under steady state- or shaking 

conditions. Weight increases up to 3 m/m% (shaking condition, small specimens) and up to 2 

m/m% (steady state, large specimens) were measured with the inoculated curing compounds. 

Compound M3P performed better, than M3. Control samples (immersed in M3-) displayed no 

newly formed carbonates because of the absence of M. xanthus inoculation (according to 

SEM observation). However, gain in mass due to chemical precipitation was measured on the 

control samples to be 0.5-0.8 m/m% (shaking) and about 0.1 m/m% (steady). Before the 

measurement, specimens were rinsed three times with distilled water, but amount and 

duration is not mentioned.  

Jimenez-Lopez et al. (2008) treated their specimens by immersion for 30 days. In their 

experiment both sterile and non-sterile specimens were tested in M. xanthus-inoculated and 

non-inoculated M3, M3P and CC compounds. After the treatment and before the 

measurement of gain in mass the specimens were rinsed two times with distilled water. Gains 

in mass achieved with the compounds in a decreasing order were: non-sterile stone immersed 

in M. xanthus-inoculated culture medium (up to 3.2 m/m%); non-sterile stone immersed in 

sterile culture medium (up to 3.15 m/m%); sterile stone immersed in M. xanthus-inoculated 

culture medium (up to 2.9 m/m%); and finally, sterile stone immersed in sterile culture 

medium (up to 1.3 m/m%). The best-performing compound was M3, followed by M3P and 

CC. It was shown that high gain in mass values can be achieved with non-sterilized 

specimens, and gain in mass can be achieved with non-inoculated curing compounds and 

sterile specimens, too. Moreover, the microbial community inhabiting the stone appeared to 

favour calcium carbonate precipitation in a more efficient way than the M. xanthus added to 

the stone, which is probably related to the higher size of bacterial population of the former.  

De Muynck et al. (2010.b). immersed Euville limestone specimens (not sterilized, but 

dried at 80°C) with 15.8±0.17% open porosity in B. sphaericus-inoculated treating 

compounds containing different concentrations of calcium chloride and urea, for 4 days. 

Weight increases of about 1.2 m/m% to 5.7 m/m% were measured on the inoculated 

specimens, and about 0.1 m/m% on the control specimens, too. It was shown, that lower 

concentrations of the components lead to higher carbonatogenic yield (75 m/m% for the 2.5 

g/l urea and 12.5 g/l CaCl2·2H2O compound; 33 m/m% for the 40 g/l urea and 100 g/l 

CaCl2·2H2O). These values were obtained by dividing the experimentally observed gain in 

mass with the theoretical maximum gain in mass, expressed in m/m %. Theoretical maximum 
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gain in mass was calculated from the concentration of total ammonium nitrogen (TAN) and 

calcium. They also found, that weight increase can be enhanced upon increased number of 

applications of the treating compound, but the yield is decreasing with the increasing number 

of applications. Specimens were not rinsed with distilled water after the treatment, thus 

contribution of the organic components to the gain in mass was not evaluated. 

De Muynck et al. (2011) performed another series of experiments were under stationary 

and nonsterile conditions, with non-sterile specimens within 7 days (4 days immersion, 3 days 

drying at room temperature). They found that the biomineralizing treatment produces more 

calcium carbonate in more porous stone. In the least (Massangis) and most (Avesnes) porous 

stones, absolute (and relative) gains in mass of about 0.27 g (1.49 m/m%); and 0.61 g 

(4.51m/m%) were observed, respectively. The authors attributed this effect to the larger 

amount of carbonate absorbed by the more porous stones after 1 day of immersion in the 1-

day-old culture of B. sphaericus. Parallel to the biodeposition treatments, they immersed 

control specimens in either non-inoculated medium (nutrients and calcium salts) or in 

bacterial culture liquid (bacteria in culture liquid series). They achieved gain in mass on the 

control specimens, too, and found, that nutrients, salts and the culture liquid account for a 

maximum of only 36 m/m% and 13 m/m% of the total gain in mass, the other 64 m/m% and 

87 m/m% result from the microbial precipitation. 

Jroundi et al. (2012) treated non-sterilized limestone specimens outdoor with M3 treating 

compound by capillary absorption, over 7 days in summer. Treating compound was either 

inoculated with M. xanthus, or was applied without inoculation into the stones in order to 

activate bacteria inhabiting the specimens. Specimens were protected from sunlight and wind. 

Gains in mass were measured on all the treated specimens, ranging from 0.6 to 2.0 m/m %, 

also on the specimens treated with sterile, non-inoculated M3 curing compound too, which 

demonstrates the activity of the bacteria inhabiting the stone. Amount of the applied curing 

compound or cleaning of the specimens is not referred. 

Influence of the temperature and selection of the bacterial strain on the gain in mass due 

to the treatment was also evaluated by De Muynck et al., (2012). In their experiment 

performance of S. psychrophila, S. pasteurii and B. cereus were evaluated at 10, 20, 28 and 

37°C, after 4 and 9 days of treatment on porous limestone immersed in biomineralizing 

compound. They reported increase in gain in mass with increasing temperatures between 10 

and 28°C, and attributed this effect to the influence of temperature on the rate of urea 

hydrolysis. Dependent on the temperature and strain, relative gain in mass of 0.54-3.06 m/m% 
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were measured after 4 days, and 0.82-4.10 m/m % were measured after 9 days showing, that 

microbial activity is still high after four days. No control specimens were involved in the 

experiment to analyse effect of the non-inoculated curing compound on the gain in mass, and 

rinse of the specimens was not referred. 

The weight increase was tested on less porous materials, too, by De Muynck et al. 

(2008.b), who tested the effect of a treatment on mortar mixtures with different w/c ratios of 

0.5 to 0.7. In this experiment cubic mortar specimens of 1 cm
3
 were immersed in 10 ml of 

curing compound for 3 days. Higher w/c ratio, thus higher porosity of the specimens were 

found to result in increased gain in mass. Moreover, second feeding of the bacteria further 

enhanced the gain in mass, and in a higher extent, than the first one.  

Concerning the phase analysis of the precipitated matter, only XRD tests were carried 

out on bio-treated specimens. Until now, no TG/DTG/DTA measurements have been carried 

out on the bio-precipitated matter, in spite of the fact, that this measurement is suitable for 

quantitative analysis of the precipitated matter, too.  

Rodriguez-Navarro et al. (2003) performed experiments on limestone pieces obtained 

from treated samples. They reported formation of vaterite (CaCO3) in samples cultured in M. 

xanthus inoculated M3 medium. Smaller quantities of vaterite were found in the large samples 

cultured in M. xanthus inoculated M3P medium under stationary conditions. Any calcite 

produced by bacterial activity was masked by the calcite that already existed in the 

calcarenite. However, precipitates on the walls of the vessels that contained uninoculated 

control samples displayed minimal quantities of poorly crystalline hydroxylapatite 

[Ca5(PO4)3(OH)] as well as an undetermined amorphous phase. The latter phase was 

evidenced by a broad XRD reflection with high background noise.  

Jimenez-Lopez et al. (2008) found vaterite precipitated on porous limestone slabs 

immersed in M. xanthus inoculated M3 and CC medium, while only calcite precipitated in 

M3P runs, irrespective of the presence of M. xanthus. Quantification of the amount of the 

precipitated vaterite (which were present in the overgrowth in CC and M3 runs) was not 

possible, given the relatively small amount of overgrowth compared to that of the substrate 

and the small XRD reflectance of the vaterite. 

Both De Muynck et al. (2008.a) and Jroundi et al. (2010) reported to reveal calcium 

carbonate crystals precipitated by bacteria. XRD pattern of the crystalline layer which was 

present on the surface of mortar cubes (treated with mixed cultures, nutrient broth and 

calcium chloride) showed presence of calcite and vaterite in the samples. Plates of M3P solid 
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culture medium inoculated with several 20 μl drops of pure bacteria cultures were incubated 

at 28°C for one week. Once crystals were detected by optical microscopy, they were 

harvested, rinsed twice in distilled water, dried at 37°C and then analyzed by X-ray 

diffractometer (XRD). Result of the measurement was identification of a mixture of calcite 

and vaterite. 

Jroundi et al. (2012) reported results of XRD measurements obtained from crystals grown 

on solid M3 culture medium by stone-isolated bacteria. The only result they reported was that 

crystals precipitated by the isolated bacteria showed calcite as the main mineralogical phase. 

Porosity and pore-size distribution of the specimens (before treatment) are often 

referred, but effect of the gain in mass of the specimens on their apparent porosity and the 

pore-size distribution is rarely evaluated by the authors. Rodriguez-Navarro et al. (2003) 

reported that MIP results showed no significant changes in porosity or pore size distribution 

when comparing treated and untreated (control) samples. They also questioned, whether this 

technique is accurate enough to detect the slight porosity reductions induced by vaterite 

and/or calcite (and the eventual bio-film) growth on the pore walls of treated samples.  

Changes in stone porosity and pore size distribution were also reported by Jimenez-Lopez 

et al (2008). They measured non-sterilized porous limestone slabs treated with Myxococcus 

xanthus inoculated / non-inoculated CC, M3 and M3P liquid compounds. According to their 

results on the porosity by MIP, the treated, non-sterilized slabs maintained the porosity and 

pore size distribution of the original stone (pore size distribution – significant radii: ~0.1 μm, 

~3 μm, and ~21 μm), although the size of the bigger pores was slightly reduced in those 

specimens immersed in CC culture medium (pore size distribution: ~0.2 μm, ~3 μm and ~17 

μm). They also demonstrated that the stone sterilization process (steaming with flowing 

vapor) alters the stone porosity. Dick et al. (2006) reported, that treated porous limestone 

specimens showed significant decrease in rate of water absorption, but after 2 days all 

specimens reached the same saturation level (64±4%). This suggests, that extent of the effect 

of the precipitation is very small on the open porosity, and hard to be detected by water-

saturation tests, in an indirect way.  

De Muynck et al. (2010.b) reported that they were unable to detect any changes in 

porosity as a result of the biodeposition treatment with help of the MIP. They attributed this to 

the large variations in the intrinsic porosity and pore size distribution of untreated Euville 

limestone, and the fact, that precipitation occurred mainly on the surface of the stone 

(confirmed by the thin section and SEM analyses). In 2011, De Muynck et al. (2011) tested 
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the effect of biomineralization on several types of porous limestone. With help of 

microtomography (MCT) they showed that biodeposition can occur inside the specimen, too, 

dependent on the pore-size distribution. Moreover, by comparing pore-size distribution 

obtained by MCT and MIP they showed that MIP underestimates the amount of macropores. 

However, changes in porosity or pore-size distribution due to the treatment were neither 

qualified, nor quantified in the article. 

The ability of the bacteria to alter the pore-size distribution of the absorbing matrix is 

highly dependent on the adsorption (adhesion) of the bacteria to the capillary pore wall 

(Samonin et al., 2004). For the reduction of pore-diameter bacteria should favor attachment to 

the pore walls during the capillary absorption of the inoculated curing compound by the 

specimen. Samonin et al. (2004). They performed experiments on the adsorption (adhesion) of 

bacterial cells on porous, organic and inorganic materials with wide range of pore-size 

distribution, pore radius, absorbing volume and surface area. They summarized several factors 

influencing the adsorption of bacteria: composition of the medium, its pH, environmental 

conditions, age and the physiological state of cells, structures of bacterial cells (flagella and 

other appendages. They found that the optimal range of radius of adsorbent pores for the 

maximum adsorption of Acinetobacter sp. (cell size: 1.0−1.5 μm and multiply by fission) cells 

is 2.0–4.5 μm; and for the B. mucilaginosus (cell size: 1.2–1.4 × 4.0–7.0 μm) is 3.0–4.0 μm, 

respectively, thus 2-5 times larger than the smaller dimension of the cell. Minimal specific 

area and the volume of macropores was reported to be  0.001 m
2
/g and 0.001 cm

3
/g, 

respectively. High adsorption of microbial cells on adsorbents with narrow pores (<0.3 μm in 

radius) suggests that the cell flagella are involved in cell adsorption. 

Evaluation and considerations - effect on the mass properties 

Gain in mass of the specimens is dependent – among others – on the size, type and pore-

structure of the specimen, amount and composition of the treating compound added to the 

stone, as well as the intensity of the microbial activity, thus the efficacy of the bacteria to 

produce calcium carbonate from the source materials. Intensity of the microbial activity of 

these is dependent on several parameters such as choice of the bacteria, temperature, 

humidity, accessibility of the nutrients and oxygen (for the aerob bacterial strains), etc. 

Therefore direct comparison of the results of the above detailed measurements is not possible 

(De Muynck et al., 2010.b).  

Method of the treatment was constant immersion under laboratory circumstances in 

most of the referred cases (Rodriguez-Navarro et al., 2003; Jimenez-Lopez et al., 2008; De 



EFFECT OF BIOMINERALIZATION ON POROUS LIMESTONE   Chapter 2 

PhD Thesis  REVIEW OF LITERATURE 

by Péter JUHÁSZ   

 

 

22 

 

Muynck et al., 2010.b). In case of the ‘quasi - in situ’ treatment specimens were highly 

protected, and were affected only by the changes of temperature. According to the literature, 

weight-increase has not yet been evaluated under realistic application- and environmental 

circumstances. In case of in-situ applications on buildings, constant immersion or saturation 

of the stone materials is not possible, and surfaces cannot be protected against the 

environmental circumstances (wind, temperature, drying of the surface) without great efforts. 

Efficiency of the treatment is based on the ‘carbonatogenic yield’ calculated from the gains in 

mass and the theoretical possible amount of precipitation (Le Mátayer-Levler et al., 1999). 

However, in case of a treatment by immersion it is hard to quantify how much solved 

chemical took part in the bio-deposition and how much left in the solution. Considering the 

effect of inoculation it was shown, that higher gain in mass can be achieved with bacteria-

inoculated curing compounds, but non-inoculated curing compounds also cause gain in mass 

to the specimens. Moreover, gain in mass was measured on sterilized specimens treated with 

sterile (non-inoculated) curing compound, too, suggesting chemical precipitation from the 

liquid compound (Rodriguez-Navarro et al., 2003; Jimenez-Lopez et al., 2008). This 

phenomenon was rarely taken into consideration when gain in mass achieved by inoculated 

curing compounds was evaluated. The situation is the same concerning the rinse of the 

specimens. Rinse the leftovers out of the specimens is not referred in most of the articles (De 

Muynck et al., 2010.b; Jroundi et al., 2012), despite the fact, that mass of these soluble end-

products highly contribute to the weight-gain measured on the specimens. 

Results obtained with the XRD suggest, that precipitation of calcium carbonate crystals 

occur regardless on the bacterial contribution. However, precipitation of calcium carbonate 

requires the presence of bacteria (Jimenez-Lopez et al., 2008). Besides the calcium carbonate 

crystals other solid phases, such as hydroxilapatite and undetermined amorphous phases also 

precipitated from the inoculated curing compounds (Rodriguez-Navarro et al., 2003). Until 

now, out of calcium carbonate only one phase (hydroxilapatite) was identified within the 

precipitated matter, and only from a non-inoculated curing compound.  

 Concerning the changes in porosity, there are no references on quantitative 

measurements performed on the same specimens before and after the treatment. The authors 

suggested that changes in porosity and pore-size distribution can be visualized (by SEM 

and/or thin section analysis), but they are hard to be quantified or qualified (Dick et al., 2006; 

Jimenez-Lopez et al, 2008, De Muynck et al., 2010.b). However, adsorption ability of the 

bacteria to the pore-walls, thus lowering of the pore-diameter due to the precipitating activity 
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of the adsorbed bacteria, can be associated with the pore-diameter (Samonin et al., 2004; 

Jimenez-Lopez et al, 2008). 

Regarding the facts mentioned in this section, results of the above mentioned experiments 

cannot be compared to each other quantitatively or qualitatively. 

In the view of this, my questions to be answered were: 

1. How rinse of the specimens affect the gain in mass? 

2. How expectable remaining (netto) specific gain in mass of the specimens treated 

under non-sterile circumstances, ‘quasi - in situ’ depends on the type of 

treatment? 

3. How inoculation or non-inoculation of the curing compound affects the 

performance of the treatment? 

4. How much calcium carbonate is precipitated from a curing compound with given 

composition? 

5. In what extent pore-size distribution of the specimens is altered by the 

treatment? 

2.2. Effect of the treatment on the water absorption properties 

Changes in water absorption properties due to the biomineralization treatment have been 

evaluated by several methods and by several authors. Methods include (i) Karsten-pipe 

measurements, (ii) measurements with contact-sponge, (iii) immersion and capillary water 

absorption-test, (iv) vacuum-saturation and calculation of relative saturation rate, as well as 

(v) water absorption-test in time with a (vi) supplementary test of drying behavior upon 

evaporation. 

Karsten-pipe measurements were performed both in situ on a bio-treated vertical 

limestone wall (Le Métayer-Levler et al., 1999) and in laboratory on bio-treated concrete 

specimens in horizontal position with a standing pipe (Heirman et al., 2003). In the first case 

decrease of the surface permeability was measured after the treatment, with help of water pipe 

(presumably a Karsten-pipe). In the second case vertical Karsten-pipes were used, and no 

differences were measured between the treated and non-treated surfaces in the absorbed 

volume of water in time. Amount of the water and dimensions of the pipes were referred.  

The contact-sponge method measures the initial water absorption of a porous material. 

During the measurement loss of mass of a water-saturated sponge is measured, which is 

pressed onto a porous stone surface, and loses water due to capillary water absorption of the 
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material. The sponge is pressed onto the wall for a certain amount of time, and its mass is 

weighted at time intervals of 30, 60, 90 etc. seconds (Vandevoorde et al., 2009). This method 

showed significant decrease in the intensity of the water absorption compared to the original 

state after application of organic matrix macromolecules into the stone inducing biodeposition 

(Tiano et al., 2006).  

Immersion and water absorption tests measure the mass of the absorbed water after a 

certain amount of time. Tiano et al. (1999) measured capillary water absorption on oven-dried 

specimens stood on a filter-paper pack, before and after the treatment, measured on stone 

samples cut out from sound quarry blocks of Pietra di Lecce. For the treatment 4 ml of either 

inoculated (B. subtilis and Micrococcus) or non-inoculated curing compounds were brushed 

on the upper surface of the specimens, and they were fed with 1 ml of sterile nutrient B4 in 

every 24 hours for 15 days. Significant decrease in the mass of water absorbed in 20 minutes 

was observed in both cases. This showed that porosity of the stone was reduced in case of the 

non-inoculated compound due to the presence of high amounts of biological matter, 

physically hindering the movement of the water. Thus real efficiency of the treatment in 

decreasing the amount of absorbed water due to the presence new calcite crystals should be 

reduced of about 50%.  

Measured on Euville limestone, Dick et al. (2006) reported, that the same saturation level 

of 64±4% was obtained after 2 days on the treated and non-treated samples suggesting, that 

open porosity of the samples did not change. However, separate groups of treated and non-

treated samples were compared. Therefore the results do not allow direct comparison of the 

saturation levels, thus evaluation of the effect on the water-uptake and the porosity. 

De Muynck et al. (2008.a) reported decrease of capillary water suction upon application of 

sterile (non-inoculated) and B. sphaericus-inoculated cultures on mortar cubes. Specimens 

were treated by immersion and with different curing compounds, and the changes in capillary 

absorption rate were expressed with the relative capillary rate index (ICr, Peruzzi et al. 

(2003). Bacteria-inoculated compounds performed better (ICr=0.11-0.17), than non-

inoculated ones (ICr=0.28-0.75), suggesting, that bacterial activity highly contribute to the 

decrease of water absorption. It is remarkable, that non-inoculated compounds also decreased 

the capillary water absorption, It is also noticeable, that differences were evaluated on 

separate groups of specimens.  

Water absorption in time and calculation of the water absorption rate coefficient (or 

sorptivity coefficient), k in cm/s
0.5

 was first evaluated in connection to the biodeposition by 
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De Muynck et al. (2008.b) on mortar specimens. By using B. sphaericus with CaCl2 or 

calcium-acetate for the treatment they achieved approximately 30-80% of decrease in the 

values of the k-coefficient.  

De Muynck et al. (2011) reported 2 to 20 times smaller water absorption coefficients of the 

treated porous limestone (3 types) specimens compared to the non-treated ones. Specimens 

were treated by partial immersion into the curing liquid. The largest difference was observed 

on the Savonniéres type of porous limestone, characterized by 30.92±0.14% high open 

porosity and large amount of macropores (higher, than 100 μm pore diameter). Rate of drying 

was also reported to decrease by the treatment in all types of limestone, but differences were 

not evaluated between the different types of stones. 

De Muynck et al. (2012) reported decrease of water absorption upon storing the specimens 

under increasing temperature ranging from 10 to 37°C and applying different strains of 

bacteria. Highest decrease in water absorption (approx. 36.3 m/m%) measuring after 4 hours 

was achieved with B. sphaericus, while with other strains 29 and 25 m/m% was achieved. 

Evaluation and considerations - Effect on the water absorption properties 

From the wide range of methods, measurements of the changes of water absorption in time 

turned out to be an efficient tool for the quantification of the efficacy of bio-based treatments 

– either measuring by capillary absorption or the contact-sponge method (Vandevoorde et al., 

2009; De Muynck et al., 2008.b.). Karsten-pipe measurements are rather suitable for materials 

with low absorption-coefficients, since porous limestone starts to soak water during the 

filling-up of the pipe. Different from the measurements on the gain in mass, the effect of the 

non-metabolized organic and inorganic leftovers trapped in the specimens is shown by the 

referred measurements, since non-inoculated curing compounds also decrease the sorption 

coefficient k (De Muynck et al., 2008.a). Rate of the water absorption was evaluated on 

separate groups of control (non-treated) and treated samples, thus not the same specimens 

were evaluated before and after the treatment. This causes distortion in the comparison of the 

results (De Muynck et al., 2008.a, 2011; Dick et al., 2006). Thus differences in the different 

states of the treated samples (intact, treated, and treated and rinsed) have not yet been 

evaluated. From the practical point of view, treatment by immersion referred in the above 

mentioned experiments is not a ‘lifelike’ way of application, but it largely affects the water 

absorption characteristics.  Application of the curing compound by capillary sorption through 

the stone surface is a more practical way of treatment, and in this case distribution of the 

solved matter and the bacteria might differ from that is achieved as result of a treatment by 
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immersion. Finally, capillary elevation of the water and its changes due to a treatment has not 

yet been evaluated by any of the authors. 

In the view of this, my questions to be answered were: 

By measuring changes on the same specimens, treated by capillary absorption: 

1. Are changes in the rate of water absorption caused by different treatments can be 

quantified? 

2. Is repeated rinse of the specimens after the treatment affects the rate of water 

absorption? If yes, in what extent? 

3. Are the changes in the rate of water absorption typical to the type of the 

treatment (inoculated compound, dosage of the compound)? 

4. Does treatment by capillary absorption affects the distribution of the solved 

matter inside the specimen? 

5. How rate of capillary elevation changes due to the treatment? 

2.3. Color variations and chromatic changes 

Significant altering of the chromatic aspect or development of different patterns on the surface 

is highly undesired in case of in situ treatments of building facades (Hansen et al., 2003). 

During bio-based treatments organic and inorganic materials are added to the stone, which 

serve as nutrients and sources for the calcium carbonate precipitation. During the microbial 

activity metabolic end-products are secreted, which might cause discoloration to the stone 

surface. Moreover, the added materials can activate other microorganisms which are present 

in the stone. As an example growing bodies of alga, mould or fungi cause patches with 

various color from green, red white to dark brown, black  (ICOMOS-ICS, 2008). However, 

undesired microbial growth can be prevented by addition of e.g. fungicides to the curing 

compound. 

Alteration of the chromatic aspect between the intact (original) and the treated state of the 

surface can be quantified with help of a spectrophotometer. With help of this equipment 

values of the CIELAB system, namely a*, b* and L* are measured. From these values the 

total color difference, ΔE is calculated as follows (Pitts et al., 1998):  

ΔE = √                                     

(2) 

ΔE is considered to be perceptible to the human eye, when its value is higher, than value ‘6’ 

(Wetenschappelijk en Technisch Centrum voor het Bouwbedrijf. 2002 – Dutch article, 
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referred in De Muynck et al., 2011). Thus, ΔE values below 6 are considered to be acceptable 

for surface treatments on stone. 

Measurements on the influence of a bio-based treatment on the chromatic aspect of stone 

surfaces were first reported by Le Métayer-Levler et al. (1999). They performed a 

measurements in situ on the tower of a church in Thouars on a surface area of 50 m
2
. 

Measurements were carried out on the eastern and on the southern façade of the tower, on 

Tuffeau limestone. The total color difference compared to the original shade was determined 

6, and 12 months after the treatment. According to their results, ΔE values either increased or 

decreased with time, but remained under value ‘5’ 12 months after the treatment on both 

façades.  

Tiano et al. (1999) referred on discoloration of Pietra di Lecce stone treated with 

inoculated (B. subtilis and Micrococcus) or non-inoculated curing compounds. The results 

showed slight decrease of the lighting component (L
*
) on all the treated specimens, but the 

measured total color difference was reported to be inappreciable for the human eye. 

Notwithstanding, presence of black and red patches were observed along the lateral faces of 

the specimens due to growth of airborne fungal contaminants. Tiano et al. (2006) referred on 

combined results of chromatic measurements performed in laboratory and in situ, partly with 

bio inducing organic macromolecules. Only negligible changes of color or lighting 

component were measured.  

De Muynck et al. (2008.a) observed chromatic changes on mortar and concrete specimens 

due to bacterial and conventional treatments. Pure B. sphaericus cultures or ureolytic mixed 

cultures (mixed together with five different source materials) were usedm which were gently 

brushed onto the surface of the specimens. In the case of ureolytic mixed cultures, addition of 

a calcium source led to changes in the chromatic aspect of the surface compared to cubes 

treated with urea and nutrient broth alone. In case of pure cultures of B. sphaericus, the 

presence of nutrient broth resulted in clear differences in treatments with calcium chloride and 

urea. Only two treatments of the 10 resulted in ΔE values higher than ‘6’. Changes in L
*
 

values were not reported. 

Jroundi et al. (2010) performed color measurements before and after treatment on porous 

limestone in situ. Three sectors were treated by spraying with either (i) distilled water 

(control), (ii) sterile M3P curing compound (M3P-) or (iii) M3P curing compound inoculated 

with M. xanthus (M3P+). Total volume of solutions applied on the three sectors was 1.0–1.5 

ml/cm
2
. It is noticeable and should be considered in case of an in situ treatment that changes 
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of ΔE values were measured on the control sector, too (2.6-9.1; n=5). Compared to the results 

from the other two sectors (M3P-: 2.7-16.1; n=3) and M3P+: 1.2 - 6.4; n=4)), no perceptible 

changes in the chromatic aspect were achieved. No significant changes of the L
*
 values were 

measured, either. 

In the same year, De Muynck et al. (2010.b) reported on an experiment, where increasing 

dosages of calcium chloride and urea were added to the porous, roughly granulated Euville 

limestone specimens. According to the result, for concentrations over 5.0 and 12.5 g/l urea 

and calcium chloride, respectively, the biodeposition treatment resulted in ΔE values higher, 

than ‘6’. These ΔE values were attributed to the increasing amounts of calcium carbonate 

precipitated on the surface of the stone. However, changes in the chromatic aspect were 

observed for the nutrient series, too. Besides the effect of urea and calcium chloride, a large 

part of the change in the visual appearance was contributed as a probability to the presence of 

yeast extract (orange color when powder), which gives the growth medium a yellow-brownish 

color. Since the treated surface appeared homogeneous with respect to color, and the color 

was similar to the untreated stone, differences in visual appearance were declared to be 

acceptable – despite the fact that their ΔE values higher, than ‘6’. Changes in L
*
 values were 

not significant. The use of alternative growth medium was proposed to decrease the change in 

visual appearance. Amount of the curing compound was not reported. 

De Muynck et al. (2011) performed an experiment on five different types of porous 

limestone. In that experiment urea (20 g/l) and calcium chloride (50 g/l), and nutrients with 

yeast extract were used for the control series. Total color difference (ΔE) was observed to be 

dependent on the type of stone. However, no relationship was found between the degree of 

color change and the amount of carbonate precipitated (in contrast to De Muynck et al. 

(2010.b). Total color differences ranged between 6.3-16.2, showing appreciable change in the 

chromatic aspect of the stone. This effect was also contributed to the orange color of the yeast 

extract. 

 

Evaluation and considerations - effect on the chromatic aspects 

According to the above detailed results it is clear, that discoloration of the treated stone is 

dependent on the several factors, such as: (i) type of the stone (or porous material) (Le 

Métayer-Levler et al., 1999), (ii) composition of the curing compound (De Muynck et al., 

2008.a), (iii) mean of the treatment, (iv) dosage of the curing compound (amount per surface 

area), (v) color of the components (De Muynck et al., 2010.b), (vi) environmental factors such 
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as storing of the specimens and exposure of the surface (Jroundi et al., 2010), (vii) the elapsed 

time between the treatment and the measurement, as well as (viii) presence of other microbes, 

other than those applied on the treated material (sterility in laboratory vs. possible 

contamination in case of in situ treatments). Moreover, application of non-inoculated 

compounds sometimes also causes appreciable discoloration, showing, that bacterial 

contribution is not always necessary for the alteration of the visual aspect. In case of an in 

situ treatment (or control treatment with water) alteration of the chromatic aspect of the stone 

surface can be expected due to the environmental conditions (air pollution, rainfall, etc.) 

(Jroundi et al., 2010).  According to the literature the use of yeast extract should be avoided, 

and finding and using an alternative growth medium to decrease the change in visual 

appearance is highly desired (De Muynck et al., 2010.b). 

In the view of this, my questions to be answered were: 

1. What are the differences in the effect of different liquid curing compounds 

referred in the literature on the appearance (color, shade) of the stone, when they 

applied on identical stone surfaces under identical dosage and circumstances? 

2. Is there any alternative growth medium to be used in order to decrease or avoid 

the perceptible changes in the visual appearance of the treated surface? 

2.4. Migration of the bacteria the in porous stone 

One of the minor fields of research on biomineralization is evaluation of the effective depth of 

the treatment, i.e. the maximum depth in which production of bacterial calcium carbonate 

occurs. Determination of the effective depth yet has been based only on the evaluation of 

empirical results obtained from biomineralizing experiments, and on hypotheses. For 

example, it was believed that use of bacteria showing gliding motility result in a larger 

penetration depth (De Muynck et al., 2010.b). However, this hypothesis has not yet been 

experimentally confirmed.  

Microbial calcium carbonate precipitation can only occur in an environment, where 

bacteria are present. Without bacterial contribution chemical precipitation occurs from the 

sterile curing compound, in a lower extent (De Muynck et al. 2011). Until now indicator of 

the effective depth of the treatment was the presence and distribution of the newly formed 

calcium carbonate crystals (which only form in the presence of bacteria) in the specimen. 

These crystals were first analyzed by scanning electron microscopy (SEM) on porous 

limestone by Rodriguez-Navarro et al. (2003). Calcium carbonate crystals down to nearly 1 
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mm were observed in the porous system of the stone immersed in M3 medium, and coarse 

cement composed of calcite rombohedra developed in inoculated M3P medium, fully 

covering the pore walls down to a depth of 0.5 mm. Jimenez-Lopez et al. (2008) reported 

formation of vaterite globule inside a pore of porous calcarenite stone immersed in the same, 

aforementioned media at a depth of 3 mm, determined by scanning electron microscopy. De 

Muynck et al. (2010.b) were able to observe precipitation at up to 1 mm depth by means of 

thin section analyses (by optical microscopy) of Euville limestone treated by immersion with 

urea and calcium chloride. However, they reported that such analyses are rather difficult, 

since the newly formed layer has the same composition as the stone matrix. Bacterial origin of 

the precipitates could be observed only because of the presence of some bacterial remains. 

Séverine et al. (2010) tested the Calcite Bioconcept method on gypsum plaster, and estimated 

the depth evolution of the calcite and salts phases from the variations in integrated intensities 

of X-ray absorption. They reported that salt and calcite were present only in the superficial 

layer.  

Eventually, De Muynck et al. (2011) analyzed the effective depth and the bacterial 

products with help of microtomography (MCT) on five different types of porous limestones. 

They reported effective depth with MCT between 0.3 mm to 2 mm, dependent on the stone 

type, growing with the presence of macropores. It was not verified, whether the visualized 

precipitation is calcium carbonate or leftovers of organic and inorganic materials from the 

compound. 

Results associated with calcium carbonate precipitation recorded during the above 

mentioned analyses seem to be rather difficult to verify due to the presence of large amount of 

nutrients introduced into the stone, as well as the identical composition of the treated material. 

For this reason, as well as the fact, that intense microbial calcium carbonate precipitation 

requires the presence of adequate bacteria, indirect estimation of the effective depth is 

possible by determination of the distribution of the bacteria inside the porous matrix 

after the treament. An example for this approach is the experiment done by De Muynck et al 

(2008.b). In their experiment amount of bacterial spores of Bacillus sphaericus were 

quantified. Ground samples obtained from different depths (from 0 to 10 mms) of the mortar 

specimens were solved in physiological solutions, poured on agar plates, and then were 

counted after incubation. They found different concentrations of bacterial spores at different 

depths inside the mortar specimens, ranging from 0.17±0.17 to 3.18±1.48 times 10
3
 spores per 

gram of mortar. Mortar with higher w/c (0.7) contained more spores than that of prepared 
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with 0.5 w/c in most of the cases. 

Since bacteria, organic and inorganic components are carried into the porous matrix of the 

stone by capillary absorption of the curing compound, extensive preliminary analysis of the 

dynamic absorption characteristics of the stone is desirable. Until now, capillary absorption 

properties of the treated porous materials were not measured before or during the treatment, 

thus they were not related to the migration depth or to the distribution of the bacteria inside 

the treated specimen. However, such a measurement would enable the better understanding of 

the observed distribution of the bacteria. 

Evaluation and considerations - Migration of bacteria: 

According to the above detailed results it is clear, that direct methods (SEM, optical 

microscopy, MCT) aiming to reveal and analyze the product of the bacterial activity, i.e. 

calcium carbonate precipitation on limestone often give questionable results (De Muynck et 

al., 2010.b and 2011). Indirect method based on the analysis of the distribution of the 

bacteria inside the treated specimen seems to be a promising tool for the determination of the 

migration depth of the bacteria (De Muynck et al., 2008.b). Moreover, capillary absorption 

properties of the treated material should be related to the distribution of the bacteria inside the 

specimen after the treatment. 

In the view of this, my questions to be answered were: 

1. Is it possible to analyze the migration of the bacteria by an indirect method? 

2. Is the migration height of bacteria is dependent on the capillary absorption 

properties of the stone specimen? If yes, how? 

3. Does concentration of the bacteria in the liquid curing compound affects the 

migration of the bacteria? If yes, how? 

4. Does volume of the bacteria-inoculated curing compound applied in the specimen 

affects the migration of the bacteria? If yes, how? 

2.5. Binding effect of a biomineralizing treatment 

Powdering is a very common form of deterioration of finely grained porous stones, e.g. 

porous oolitic limestone or lime-bound sandstone. In this case material loss occurs with the 

disintegration of the fine grains (ICOMOS, 2008). Stabilization of the disintegration, thus 

termination of material loss with a compatible method is highly desirable. 

Binding effect of a biomineralizing treatment is based on the idea that the microbially 

precipitated calcium carbonate crystals can act as a binder of small particles (e.g. sand), by 
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bridging and linking the surfaces of the particles to each other. Experiments in this subject 

include production of a bio-based mortar (Le Métayer-Levler et al., 1999), cementation of 

loose sedimentary rock (sand) (Quian et al., 2010), and improvement of grain attachment to 

decayed stone surface of porous limestone surfaces (Jroundi et al., 2010). Of these subjects I 

focused on the last one, (re)cementation of grains on a surface as result of a biomineralizing 

treatment. 

Rodriguez-Navarro et al., (2003) were the first who performed sonication test (also 

known as ultrasonic treatment) on slabs treated with M3+ and M3P+ curing compounds, 

inoculated with M. xanthus bacteria. Subjecting non-treated control and treated specimens to 

sonication they estimated the adhesion force of the newly formed calcium carbonate to the 

surface, thus evaluate its protection and consolidation efficiency. The tests were performed on 

porous limestone specimens treated for 30 days by immersion in the curing compound. 

Specimens were sonicated for five times five minutes in deionized water, and non-sonicated 

control specimens were also immersed in deionized water in order to analyze their weight-

loss. Surfaces of the bio-treated specimens turned out to be more resistant to sonication, than 

non-treated control samples (0.45±0.5 w/w %, M3+: 0.62±0.5 w/w% versus 0.9±0.25 w/w%). 

Weight loss of the non-sonicated specimens was measured to be 0.5-1.0 w/w%. Better 

performance was achieved with the M3P+ compound, than with the M3+. The newly 

precipitated crystals turned out to be more stress resistant than the calcite grains of the 

original stone, which was contributed to their organic-inorganic composition. Consolidating 

effect of non-inoculated curing compounds (effect of the solved components) were not 

evaluated in this test.  

Jimenez-Lopez et al. (2008) also carried out sonication test on sterilized and non-

sterilized porous limestone slabs immersed in a sterile culture medium (M3, M3P and CC) 

that activates the microbiota inhabiting the stone. Another set of slabs were immersed in a 

culture medium inoculated with M. xanthus. Treated stone slabs were in all cases more 

resistant to mechanical stress than the non-treated ones. Upon 5 minutes of sonication in 

water, weight loss of treated stones less than 0.30% was reported, while untreated stones lost 

up to 0.85% of their initial weight. Their results showed that the sole action of M. xanthus, the 

microbial community, or even the non-inoculated culture media were able to increase the 

mechanical resistance of the stone. Moreover, no significant differences were measured 

between the effects of the inoculated or non-inoculated curing compounds on the 

consolidating effect. 
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Another mean for testing the surface-attachment of grains is the peeling tape method. In 

this measurement adhesive tape is placed on the surface to be tested and it is removed rapidly. 

The mass of the grains attached to the tape gives information on the adhesion force of grains 

to the surface. For this purpose tape is weighed both before and after the test to determine the 

amount of material removed. This test was first referred in connection to biomineralization by 

Pietro Tiano (Tiano et al., 2006). They performed their measurements with 3 × 1 cm adhesive 

tapes on artificially aged (weathered), non-weathered and weathered-treated calcitic Italian 

marble specimens (Gioia marble – porosity: 1 v/v %) in laboratory. Types of the curing 

compounds were bio inducing macromolecules. As result of the treatment clear reinforcement 

was observed in comparing the results obtained the treated surface (weight loss: 0.004-0.005 

g/cm
2
) with those of the weathered marble (weight loss: 0.025-0.035 g/cm

2
). Maximum 

weight loss of the non-weathered marble was measured to be 0.001 g/cm
2
. They also reported 

that the test turned out not to be sufficiently sensitive to reliably distinguish between slightly 

different treatments. 

Jroundi et al. (2010) were the first to perform peeling tape measurements after a treatment, 

in situ. In their experiment three sectors of a porous limestone wall (of the apse of the church 

of San Jeronimo Monastery - Granada, Spain) were treated by spraying with either distilled 

water, curing compound M3P inoculated with Myxococcus xanthus and with sterile M3P. In 

all three sectors, the total volume of solutions applied to the stone was 1.0–1.5 ml/cm
2
. 

Measurement was performed with several 7.0×3.5 cm
2
 adhesive tape (ScotchTM) pieces. 

“Average weights of carbonate grains removed upon application of the peeling tape test were: 

(i) 59±39 g/m
2
 in the control stone as well as in untreated surfaces, (ii) 22±19 g/m

2
 in M. 

xanthus/M3P treated surfaces; and (iii) 25±10 g/m
2
 in M3P-treated surfaces. These results 

show that the treatment with the nutritional solution (either with and without M. xanthus 

inoculum) led to a reduction of weight loss higher than 50% if compared with untreated or 

control areas”. In spite of the high standard deviation, the observed trend in the reduction of 

weight loss values suggested that a significant strengthening was achieved after the treatment 

of the calcarenite stone. Their results also showed that the application of the inoculum (M. 

xanthus) was not necessary for the effective consolidation of the stone. According to the 

Jroundi et al. (2010) the consolidation possibly occurred via calcium carbonate precipitation 

by the carbonatogenic bacteria which were present in the decayed calcarenite. In this 

experiment the decrease of weight loss was exclusively contributed to the strengthening effect 

of the precipitated calcium carbonate crystals, re-cementing the powdering grains of the 
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limestone. Nevertheless, components of the curing compound (e.g. the protein in the Casitone 

powder) might also act as a binder after drying. Therefore, in my point of view, durability of 

the cementing effect of the treatment should be tested with spraying water on the surface to 

rinse out the water-soluble components might contribute to the cementing effect.  

 Juhász and Kopecskó (2013.b) performed an experiment on intact porous limestone slabs 

(origin: Sóskút, Hungary), showing considerable amount of weight loss upon peeling-tape test 

even in intact state. This phenomenon can be contributed to the oolitic fabric of the stone, in 

which small oolit grains are loosely bound to each other. During the five-day-long treatment 

in five portions altogether 800 ml of liquid compound was applied onto 225 cm
2
 large surface 

areas, respectively. Curing compounds were CB, CC, M3, M3-P (both inoculated and non-

inoculated) and P1+, and a conventional stone consolidant (S1). Before the treatment weight 

loss of 2.5-15.0 g/m
2 

was measured on the intact specimens. After treatment the highest 

decrease in weight loss was obtained with the S1, with a decrease of 96.31% to the original 

average value. The best preforming curing compounds achieved decrease of 39.55% (CC+) 

and 38.70% (P1+). In spite of this, in some groups no decrease of the weight loss was 

observed. Moreover, except the S1, samples obtained before and after the treatment were not 

significantly different from each other due to the high standard deviation. Altogether the 

peeling tape method was considered to be not suitable for comparing the hardening effect of 

different bio-based treatments on intact, non-deteriorated limestone specimens. 

Evaluation and considerations - Binding effect of biomineralizing treatment 

According to the above detailed experimental reports, results obtained with peeling-tape 

method should be evaluated with precautions (Tiano et al., 2006). It was also shown that the 

application of the inoculum (M. xanthus) is not necessary for the effective consolidation 

(here: cementing grains on the surface of the stone) (Jroundi et al., 2010). Waterproofness of 

the bond was not proven in case of the peeling-tape method, and the expectable standard 

deviation is high, therefore significance of the differences is very unlikely. In case of 

sonication waterproofness is proved, since measurements were carried out in deionized water 

(Rodriguez-Navarro et al., 2003). Sonication test results shows that the sole action of M. 

xanthus, the microbial community, or even the culture media alone (non-inoculated media) 

is able to increase the mechanical resistance of the stone (Jimenez-Lopez et al., 2008). With 

help of the peeling tape method no significant differences were measured between the 

performance of the inoculated or non-inoculated curing compounds on the consolidating 

effect (Juhász and Kopecskó, 2013.b).  The referred authors have attempted yet only 
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(re)cementation or consolidation of loosely attached grains being part of the original stone 

material (Rodriguez-Navarro et al., 2003; Jroundi et al., 2010). Attachment of separate grains 

onto stone surfaces has not yet been attempted. Moreover, binding capability of the curing 

compounds has been only analyzed on coarse, porous limestone surfaces. This probably helps 

the physical attachment of the grains to the surface. 

In the view of this, my questions to be answered were: 

1. Is it possible to cement newly added fine grains onto the limestone surface with 

help of a biomineralizing treatment? 

2. Is it possible to enhance the binding effect of the biomineralizing treatment by 

locating (not letting them to be absorbed by the pores of the stone, realized by 

partial saturation of the specimen with water) the solved components and the 

bacteria onto the stone surface? 
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3. MATERIALS 

3.1. Stone materials 

In the present research porous limestone specimens, as well as finely ground limestone 

powder were used. 

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/cm
3
, their total water content was 

measured to be 22.18±0.72 m/m % upon immersion in water, and the 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 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 distribution of the powder can be seen in Figure A1. in 

the Appendix. 

3.2. Bacteria 

Two types of microorganisms, M. xanthus and B. cereus were used in the present research. 

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 – see Figure II. (Manhes et al., 2011). 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. Components of the 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 (a liquid preculture media of bacteria or lyophilized 



EFFECT OF BIOMINERALIZATION ON POROUS LIMESTONE   Chapter 3 

PhD Thesis  MATERIALS 

by Péter JUHÁSZ   

 

 

37 

 

bacteria in form of a whitish powder is mixed into the compound). Overview of components 

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

 

Table I. Components of the curing compounds. BC = Bacto Castione, FGCCP = finely ground CaCO3 powder.   

(De Muynck et al., 2010.a) 

 

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) 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 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 in for 1000 

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

Hungarian Collection of Microorganisms (web.uni-corvinus.hu). 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 

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 / -
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4. METHODS 

4.1. Determination of mass properties 

4.1.1. Determination of constant dry mass and gain in mass 

Dry mass of the specimens (dependent on the experiment, piece of stone or amount of 

powder) was measured according to the standard MSZ EN 1936:2007, but with a lower 

tolerance, thus higher precision due to the small-scale (both small size of the specimens and 

low amounts of the curing compounds) experiments. Mass was considered to be constant, 

when mass of the specimen changed less, than 0.01 g within intervals of 24 hours. This 

requirement was stricter, than that of mass difference lower than 0.1 m/m% referred by other 

researchers (De Muynck et al., 2008.a) or required by the standard MSZ EN 1936:2007. 

Specimens were weighted with a precision of two digits and with an accuracy of ± 0.01 g with 

a Sartorius balance. Gain in mass of the specimens due to the treatment was determined by 

subtracting the intact (initial) constant mass of the specimen from the constant mass of the 

treated specimen, expressed in grams (De Muynck et al., 2010.b). For expressing the 

difference in mass percent, mass difference was divided by the constant intact mass of the 

specimen, and was multiplied by 100 (Jimenez-Lopez et al., 2008). 

4.1.2. Determination of real density and apparent density 

Real density of the specimens (porous limestone pieces or powder) was determined according 

to the MSZ EN 1936:2007 standard with help of a pycnometer equipped with a thermometer. 

Grain size of the samples was smaller than 0.2 mm after grinding, which were considered to 

be free of pores. Number of specimens prepared for this measurement was 10. Apparent 

density was determined according to the MSZ EN 1936:2007 standard, calculated from the 

constant dry mass and apparent volume of the specimens. 

4.1.3. Determination of total porosity, apparent porosity and constant water content 

Total porosity of the specimens was determined according to the MSZ EN 1936:2007 

standard from their apparent volume and the real density. Volume of the solid part was 

calculated by dividing the dry mass with the real density. Volume of the pores was calculated 

by subtracting the volume of solid part from the apparent volume. Total porosity was 

calculated by dividing the pore volume with the apparent volume, and multiplying it with 100, 

expressed in v/v %.  

Constant water content at atmospheric pressure was determined according to the MSZ EN 
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13755:2008 standard using plastic bowls and grids. The results were expressed in m/m %. 

Apparent porosity was determined according to the MSZ EN 1936:2007 standard, but 

saturation of the specimens until constant mass was performed under atmospheric pressure. 

4.1.4. Determination of pore size distribution 

Pore size distribution was determined with help of mercury intrusion porosimetry (MIP) (De 

Muynck et al., 2011). Measurements were carried out with a MICROMERITICS 915 device 

at the SZIKKTI Laboratory, Budapest, Hungary. Pore radii were determined by the SZIKKTI 

Laboratory according to the Washburn-equation (Lawrence et al., 2007) by changing the 

pressure during the measurement in several steps:  

r = (-2σ • cos φ)/P                   

(2) 

where r is the pore radius, φ and σ are the wetting angle and surface tension of the mercury, 

and P is the pressure). Wetting angle value of 130° and boundary surface tension value of 

0.474 N/m (basic settings, used by the laboratory) were used for the calculation of the pore-

diameter (2r). For this measurement limestone grains of different sizes were used (Chapter 

6.3.). 

4.2. Phase-analytical methods 

Phase-analytical methods were used either to observe the presence of bacterially produced 

CaCO3 crystals in the dried, inoculated and non-inoculated curing compounds (X-Ray powder 

diffraction, Rodriguez-Navarro et al., 2003); as well as for the determination of the mass ratio 

of the precipitated crystals in the dried matter (thermoanalytical method) (Kopecskó, 2002).  

4.2.1. X-ray powder diffraction (XRD) 

X-ray powder diffraction (XRD) analyses were carried out by a Philips PW 3710 

diffractometer. Parameter values of measurements were (basic settings of the device): (i) 

strain of the generator: 40 kV, (ii) current of the generator: 30 mA, (iii) anode of the X-ray 

tube: Cu (long fine focus), (iv) wavelength (K Alpha 1): 1.54060 Å, (v) with monochromator. 

PC-APD (Version 3.5) software and Total Access Diffraction Database PDF-2 (PLUS 42) 

database and database-managing software were used for collecting and evaluating data. 

Calculation of the integral intensity was used for the quantification of the changes in ratio of 

the phases. Integral intensity is the product of absolute intensity value and peak width (in 2θ) 

at half intensity values. The results of X-ray patterns are discussed in Chapter 6.4.2. 
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4.2.2. Thermoanalytical methods (TG/DTG/DTA) 

The other method in phase analyses was thermal tests using MOM Derivatograph Q-1500D. 

There is a simultaneous procedure where the TG (Thermogravimetry) and DTA (Differential 

Thermal Analysis) thermoanalytical methods can be combined. As the result of 

thermogravimetry (TG) the 1
st
 derivative of thermogravimetric curve (DTG) is also obtained 

by analogue mode. Parameter values of measurements were (basic settings of the device): (i) 

reference (inert) material: alumina (Al2O3), (ii) rate of heating: 10ºC/min, (iii) temperature 

interval: 20-1000ºC, (iv) sample holder: corundum (Al2O3), (v) in atmospheric air. Test 

results were evaluated using Winder (Version 4.4) software. 

4.2.3. Infrared spectroscopy (FTIR spectra analysis) 

Infrared spectra analysis was used for the confirmation of the results of the XRD analysis of 

the precipitated solid matter (Paz et al., 2012). Measurements were carried out at with a 

Biorad FTS (Fourier Transformation Spectroscopy) 3000 infrared spectroscopy device of the 

Department of Inorganic and Analytical Chemistry of the Budapest University of Technology 

and Economics. Main parameters of the measurement were (basic settings of the device): (i) 

detector: DTGS, (ii) range of measurement: 4000 – 400 cm
-1

, (iii) resolution: 4 cm
-1

, (iv) 

number of accumulations: 64, (v) bedding of the sample in KBr (199 mg for 1 mg of sample).  

4.3. Combined capillary water absorption and capillary elevation 

This method is a new evaluation procedure, developed by Péter Juhász. It was developed for 

the parallel measurement of the capillary water absorption and the capillary water elevation 

on the same specimen simultaneously (Juhász et al., 2014). This method was proven to be 

appropriate for the calculation and comparison of the capillary water absorption coefficient 

(k) and the capillary elevation coefficient (e) on porous limestone specimens (Juhász et al., 

2014). Before the introduction of this method capillary water absorption coefficient (k) and 

the capillary elevation coefficient (e) could have been measured only separately (Hohmann, 

1997). 

In case of materials with high water absorption coefficient (such as porous limestone) 

elevation height and the changing mass (measuring according to MSZ EN 1925:2000 (E)) 

cannot be measured separately on a balance in given time intervals. Reason of this is that 

water is likely to rise a few millimeters while the specimen measured on the balance. For the 

parallel measurement the following setup was designed: specimens were hanged in vertical 

position on a hook of an Archimedes-balance, respectively. Then two plastic rulers with 
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millimeter scale were mounted on the two sides of the specimens, along their length (Figure 

3.). This was necessary since the water-front of the absorption seldom raises parallel to the 

horizontal plane of the water surface (due to the inhomogeneous distribution of porosity), 

which is attached to the bottom of the specimen. In case of a cylinder, average elevation 

height is the average value of the two elevation heights measured on the two sides of the 

specimen.  

 
Figure 3. Testing setup for the combined capillary absorption – capillary elevation measurement 

Absorption was initiated by pouring water into a bowl under the hanged specimen until it 

reached the bottom of the cylinder. Continuous water supply was either ensured by the layer 

of water attached to the bottom of the specimen due to the surface tension of water linking the 

surface of water to the specimen. Moreover, sinking of the specimen hanged on the balance 

and decrease of the water in the bowl were of the same extent.  

Sides of the cylinder were not protected against evaporation, since the gap between the 

wrapping material and the surface of the specimen could have acted as a macro pore, 

influencing the measurement. Masses in time were recorded by projecting the digital screen of 

the balance (the green digital numbers) into the sight of camera with help of mirrors, as it can 

be seen in the bottom of Figure 3. 

Measured mass of the absorbed water was corrected both with the effect of the evaporation 

and the mass of the water attached to the bottom of the specimen due to the surface tension.  
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Effect of the evaporation was approximated as follows. Rate of evaporation,    is a 

function of the changing of the evaporating surface area, which is directly proportional to the 

capillary elevation height. Its maximum value,        was measured at the end of the 

elevation process, when the capillary elevation reached the top of the specimen (at     , here 

~ 90 mm). Maximum value of the rate of evaporation,        was determined as m/(t      ), 

where m is mass of the evaporated water in grams, t is the time in minutes, and      is the 

height of the specimen in mm. When the water-front reached     , the specimen was placed 

on a balance, and weight loss due to the evaporation was measured in time. Then the total 

weight loss in time was calculated as follows: 

                 ∫        
  

  
                

(3) 

where           is the mass of water evaporated during the absorption process (between    

and    in min) in grams, and      is the function of capillary elevation in time, determined 

from the measured data.  

The whole sorption process was recorded with a digital camera (in a 640 x 480 pixels 

resolution) until the water-front reached the top of the specimen. Instantaneous elevation 

heights were determined with help of the videos. During the absorption test the recorded 

values were the elevation height (h in mm) of the water-front in the limestone, the mass of the 

absorbed water (m in g), and the time (t in s). The measurements were taken about 15-20 

times in different heights along the length of each limestone sample. Elevation heights in time 

were read by naked eye with help of the rulers from the videos with an accuracy of 0.5 mm. 

The capillary absorption coefficients (k) of the specimens were determined in g/(cm
2
·s

0.5
)
 

by processing the videos. For this purpose calculation method of the standard MSZ EN 

1925:2000 was used for the measured values as follows: 

k = m/(A √ )                    

(4) 

where m is the volume of the absorbed water in grams, A is the absorbing surface in m
2
, and t 

is the time in seconds. Capillary elevation coefficient of the complex pore systems of the 

porous limestone was denoted with e (in cm/s
0.5

), and was determined according to the 

calculation method of the capillary elevation coefficient of a single capillary pore (Hohmann, 

1997) as 
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e = h(t)/√                     

(5) 

Standard error of the measurement was determined by repeated measurements of a control 

(non-treated, intact) specimen. Thus standard errors of the measurement are: 

- capillary elevation coefficient (e): ±0.0127 cm/√  

- capillary absorption coefficient (k): ±0.0034 g/cm
2
√  

- mass of the absorbed water: ±0.01 g (standard error of the balance); 

- height of the elevation: ±0.5 mm (read from the videos). 

4.4. Capillary elevation test 

Capillary elevation of the bacteria-inoculated curing compound was measured in time based 

on the non-standardized method of Pápay and Török (2006), with the following 

modifications: (i) specimens were stood in Petri dishes containing the liquid curing compound 

(Figure 4); (ii) prior to the absorption bottom of the specimens were coated with a 

hydrophobic collar made of damask, in order to prevent attachment of the curing compound, 

thus undesired elevation of bacteria to the sides of the specimen. (iii) elevation heights were 

read with help of the two bars attached to the two sides of the specimens. These bars were 

made of paper with water-proof coating, and scaled by 2 millimeters.  

 

Figure 4. Specimen during the absorption process (left) and before treatment (right) 

 

The absorption process was recorded with a digital camera. Momentary elevation heights 

were read with an accuracy of 1 mm, and capillary elevation coefficients were calculated 

according to equation (5). Maximum elevation height of the curing compound (at the 

equilibrium point of the absorption) in the specimen was denoted with hc,max. 
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4.5. Color measurement 

Color measurements were performed using a spectrophotometer (De Muynck et al., 2008.a) 

(ELCOM Comcolor) at the Department of Design, Faculty of Architecture, BME. 

Measurements were carried out before and after the treatment on the same spots (circular 

measurement area of 10 mm diameter) of the surface on each specimen, respectively. Values 

of the CIELAB system, namely a*, b* and L* were measured. a* represents values on the red-

green axis, b* values on the blue-yellow axis and L* is the value for luminosity on the light-

dark axis (Figure 5. (globalspec.com, 2014)). 

 

Figure 5. The CIELAB color space (globalspec.com, 2014) 

ΔE was calculated as follows (Pitts et al., 1998):   

ΔE = √                                     

(6) 

ΔE is considered to be perceptible to the human eye, when its value is higher, than value ‘6’ 

(De Muynck et al., 2011). Changes were measured also on a non-treated control slab, and 

differences in color and in shade were compared to the differences measured on the control 

one.  

4.6. Printing on agar plates technique for evaluation of the elevation height of bacteria 

Presence and type of a certain bacteria on different carriers can be determined by placing 

small samples (e.g. drops of liquid, part of the carrier by printing) on selective agar plates, 

since after incubation colonies grow on the surface of the agar (Welton et al., 2005). The idea 

of this new printing on agar plate technique (Juhász et al., 2014) was introduced to analyze 

distribution of bacterial cells on the outer surface of a specimen. After the specimens were 
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treated with a liquid curing compound by capillary absorption, specimens were printed on the 

agar plates, and growing colonies showed distribution of the bacteria.  

For this experiment large (11.5 x 15.5 cm) agar plates were used, so that whole outer 

surfaces of the treated specimens could have been printed on them. Growing colonies of the 

bacteria within the area of the print is identical to the distribution of the bacteria on the side of 

the specimen and inside the specimen (proven by a preliminary test, where specimens were 

printed on agar, then were split in two by the Brazil method, and printed on agar again). 

Specimens were printed onto the agar right after the end of the capillary absorption process. 

Each specimen was rolled over on the top of the solid agar, thus all of their surface area 

(except the tops and bottoms) were printed down. Edges and sides of the prints were clearly 

visible on the agar surface. At the end of the printing, containers were covered in a way that a 

small amount of air inlet was possible (half-sterile conditions). After 24 hours of incubation at 

24.5±1 °C, colonies of M.xanthus grow on the agar. Then rulers were placed next to the sides 

of the prints on the agar, and all the containers were photographed from above, parallel to the 

surface of the agar. Elevation heights of the bacteria were evaluated with help of the images 

taken of the containers. Elevation height of bacteria (hb,m) was calculated as average value of 

13-14 measured distances of the farthest homogenous colonies along a vertical line from the 

bottom of the prints (Figure 6.).  

4.7. Evaluation of the results 

Results were evaluated in comparison to each other, as well as to the results reported by other 

scientists in the literature. Results were not evaluated by statistical means due to the low 

number of specimens in the samples (n = 3 – 9) analyzed in the experiments. Concerning the 

research on biomineralization, analysis of low number of specimens is a common routine 

(Jroundi et al., 2010; Quian et al., 2010; De Muynck et al., 2011 and 2012). Reason of this is 

that experiments on biomineralization are highly material- and time-consuming, allowing no 

production and statistical analysis of large samples. Moreover, main characteristics of the 

different treatments as well as trends and differences in the results were shown to be 

recognizable by using small samples, too (Jroundi et al., 2010; Quian et al., 2010; De Muynck 

et al., 2011 and 2012). Still, in cases where the results were undertaken to statistical analysis, 

type and parameters of the tests are indicated.  
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Figure 6. Evaluation of the elevation height. a: photo of the agar plate. The area marked with yellow broken line 

is shown in the image below; b: detail of the agar plate: heights of elevation (yellow lines), border of 

homogenous colonies (red line) and contour of the print (blue line). 

a.

. 

b. 
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5.  EXPERIMENTAL PROGRAM 
 

Detailed objectives of the research (Chapters 2.1-2.5.) 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 biomineralizing experiments. The complete experimental plan 

and process can be seen in Figure 7. After a preliminary outdoor experiment performed with 

large number of specimens (n = 66) and measured parameters (n = 6), further experiments 

were based on the results obtained from this preliminary test. Thus, not only information 

obtained from the reviewed articles, both also experiences gained from the preceding 

experiments affected the design of the next experiments. For this reason the experiments were 

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

every experiment. Bases of the selection of the appropriate curing compound were both their 

previously experienced -, or referred performance (the best performing one). Referring 

chapters of the experiments are indicated in Figure 7. Results of the experiments are 

discussed at the end of each experimental chapter (Chapters 8-12.). 

 

Figure 7. Overview of the experimental program.
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6. EXPERIMENTS ON THE MASS PROPERTIES 

Experiments on the mass properties were designed to 

(i) determine and compare the expectable changes in mass of specimens treated with 

liquid biomineralizing compounds by immersion or by repeated capillary suction; 

(ii) evaluate the effect of rinse on the final gain in mass of the specimens; 

(iii) analyze the changes in pore size distribution of the bio-treated porous limestone 

specimens due to the formation of new calcium carbonate crystals and other non-

soluble phases within the porous matrix of the stone; 

(iv) analyze the chemical composition of the new, microbially precipitated matter. 

6.1. Specimens treated by immersion or repeated capillary suction 

This experiment was designed to compare the achievable gain in mass due to two different 

types of commonly performed treatments, referred in the literature. One of them is the 

treatment by immersion (Rodriguez-Navarro et al., 2003; Jimenez-Lopez et al., 2008), the 

other one is the repeated capillary suction (Le Métayer-Levler et al., 1999). Method of the 

treatment (type and size of specimen, selection of the curing compound, storage of the 

specimens, etc.) and the evaluation of the experiments were based on these references. 

Cleaning of the specimens by means of rinse is not a common practice (Jroundi et al., 2010), 

but sometimes referred in the literature (Jimenez-Lopez et al., 2008). However, rinse probably 

affects the gain in mass, by solving the water-soluble components out of the specimens, which 

possibly present in the stone. Therefore, as a new parameter, effect of rinse on the gain in 

mass (expected loss of mass upon rinse) was also evaluated.  

6.1.1. Preparation of the samples 

Altogether 60 cylindrical specimens (48 treated and 12 controls) were drilled out from the 

porous limestone masonry blocks, with r=36.84±0.07 % mm and h=39.08±1.00 % mm. 

Dimensions and mass properties of the intact samples can be seen in Table A1. and A2. in 

Appendix. Limestone powder attached to the specimens during the cutting was cleared away 

by rinse (after the cutting, in wet condition) and then with high-pressure air in dry condition, 

after drying out.  

6.1.2. Composition of the curing compound 

For the treatment components of the curing compound M3P was used (Rodriguez-Navarro et 

al., 2003). In my experiment dosage of the components was 1.5 higher, than in M3P. For the 

inoculated compounds (M3P+) Myxococcus xanthus bacteria were precultured in liquid 
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medium CT, which was incubated for 48 hours at 24 °C. For inoculation of the M3P 

compound 2 v/v % of liquid CT medium was used. Non-inoculated compound was marked as 

M3P-.  

6.1.3. Experimental procedure 

Limestone specimens were treated six different ways. Overview of the experimental 

procedure on the gain in mass can be seen in Figure 8.  

 

Figure 8. Overview of the experimental procedure on the gain in mass 

The two main groups were Immersion and Capillary Suction, and the three sub-groups in 

each main group were: Inoculated, Water-saturated + inoculated and Non-inoculated. 

According to this, half of the specimens were treated by immersion in the curing compound, 

while the other half of the specimens by repeated capillary suction of the curing compound. 

Immersion was performed in 300 ml plastic cups, into which 125 ml of curing compound was 

poured. This amount of curing compound was enough for the total immersion of the 

specimens during the treatment according to the geometry of the plastic cups. Specimens were 

immersed into the liquid compounds, and the cups were covered with polyethylene foil, 

respectively. Control specimens were immersed in 125 ml of distilled water. The plastic cups 

were then sealed with polyethylene foil in order to avoid evaporation of the curing compound, 

and then were placed in a climate chamber for five days at 30°C.  
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Treatment by repeated capillary suction took four days. On Day I 10 ml curing compound 

was added to the stones. Specimens absorbed the liquid compounds from Petri dishes, 

respectively, in the afternoon. In the morning of Day II specimens were sprayed with distilled 

water in order to keep them wet, and were treated with 10 ml curing compound in the 

afternoon. On Day III, specimens were treated with 5-5 ml of curing compound both in the 

morning and in the afternoon. On the last day, Day IV, specimens were sprayed with distilled 

water, and were treated with 7.5 ml of curing compound in the afternoon. This way a total of 

37.5 ml curing compound was added to each specimen, by repeated capillary suction. During 

the treatment specimens were stored for five days in a climate chamber at 30°C.   

In each group (immersed or capillary suction) 24-24 specimens were treated. 6-6 

specimens of these were partially saturated with 10 ml of water before the treatment, in order 

to attempt location of the biodeposition onto the outer surface of the specimen. This way the 

Myxococcus xanthus - inoculated curing compound could not enter directly into the inner 

pores the specimen (group H2O + Inoculated). 6-6 specimens in each group were treated with 

non-inoculated compounds in order to evaluate the effect of the components without bacterial 

activity on the gain in mass (group Non-inoculated). Eventually, 12-12 specimens were 

treated with inoculated curing compound (group Inoculated), and 3-3 control specimens were 

treated with distilled water (group Control). After the treatment some of the specimens were 

repeatedly rinsed by immersion in tap water over 24 days, while the water was changed three 

times. 

6.1.4. Methods of evaluation 

Results of the measurements on the treated specimens were compared to each other according 

to the following aspects:  

(i) Remaining specific gain in mass of the specimens (gms,r) in the different groups and the 

non-soluble crystal yield (showing efficiency of the treatment);  

(ii) Effect of repeated rinse on the gain in mass;  

(iii) Effect of inoculation and non-inoculation on the results.  

Evaluation was based on the comparison of the masses of the specimens in each group before 

and after the treatment. For the calculations and evaluation the following notations were 

introduced: 

m1 - constant dry mass of the specimen before the treatment (also ref. as initial mass) 

[g] 
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m2 - constant dry mass of the specimen after the treatment, before rinse [g] 

Δm1 - delta mass 1., calculated as Δm1=m2-m1 [g] 

m3 -  constant dry mass of the specimens after the treatment, after the repeated rinse 

[g] 

Δm2 - delta mass 2., calculated as Δm2=m3-m1 [g] 

gms,i -  initial specific gain in mass = delta mass 1. normalized to the mass of the 

specimen, calculated as gms =(Δm1 / m1) • 100, [m/m%]. Also referred as initial 

gain in mass. 

gms,r -  remaining specific gain in mass 2. = delta mass 2. normalized to the mass of the 

specimen, calculated as gms =(Δm2 / m1) • 100, [m/m%] (also referred as final or 

remaining gain in mass) 

ynsc   - non-soluble crystal yield, calculated as ynsc=(Δm2 / msm) • 100, [m/m%] 

msm -  total mass of the solved organic and inorganic material in a given amount of 

curing compound applied on the specimen, or incubated in a boiling glass 

(referred in two different experiments) 

6.2. In vitro experiment on the biodeposition 

The present experiment was performed in order to produce bio-precipitated matter for phase 

analysis. In vitro performance of the experiment was based on the consideration that calcite 

and vaterite produced by bacterial activity is masked by the calcite that already exists on the 

bio-treated limestone (Rodriguez-Navarro et al., 2003; Jimenez-Lopez et al., 2008). For this 

purpose, extent of the biodeposition was analyzed in a solution, without the presence of 

porous limestone. Moreover, yet no extensive quantitative analysis of the chemical 

composition of the bio-precipitated matter has been performed. Thermal analysis was 

expected to be appropriate for this purpose. Aims of the in vitro experiment were 

(i) to determine the quantity of non-soluble phases deposited (microbially and 

chemically) from a given amount of curing compound; 

(ii) to determine the presence or absence of calcium carbonate crystals in the 

precipitated matter; 

(iii) to determine changes of the ratio of the calcium carbonate minerals due to the 

rinse; 

(iv) to determine  the presence of solid matter out of calcium carbonate (mineral 

composition of the precipitated matter) in the precipitated matter; 
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(v) to compare the mass of the newly formed calcium carbonate crystals to the mass of 

the precipitated matter. 

This experiment was done parallel to the one detailed in Chapter 6.1. The experiment was 

performed only with liquid curing compounds M3P+ and M3P- (in 1.5 times higher dosage of 

the components). For this experiment 100-100 ml of  M3P+ or M3P- compounds were poured 

in two boiling glasses, respectively, then they were sealed with polyethylene foil, and were 

put in a drying chamber for five days at 30°C. After these five days the solutions were 

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

Mass of the two matters was measured, and some of the matters were separated for XRD and 

DTA analysis as ‘non-rinsed’ samples. The remaining matters were repeatedly rinsed in the 

boiling glasses with distilled water in 24 hour intervals, until the distilled water above the 

settled matter became optically clear. This showed, that no more (or very low amount of) 

soluble matter was present in the solution. This state was reached after the 4
th

 rinse. These 

clean solutions with the non-soluble precipitated matter on the bottom were evaporated to a 

dry state again, then dried until constant mass. Then mass of the remaining matters (non-

soluble dry matters) were measured. After this, both ‘non-rinsed’ and ‘rinsed’ samples were 

undertaken to analyses by XRD and DTA. 

Performance of the two curing compounds were first compared to each other according to 

the masses of the remaining precipitated matter and the yields of non-soluble crystals (ynsc). 

Then, results of the phase-analytical measurements were evaluated and compared to each 

other according to the four aspects written above (aims of the experiment). 

6.3. Effect of the treatment on the pore-size distribution  

In the present experiment I attempted to study the effect of the treatment on the pore-size 

distribution of the porous stone by mercury intrusion porosimetry (MIP), in spite of the 

negative remarks of Rodriguez-Navarro et al., (2003) and Jimenez-Lopez et al., (2008). This 

test was based on the idea that 30 days of treatment reported by the aforementioned authors 

might have been too long for small stone specimens, leading to undesired physical changes of 

the stone. 

For this measurement three different porous limestone samples were analyzed: Intact, 

Treated-Inoculated (with bacteria), and Treated - Non-inoculated (without bacteria). The 

samples consisted of several grains of porous limestone of different size (d=10-2 mm), which 

were poured into the sample-holder of the measuring device. Grains were broken down from 

pieces of porous limestone specimens before the treatment without smashing, thus their pore 



EFFECT OF BIOMINERALIZATION ON POROUS LIMESTONE   Chapter 6 

PhD Thesis  EXPERIMENTS ON MASS PROPERTIES 

by Péter JUHÁSZ   

 

 

53 

 

structure was not affected. Fine powder resulted from the breaking was separated from the 

grains by sieving, thus they did not plug the pores. Then the three samples were prepared of 

grains with varying size: Intact, 5.08 g, Treated - Inoculated, 5.12 g, and Treated - Non-

inoculated intact 5.00 g.  

For this experiment preliminary sterilized liquid curing compounds M3+ and M3- were 

used. The M3+ compound was inoculated with 2 v/v % of liquid CT preculture medium of M. 

xanthus. 

The treated samples were treated by immersion as follows: grains were first taken into 

small sealable glass phials. Then the M3+ and M3- curing compounds were poured into the 

phials, respectively by filling up the voids between the grains and completely covering them. 

This way pores of the grains were partly saturated. The samples were incubated at room 

temperature (24-26°C) for 72 hours, and then were dried for 48 hours at 50°C. Then the 

samples were rinsed by immersion in 100 ml of distilled water to eliminate soluble leftovers 

from the grains. After 48 hours of immersion the specimens were taken out from the water 

and were dried. Intact specimens were stored separately, also in a sealed glass phial without 

any treatment. The three samples then were undertaken to mercury intrusion porosimetry 

(MIP) measurement. 

Evaluation of the experiment was based on the changes of most frequent pore-size and 

changes of the relative incidence of the different pore-diameters within the sample. In this 

measurement results showing decrease of the incidence or disappearance of a pore-size can be 

associated with the partial plugging of the pores.  

6.4. Results 

6.4.1. Specimens treated by immersion or repeated capillary suction 

Apparent density of the intact porous limestone specimens (before the treatment) used in this 

experiment was calculated to be 1.55±0.02 g/cm
3
, their total water content was measured to 

be 14.38±0.31 g (or ml) (which corresponds to 22.18±0.72 m/m %) and the apparent porosity 

to be 34.38±0.72 v/v%. Dimensions and mass properties of the intact samples are detailed in 

Table A1. and A2. in Appendix.  

As it was expected, gain in mass was measured on all the limestone specimens after 

treating with the curing compounds. Before rinse, gain in mass (gms,1) was measured on the 

non-inoculated samples, too, which is in agreement with the results of Jroundi et al. (2012) 

and De Muynck et al. (2011). However, in our experiment gain in mass was measured on all 
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the specimens after the rinse procedure, too (gms,2). This can be contributed to either the 

activity of bacteria initially inhabiting the specimens, or to the organic and inorganic 

components remained in the specimens.  Concerning the control specimens treated with 

distilled water, loss of mass of 0.031- 0.046 m/m% was measured. However, these deviations 

of mass were neglected when evaluating the gain in mass of the specimens treated with the 

curing compounds. Reasons of this were both their low extent, and that the solved 

components in the curing compounds were likely to hamper detachment of grains due to their 

binding effect. Thus measured gains in mass were not corrected with the deviation of mass 

measured on the control series. Results of the measurements on the gain in mass of the 

specimens are listed in Table II. Detailed results of the measurements can be seen in Table 

A3. in Appendix.  

Table II. Specific gain in masses of the specimens due to the different types of treatments. 

 

As it was mentioned under Chapter 6.1.4., the experiment was evaluated according to the (i) 

effect of repeated rinse on the gain in mass, (ii) initial (gms,i)  and remaining specific gain in 

mass (gms,r)  of the specimens in the different groups and the non-soluble crystal yield 

(showing efficiency of the treatment), and (iii) effect of inoculation or non-inoculation on the 

results. 

(i) Repeated rinse caused decrease of the initial specific gains in mass values (Table II.). 

Reason of this is that large amount of water-soluble phases remained in the stone specimens. 

Ratio of these phases was very high in the initial gain in mass: 91.30 - 98.43 m/m % in the 

Immersion Group (ratios of remaining specific gain in mass/ initial specific gain in mass of 

1.57-8.70 m/m % were subtracted from 100%), and 62.22 - 87.79 m/m% in the Capillary 

suction group (with ratios of specific gain in mass of 12.21 - 37.78 m/m%). This highlights 

the importance of rinse the specimens after the treatment, and not to evaluate the efficiency of 

the treatment according to the initial gain in mass of the specimens.  

(ii) Initial specific gain in mass of the specimens (gms,i) in the Immersion group was 

range, m/m % range, m/m %

Inoculated 0.376 - 0.424 0.012 - 0.032

Water + inoculation 0.332 - 0.342 0.005 - 0.014

Non-inoculated 0.430 - 0.468 0.028 - 0.041

Inoculated 1.318 - 1.485 0.278 - 0.410

Water + inoculation 1.047 - 1.302 0.346 - 0.396

Non-inoculated 1.584 - 1.597 0.194 - 0.262

CAPILLARY 

SUCTION

Way of 

treatment

Type of curing 

compound

Initial specific gain 

in mass                       

( gm s,i  ) 

Remaining specific 

gain in mass     

(gm s,r  ) 

IMMERSION
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dependent on the amount of curing compound absorbed by the specimen. The highest amount 

was absorbed from the inoculated curing compound by the specimens in group Non - 

Inoculated (gms,i = 0.430 - 0.468 m/m%). The lowest amount of curing compound was 

absorbed by the specimens which were partially saturated with water prior to the treatment, 

group H2O + inoculated (gms,i = 0.332 - 0.342 m/m%).). Reason of this is that the curing 

compound could not enter into the pores due to the water partially filling them up. However, 

the curing compound can also migrate into the water-saturated pores of specimen by diffusion 

(for its concentration of solved matter is higher, than that of the distilled water), mobilization 

of the curing compound in this case is much lower, than in case of mobilization by capillary 

absorption. It was also found that initial specific gain in mass in the Capillary suction group 

differ from each other, but since equal amount of curing compound was absorbed by the 

specimens, these differences only showed that parameters of the three treatments were 

different. These differences were not evaluated. 

Remaining specific gain in mass values (gms,r) in the Immersion group were the highest 

in the Non-Inoculated group (0.028 - 0.041 m/m%), and the lowest in the H2O + Inoculated 

Group (0.005±0.014 m/m%) (Table II.). The first result suggests either chemical precipitation 

of non-water-soluble phases from the curing compound, or precipitation induced by the 

bacteria inhabiting the stone specimens. Extent of this precipitation is higher, than the 

precipitation induced by the Myxococcus xanthus. (Inoculated group: 0.012 - 0.032 m/m%). 

The second result can be explained with the low amount of solved matter absorbed by the 

specimens due to the partial saturation. In the Capillary suction group the lowest remaining 

specific gain in mass values were measured in the Non-inoculated group (0.194 - 0.262 

m/m%). Values measured in the Water + inoculation (0.367±0.021 m/m%) and Inoculated 

(0.346 - 0.396 m/m%) groups were almost the same. These results showed that chemical 

precipitation occurs in the non-inoculated specimens, but inoculation of the curing compound 

results in a higher remaining gain in mass, underlying the importance of the bacterial 

contribution. 

Non-soluble crystal yields were calculated only in the Capillary suction group, where 

exact amount of the solved matter (msm) added to the specimens cold have been calculated. 

Solved components in the curing compounds M3P+ and M3P- were the Bacto Casitone 

powder (15 mg/ml), the Ca(CH3COO)2 • 4H2O (15 mg/ml) and the K2CO3 • ½ H2O (3 mg/ml), 

and the phosphate buffer pH 8, 10 mM consist of NaH2PO4 (0,094 mg/ml) and Na2HPO4 (2.5 

mg/ml). This corresponds to concentration of 35.594 mg/ml of solved matter in M3P-. Solved 
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matter content of the inoculation compound CT was 10 mg/ml Bacto Casitone powder, and 

considering its 2 v/v % dosage it corresponds to 0.2 mg/ml. Thus 35.794 mg/ml solved matter 

was present in curing compound M3P+. For the capillary suction treatments altogether 37.5 

ml curing compounds were used, respectively. Thus 37.5 x 35.594 = 1334.775 mg = 1.335 g 

organic matter was added to each non-inoculated specimen, and 37.5 x 35.794 = 1342.275 mg 

= 1.342 g to each inoculated one. Non-soluble crystal yields were calculated according to 

ynsc= Δm2 / msm • 100. Results can be seen in Table III. Since solved matter content did not 

differ much (1.335 g vs. 1.342 g) in the two curing compounds, non-soluble crystal yields are 

in line with the results of the measurements on the remaining specific gains in mass. 

(iii) In the Immersion group inoculation of the curing compound resulted in lower 

remaining specific gain in mass of the specimens (0.012 - 0.032 m/m%) compared to the non-

inoculated group (0.028 – 0.041 m/m%). In case of the Capillary suction group treatments 

with inoculated curing compound resulted in higher remaining specific gain in mass values 

(inoculated: 0.278 - 0.410 m/m% and water+inoculated: 0.346 - 0.396 m/m%), than in case of 

the non-inoculated samples (0.194 - 0.262 m/m%). Possible reason for this ‘reversed 

efficiency’ between treatments by immersion or by capillary suction is that activity of the 

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

phases is higher when availability of the oxygen is higher (aerobic circumstances). In a liquid 

compound bacterium can rely only on the almost negligible amount of oxygen solved in the 

compound (anaerobic circumstances). Under atmospheric conditions the solvent of the 

compound (here: water) can evaporate out from the specimens, thus bacteria can access the 

oxygen in the air, which enhances the microbially induced precipitation during a treatment by 

capillary suction. Upon a treatment by immersion chemical precipitation (and precipitation by 

the bacteria inhabiting the stone) is a more pronounced phenomenon, than precipitation 

induced by the Myxococcus xanthus. 
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Table III. Non-soluble crystal yield (ynsc) of the different treatments 

 

6.4.2. In vitro experiment on the biodeposition 

Regarding the liquid compounds, considerable amount of dry matter was evaporated to a dry 

state from the inoculated (M3P+) and non-inoculated (M3P-) liquid compounds after the 

incubation (Table IV.). As result of the rinse their masses were slightly reduced, due to the 

elimination of the large amount of water-soluble phases were present in the matter before 

rinse. 

Table IV. Results of the gain in mass measurement performed with liquid compounds. Amount of the matter 

evaporated to dry matter after rinse is the remaining mass of the dry material 

 

Different from the measurement on limestone specimens, almost the same remaining mass of 

dry matter, thus yields of non-soluble salts were measured in the inoculated and non-

inoculated curing compounds. This result also suggests that in a liquid compound bacterial 

contribution (here: M. xanthus) to the precipitation is very low. 

g mg m/m % 

T28 0.216 1342.275 16,07

T29 0.227 1342.275 16,92

T30 0.2654 1342.275 19,77

T31 0.246 1342.275 18,36

T32 0.181 1342.275 13,51

T33 0.203 1342.275 15,09

T34 0.236 1342.275 17,62

T35 0.253 1342.275 18,87

T36 0.217 1342.275 16,2

Mean 16,93

Stand. dev. 1,85

T40 0.225 1342.275 16,78

T41 0.252 1342.275 18,8

T42 0,234 1342.275 17,47

Mean 17,68

Stand. dev. 0,84

TK6 0.171 1342.275 12,78

TK7 0.136 1342.275 10,21

TK8 0.124 1342.275 9,32

Mean 10,77

Stand. dev. 1,47

In
o

c
u

la
te

d
W

a
t.

+
In

.
N

o
n

-i
n

.

Mark of 

the spec.

Delta 

mass 2. 

(Δm2 )

Solved matter 

content     

(m sm )

Non-soluble 

crystal yield 

(y nsc )

Before washing After washing

+ / - g g and m/m% g and m/m% y nsc (m/m%)

M3P- 3.5794 2.9435 (82.23% ) 0.3353 (9.37% ) 9.367

M3P+ 3.7794 3.294 (87.16% ) 0.3545 (9.38% ) 9.379

Note Rem. weight gain
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Phase analysis of the precipitated matter 

(a) Presence of calcium carbonate minerals was verified in the samples evaporated to a dry 

state from the inoculated (with bacteria) liquid compounds (M3P+), both in the non-rinsed 

and rinsed samples with help of the XRD. Various minerals of CaCO3 (calcite and aragonite) 

were found in the non-rinsed inoculated sample M3P+, and only calcite was found in the 

rinsed inoculated sample (Figure 9. and Figure 10.).  

 

Figure 9. XRD pattern of the non-rinsed samples. Above: M3P+ (with bacteria), below: M3P- (without 

bacteria). Notation: Ca – calcite, Ar –  aragonite. 

 

Figure 10. XRD pattern of the rinsed samples. Above: M3P+ (with bacteria), below: M3P- (without bacteria). 

Ca stands for calcite. 

In the non-inoculated (without bacteria) compound no traces of calcium carbonate minerals 

were found, since their representative peaks were not present in the XRD pattern (Figure 9. 

and Figure 10.). For detailed evaluation of the XRD patterns see Figure A2-A9. in 

Appendix.  
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By comparing Figure 9. and Figure 10., it can be seen, that less peaks were present in the 

XRD patterns after the rinse. This can be contributed to the fact that several soluble salts were 

present in the non-rinsed samples, which appear on the spectra line in form of small and larger 

peaks. Peaks missing from the XRD patterns of the rinsed samples belong to these water-

soluble phases, originated from the substrate. 

 (b) Presence of solid matter out of calcium carbonate – Out of the peaks belonging to the 

calcium carbonate crystals, several other peaks were present in the XRD patterns of the non-

rinsed and rinsed M3P+ and M3P- samples. These suggested that other non-soluble phases 

out of calcium carbonate were also present in the samples. As result of the XRD-analysis 

another phase, hydroxilapatite (Ca10(PO4)6(OH)2) was found in the samples. This phase was 

not present in the liquid compound before the incubation, since components of the M3P+ and 

M3P- curing compounds does not contain hydroxilapatite (see components in Chapter 3.3.). 

However, this phase was also found by Rodriguez-Navarro and his team (Rodriguez-Navarro 

et al., 2003), but they reported its occurrence only in non-inoculated M3 and M3P curing 

compounds. Moreover, in their XRD-pattern peaks of the hydroxylapatite are much less 

pronounced. In the present measurement significant XRD-peaks of hydroxylapatite were 

found in all the samples. Moreover, at the same time a wide peak resulting from combination 

of single peaks (2θ = 30-35 °), as well as rise of background were observed (Figure 11. and 

Figure 12.). Reason of this is that according to the grain sizes of the precipitated 

hydroxilapatite, this phase mostly belongs to the X-ray amorphous range (= poorly 

crystalline). Detailed evaluation of these XRD-patterns can be seen in Figures A6 – A9 in 

Appendix. Our results suggest that hydroxilapatite precipitates both from the M3 and M3P 

curing compounds regardless of the inoculation or non-inoculation of the compound. In 

addition to this, the integral intensity values of the hydroxylapatite peaks were higher in the 

non-inoculated samples, than in the inoculated ones. In turn, in the non-inoculated samples no 

calcium carbonate was found. These results suggest that presence and activity of the bacteria 

affect the extent of the chemical equilibrium reaction resulting in the precipitation of 

hidroxilapatite. 
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Figure 11. Hydroxilapatite diffraction peaks (Ha) found in the non-rinsed M3P- and M3P+ samples. 

My XRD results were compared to the results obtained by Paz et al. (2012) from samples 

consist of pure hydroxylapatite nanoparticles. They used the same reference X-ray pattern for 

the analysis as our pattern (JCPDS: PDF Ref. 09-0432.). I found that position of the 

significant peaks were the same, than in the XRD patterns of the samples of Paz et. al. – see 

Figure A10. in Appendix. 

 
Figure 12. Hydroxilapatite diffraction peaks (Ha) found in the rinsed M3P- and M3P+ samples. 

 

Comparing the XRD patterns of the samples it can be seen that elevation of the 

background is higher in case of the non-rinsed samples. This indicates the precipitation and 
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presence of amorphous and X-ray amorphous phases in the samples. Elevation of the 

background is more pronounced in the non-inoculated samples, which suggest that due to the 

bacterial activity more ‘useful’ crystalline material i.e. well crystallized carbonate phases 

were produced. 

The above-mentioned samples containing hydroxilapatite were undertaken to FT – IR 

spectra analysis, too. Results can be seen in Figure 13. It was found, that the spectra lines of 

the two samples are almost identical. Results were compared to the FT – IR spectras obtained 

by Paz et al. (2012) on hydroxilapatite nanoparticles – see Figure A11. in the Appendix. In 

our samples peaks were found in the same position than of the peaks of the OH
-
, CO3

2-
 and 

PO4
3- 

groups in the samples of Paz et al. (2012). Thus, according to this comparison, and the 

results of XRD, both inoculated and non-inoculated samples contain hydroxilapatite. Thus 

chemical precipitation of this solid mineral (can be also found in human bones and teeth) can 

be expected upon application of the M3P curing compound. It was also found, that without 

bacterial activity precipitation of hydroxilapatite is more pronounced. 

 

Figure 13. FT IR spectra of the rinsed M3P- and M3P+ samples. 

(c) Mass of the newly formed calcium carbonate and solid samples. According to the 

results obtained by the XRD analysis, non-rinsed samples were not evaluated by the thermal 

analysis TG/DTG/DTA. Reason of this was the presence of large amount of ionic and colloid 

phases in the non-rinsed samples. This would result in a very complex pattern with 

overlapping peaks which are difficult to evaluate properly. Results of the thermoanalytical 

measurement can be seen in Figure 14. Changes of the masses due to the increasing 

temperature can be seen in the TG curves. Concerning the calcium carbonate minerals 

sections between 650 and 800°C of these curves were observed, since calcium carbonate 

transforms into CaO + CO2 at this range of temperature (thermal decomposition). In case of 
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M3P+ 202.2 mg, in case of M3P- 202.8 mg powder sample was undertaken to the thermal 

analysis.  

After evaluation 3.63 m/m% decrease of mass was observed in sample M3P+, and 2.75 

m/m% in sample M3P- between 650 and 800°C. Since no calcium carbonate minerals were 

found in sample M3P-, loss of mass cannot be contributed to the transformation of calcium 

carbonate, but to the presence of another phase in the sample, decomposes at this temperature 

range. Since presence of this phase is expectable in the sample M3P+, too, mass ratio of the 

calcium carbonate minerals were calculated from the difference of these two values as 3.63 - 

2.75 = 0.88 m/m%. This loss of 0.88 m/m% corresponds to the emission of 1.779 mg CO2 

emitted during the thermal decomposition of CaCO3. According to the molar mass of the 

molecules, mass ratio of CaCO3 : CO2 is 100 : 44. According to this, CaCO3 - content of the 

sample M3P+ was calculated to be 4.039 mg (1.779 x 100 / 44), which is 2 m/m% of the 

rinsed M3P+ sample. It should be noted that the other 98 m/m % of the sample also consist of 

solid, non-soluble minerals precipitated from the curing compound. Therefore amount of 

these latter phases is remarkably high compared to the amount pure CaCO3 crystals (49 times 

higher). 

As it has been shown in Section 5.1., and can be seen in Table IV., too, the rinsed M3P+ 

sample is result of an intensive rinse process, during which mass of the originally solved 

components in the curing compound was decreased down to 9.3798 m/m %. Therefore total 

mass of solved components necessary for the production of 4.039 mg of CaCO3 is 202.2 mg x 

100 m/m% / 9.3798 m/m % = 2155.696 mg = 2.156 g. According to these the yield of pure 

calcium carbonate crystals is only 0.18 m/m % compared to the mass of the organic and 

inorganic (solved) matter input. For comparison, according to Calculation I. in Appendix, 

theoretical maximum possible amount of calcium carbonate precipitation is 15.098 m/m % of 

the mass of the organic and inorganic (solved) matter input in the M3P+ curing compound. 

However, this low percentage (0.18 m/m%) of precipitation (83.88 times lower, than the 

theoretical maximum) was achieved in a liquid compound (under anaerob circumstances), not 

among more favorable aerobic circumstances. Moreover, it was shown that out of the calcium 

carbonate crystals other non-water-soluble solid phases (such as the hydroxylapatite) were 

also precipitated, which might also enhance the durability of the treated porous stone like 

porous limestone or soft sandstone. 
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Figure 14. Thermoanalytical curves of the bacteria inoculated (M3P+) and non-inoculated (M3-) samples. 

6.4.3. Effect of the treatment on the pore size distribution 

Result of the porosimetry measurements are shown in Figure 15.  The figure represents the 

distribution and ratio of the different pore-diameters within the samples. The measured values 

are marked with the points, their jointing lines only show the tendency of the difference.  

 

 

Figure 15. Pore size distribution of the samples 

 

Results of the porosimetry measurements are detailed in Table V. More detailed results of the 

measurement, as well as original histograms of the pore size distribution obtained from the 

SZIKKTI Laboratory can be seen in Table A4. and Figure A12. in the Appendix. 

 

Table V. Pore size distribution characteristics of the two samples. * Relative incidence higher, than 10 v/v% 
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It can be seen, that range of the most frequent pore diameter (relative incidence higher, than 

10 v/v%) has changed due to the treatments, regardless on the inoculation or non-inoculation 

of the curing compound used for the treatment. In case of the Treated – Inoculated sample, 

range of the measurement was wider due to the presence of nano-pores also in the range of 

18-35 nm.  

The results showed that pore diameters change differently dependent on the inoculation 

(Treated – Inoculated sample) or non-inoculation (Treated – Non-inoculated sample)  of the 

curing compound, compared to the pore-size distribution of the Intact sample. One of the 

differences was the diverse reduction of the most frequent pore diameters within the original 

range of 3-16 μm. Treatment with the non-inoculated curing compound (Treated – Non-

inoculated sample) decreased the smaller pores between the range d = 3.00-6.50 μm, 

meanwhile the inoculated curing compound decreased rather the larger pores between the 

range d = 8-16 μm (Treated – Inoculated sample). These results suggest that the solved 

components in the non-inoculated curing compound can be easily absorbed by the small 

pores, and they can also plug them (see also the pore range d = 0.3-0.4 μm), while bacteria 

favors adsorption to the pore walls of the larger pores, reducing their relative incidence.   

Another noticable result is that in case of the Treated – Non-inoculated sample, relative 

incidence of the larger pores (10.5 – 38.0 μm) was almost the same, than in the Intact sample. 

In case of the Treated – Inoculated sample pore diameters in the range of 10.5 - 16.0 μm were 

slightly reduced (Table V.). 

Considering that the size of the rod shaped Myxococcus xanthus bacteria of 0.5 x 3.0 - 4.0 

μm, the results suggest that performance of the bacteria to decrease the relative incidence of 

pores by adsorbtion to their pore walls is the best in the order of 10.5 – 16.0  μm pore 

diameter, being 21 - 32 times larger in diameter, than the smaller dimension (0.5 μm) of the 

bacteria. For comparison, Samonin et al (2004) reported that the optimal radius of adsorbent 

pores for the maximum adsorption of Acinetobacter sp. and Bacillus mucilaginosus are 2-5 

times larger than the smaller dimension of the cell (thus 1.0 - 2.5 larger in diameter). 

Measured characteristic Unit Intact sample
Treated - 

Inoculated

Treated - Non-

inoculated

Range of measurement μm - nm 55 - 35 55 - 35 55 - 18

Range of the most frequent pore diameter* μm 3 - 16 3 - 8 6.50 - 16

Cumulative pore volume cm
3
 / g 0.189 0.197 0.206

Pore volume v/v % 18.50 19.10 22.40

Specific surface area m
2
 / g 0.722 0.673 0.840
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6.5. Discussion and conclusions 

Questions arose (listed in Chapter 2.1.) and the answers: 

1. How rinse of the specimens affect the gain in mass? 

After rinse the specimens, their initial gain in mass decreases. This shows the presence of 

remaining (not microbially combusted) water-soluble phases in the specimens. Thus initial 

gain in mass of the specimens cannot be contributed to the production of pure calcium 

carbonate crystals by the bacteria or by chemical processes. 

2. How remaining (netto) specific gain in mass of the specimens (treated under non-

sterile circumstances, ‘quasi - in situ’) depends on the type of treatment? 

In case of a treatment by immersion remaining specific gain in mass is dependent on the open 

pore volume (apparent porosity) of the specimen. In this case remaining specific gain in mass 

is higher by immersing the specimens into a non-inoculated curing compound, than by 

immersing into an inoculated compound. Possible reason of this are either the less 

pronounced activity of M. xanthus bacteria when low amount of oxygen is present (in a liquid 

compound amount of the oxigen is almost negligible compared to the amount of oxygen in the 

air), and the high rate of chemical precipitation (and possible precipitation induced by the 

bacteria inhabiting the stones).  

In case of the treatment by repeated capillary suction, remaining specific gain in mass is 

function of the volume of the curing compound applied on the specimens. In this case 

remaining specific gain in mass is higher upon application of inoculated curing compound, 

than upon application of a non-inoculated curing compound. Possible reason of this is the 

more pronounced activity of M. xanthus bacteria under aerobic, than under anaerobic 

circumstances. 

In addition to this, the integral intensity values of the hydroxylapatite peaks on the XRD 

patterns were higher in the non-inoculated samples, than in the inoculated ones. In turn, in the 

non-inoculated samples no calcium carbonate was found. Thus without bacterial activity 

precipitation of hydroxilapatite was more pronounced. These results suggest that presence of 

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

hidroxilapatite. 

3. How inoculation or non-inoculation of the curing compound affects the 

performance of the treatment? 

My results suggest that ability of the Myxococcus xanthus bacteria to precipitate calcium 

carbonate is higher under aerobic circumstances, than under anaerobic circumstances (in a 
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liquid compound). As the water evaporates out from the specimens during a treatment by 

capillary suction, bacteria can access the oxygen in the air, which enhances microbially 

induced precipitation. Upon immersion in a liquid compound, chemical precipitation is a 

more pronounced phenomenon, than microbially induced precipitation. 

4. In what extent pore-size distribution of the specimens is altered by the 

treatment? 

Non-inoculated curing compound decreased the smaller pores between the range d = 3.0 - 6.5 

μm and 0.3 - 0.4 μm, while inoculated curing compound decreased the larger pores between 

the range d = 8.0 – 16.0 μm. These results suggest, that minerals precipitated from the solved 

components in the non-inoculated curing compound can be easily absorbed by the small pores 

and partially plug them, while bacteria favors adsorption to the pore walls of the larger pores, 

reducing their relative incidence.   

In case of the Treated – Inoculated sample  (treated with M3+) pore diameters in the range 

of d = 10.5 – 16.0 μm were slightly reduced compared to the Intact or Treated sample – 

(treated with M3-) (Table V.). These results suggest that performance of the Myxococcus 

xanthus bacteria to decrease the relative incidence of pores by adsorption to their pore walls is 

the best in the order of 10.5 – 16.0 μm pore diameter, being 21 - 32 times larger in diameter, 

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

pores decreases the rate of water absorption. 

5. How much calcium carbonate is precipitated from a curing compound with given 

composition? 

TG/DTG/DTA results showed that mass of the precipitated calcium carbonate is only 0.18 

m/m % compared to the mass of the organic matter added to the solution (theoretical 

maximum rate of calcium carbonate precipitation was 15.098 m/m %). However, this 

percentage of precipitation was achieved in a liquid compound (almost anaerobic 

circumstances), not under the more favorable aerobic (open to the oxygen in the air) 

circumstances. 

 

 

Conclusions 

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 
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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. 

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). 

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.  Decrease in 

the relative incidence of pores by application of the M. xanthus-inoculated M3 curing 

compound was found to be typical and pronounced (1.52-2.20 v/v%) in the order of 10.5 

– 16.0 μm pore diameter, 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.  
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7. EXPERIMENT ON THE WATER ABSORPTION PROPERTIES 

This experiment was designed to evaluate the effect of a biomineralizing treatment on the 

water absorption properties of the porous limestone specimens. Unlike treatment by 

immersion of the specimens in a liquid curing compound (De Muynck et al., 2008.a, 2011; 

Dick et al., 2006) I intended to apply it in a more lifelike, in situ way, by repeated capillary 

absorption. Moreover, since effect of after-treatment rinse of the specimens and of the dosage 

of the curing compounds is not referred in the literature, I intended to test the effect of these 

two parameters on the water absorption properties of identical specimens. In the view of this, 

aims of the experiment were 

(i) to evaluate the changes in the rate of water absorption due to a biomineralizing 

treatment in the different states of the same specimens (intact, treated, treated and 

rinsed), 

(ii) to quantify these changes and compare of the results obtained with different 

parameters (inoculated/non-inoculated compound, dosage of the compound, “post-

watering”). 

7.1. Stone material and preparation of the samples 

Altogether 16 cylindrical specimens were prepared with radius of 36.89±0.07% mm and 

heights of 89.8±0.78% mm. Specimens were sorted into five group of three pieces, and one 

specimen was used as a control (C). Dimensions and mass properties of the intact samples can 

be seen in Table VI. Powder attached to the specimens during the wet cutting was cleared 

away both by rinse with water in the wet condition, and then also with high-pressure air after 

drying of the specimens. 

7.2. Composition of the curing compound 

The biomineralizing compound was received from the Calcite Bioconcept company. 

Ingredients of the compound are the bacteria Bacillus cereus in lyophilized form and the 

BioCalTM (mixture of the nutrients and the organic materials as CaCO3 - source) in form of a 

powder, solved in distilled water. During the treatment the biomineralizing compound was 

prepared four times in different volumes (due to the repeated treatment), as it is detailed in 

Chapter 7.3. Dosage of the BioCalTM was 25 mg/ml solved in distilled water. Only the first 

portion of compound was inoculated with 5 mg/ml lyophilized bacteria. Preparation of the 

first portion of compound and inoculation was performed 14 hours before the treatment, i.e. 

application into the specimens, in non-sterile conditions (overnight culture). During these 14 
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hours the bacteria multiplied by consuming the organic nutrients. The liquid compound was 

stored in a closed plastic box at 20°C. 

Table VI. Main properties of the intact limestone specimens used for the water absorption test 

 

7.3. Biomineralizing treatment procedure 

The treatment procedure was performed according to the instructions of the Calcite 

Bioconcept company. Thus the treatment took five days and consisted of repeated treatment 

of the specimens with decreasing amount of curing compound. The bacteria-inoculated 

compound was prepared on Day 1 (0 hour). 14 hours later, on Day 2, the compound was 

applied into the stone specimens by means of capillary absorption from Petri dishes. 

Application of the non-inoculated treating compounds onto the treated area, i.e. further 

feeding the bacteria was performed between Days 3 and Day 5, at 38, 68 and 92 hours after 

preparation of the bacteria-inoculated compound.  

Dosage of the curing compound was based on the absorbed amount of water by the 

specimens. During a preliminary water absorption test average water absorption capacity of 

the specimens was found to be 30.72 ml, when the water reached the top of the specimen, 

under standard atmospheric conditions. This amount was considered to be 4 units. According 

to the increasing amount of curing compound applied on the specimens (Group I. - 1 unit, 

Group II. - 2 units, Group III. - 4 units) six groups were established. Specimens were 

Mark mm mm cm
2

cm
3

g g/cm
3

vpores/vspec.

1 89,71 36,85 10,67 95,68 149,58 1,563 0,333

2 89,65 36,86 10,67 95,63 149,46 1,563 0,337

3 90,25 36,84 10,66 96,19 150,41 1,564 0,336

4 90,22 36,78 10,62 95,84 150,13 1,567 0,322

5 89,58 36,89 10,69 95,73 149,62 1,563 0,318

6 89,72 36,87 10,67 95,77 149,58 1,562 0,326

7 88,54 36,86 10,67 94,46 147,55 1,562 0,321

8 90,60 36,83 10,65 96,51 151,13 1,566 0,323

9 88,76 36,82 10,65 94,52 149,3 1,580 0,321

10 90,69 36,87 10,68 96,84 151,11 1,560 0,324

11 88,83 36,84 10,66 94,70 146,26 1,544 0,319

12 90,48 36,83 10,65 96,41 150,8 1,564 0,320

C 90,38 36,82 10,65 96,23 150,4 1,563 0,324

K1 90,11 36,92 10,71 96,47 149,9 1,554 0,322

K2 90,18 36,89 10,69 96,39 150,6 1,562 0,331

K3 89,62 36,99 10,75 96,31 149,6 1,553 0,327

Apparent 

density

Apparent 

porosity
Height Diameter Volume

Dry 

mass

Absorbing 

area
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marked (numbers 1-12; as well as K1-K3, and C) and classed into the groups on a random 

basis (Table VII.).  

Specimens in Group IV. were treated with both curing compound and distilled water at 

each time, first the curing compound, then the distilled water in a ratio of 1 : 3. This was 

performed in order to see the effect of „post-watering” (i.e. watering the treated surface right 

after the treatment with a liquid curing compound) on the efficiency of the treatment. 

Specimen C was treated with distilled water in order to evaluate the standard deviation of 

the capillary absorption coefficient measured on the same non-treated specimen.  

Specimens in Group K (K1, K2 and K3) were used to test the effect of the non-inoculated 

curing compound on the water absorption. This group was treated identical to Group IV., but 

with non-inoculated curing compound, thus no bacteria were added to the specimens. 

Repeated treatment was performed as it is shown in Table VII. (where i = inoculated 

curing compound, ni = non-inoculated curing compound, w = distilled water). After the 

treatment specimens were stored at room temperature for one week. 

Table VII. Dosage of the curing compounds during the treatments. Abbrevations: i = inoculated curing 

compound, ni = non-inoculated curing compound, w = distilled water. One unit (1.00) is equal to 7.68 ml of 

curing compound 

 

7.4. Rinse and repeated capillary absorption 

Before the treatment the initial capillary absorption (k1) and capillary elevation coefficients 

(e1) of the specimens were measured. After the treatment of the specimens and their one-

week-long storage and drying, these two coefficients were measured again on the same 

specimens, denoted with k2 and e2. Then specimens were immersed in water (standing on their 

bottom side) in plastic containers for one week. Water was changed in the containers in every 

48 hours in order to facilitate dissolution of the soluble particles in the specimens. After rinse, 

specimens were dried under laboratory conditions for one week. Then k3 and e3 coefficients 

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)
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were measured. After this the one-week-long rinse and one-week-long drying were performed 

again, as described before, and then the final coefficients k4 and e4 were measured. Water 

absorption and capillary elevation measurements were concluded when the water-front 

reached the top of the specimen. Further water absorption of the specimens, i.e. saturation of 

the smaller pores was not evaluated. 

7.5. Methods of evaluation 

Due to the treatment with the curing compounds decrease of the capillary absorption 

coefficients were expected. However, upon repeated rinse performed on the same specimens 

after the treatment increase of the capillary absorption and capillary elevation coefficients 

were expected as result of the dissolution of soluble matter remained in the pores. This 

soluble matter is able to hamper the water absorption, but if rinsed out, has no effect on it. The 

tested parameters were the following: 

(i) Changes of the rate of water absorption – determined by calculating and comparing the 

capillary absorption and capillary elevation coefficients of the same specimens before and 

after the treatment, and after the rinses, respectively. 

(ii) Efficiency of the treatment – determined by comparing the ratios of the initial and the 

final capillary absorption and capillary elevation coefficients of the specimens within the 

groups. 

- initial capillary absorption coefficient was denoted with k1,  

- final capillary absorption coefficient was denoted with k4,  

- and their ratio was denoted with rk, and calculated as rk = (k4 / k1) • 100.  

- similarly, ratios of initial (e1) and final (e4) capillary elevation coefficients were 

denoted with re , and calculated as re = (e4 / e1) • 100. Smaller ratio means higher 

efficiency of the treatment. 

(iii) Effect of rinse – determined by comparing the secondly (e2 and k2) and finally (e4 and k4) 

measured coefficients. Higher final coefficient shows solution of water-soluble matter 

(which hampered the capillary water absorption) out from the specimen. 

(iv) Bacterial contribution - determined by comparing the results measured on the specimens 

in the Group K with those results measured on specimens in Group IV. These specimens 

were treated with non-inoculated curing compound, with dosage identical to Group IV. 

(treated with inoculated curing compound) (Chapter 7.3.). For evaluation ratios of the 

initial and the final capillary absorption and capillary elevation coefficients measured on 

the specimens in the two groups were compared to each other.  
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(v) Effect of post-watering - determined by comparing the results obtained with the 

specimens in the Groups I. and IV., since identical amount of curing compound was 

added to them. The idea behind ‘post-watering’ was that the additional water might help 

the solved components to distribute evenly in the specimen, avoiding accumulation and 

blocking of the pores. 

7.6. Results 

After the measurements the following results were obtained. In case of specimens 4, 8 and C 

measurement of the water absorption was not continuous due to blackouts shutting down the 

balance (see Figure A22., A24. and A25. in the Appendix). Thus k2 and e2 coefficients are 

not indicated in case of specimens 4 and K, and k2 and e2 were are measured only until 41 mm 

of elevation height in case of specimen 8. Measurements could not have been repeated, since 

ingress of water into the treated specimen alters it water absorption properties by reacting 

(solving) with the water-soluble matter in the porous matrix. 

Coefficients e and k were calculated at 85±1.5mm elevation height of the water-front, and 

from the mass of the absorbed water at this height. Since curves of the capillary absorption 

and capillary elevation values in function of square root time were not always linear, slopes of 

the curves (h(t)/√   and m(t)/√ ), thus the capillary absorption and capillary elevation 

coefficients were determined according to longest linear section of the curves (Figure 16.) 

Capillary absorption and capillary elevation curves of the specimens can be seen in Figures 

A13 – A28. in Appendix.  

During the combined test the following observations were made: 

(i) Rate of the water absorption significantly decreased due to the treatment (as it can be seen 

in Table VIII. and in Figure 17. and Figure 18.) 

(ii) After treatment, and after the first rinse of the specimens, those during the measurement of 

k2 and e2, as well as  k3 and e3, very slow initial water absorption was observed. Moreover, 

in the beginning of the absorption process the water did not attach to the surface of the 

specimen, as if the specimen was hydrophobized. After a while this phenomenon ended, 

the water attached to the surface, and rate of the water absorption increased. The process is 

clearly reflected by the capillary absorption curves obtained after the treatment: low 

gradient in the beginning and higher, almost constant gradient afterwards (e.g. Figure A18. 

and A19. in Appendix). This phenomenon can be explained with the accumulation of 

soluble matter on the bottom of the specimen during the capillary absorption of the curing 

compound, acting as a hydrophobic film before solution. 
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(iii) Treatment with the curing compound altered the capillary absorption and capillary 

elevation curves of the specimens. Before the treatment these curves were linear or almost 

linear. After the treatment they became ‘wavy’ (Figure 16.). The reason of this is the 

solution of the water-soluble organic matter trapped into the pores of the specimens, which 

hampers the water to propagate without obstacles. During the solution the rate of the 

absorption/elevation decreases, after the solution of the matter increases again. Thus the 

curves become “wavy”. 

 

Figure 16. 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. 

7.6.1. Changes of the rate of water absorption 

Standard error of the measurement was measured on non-treated control specimen (C) to be ± 

0.0127 cm/√  (e) and ± 0.0034 g/(cm
2
√ ) (k). (Table VIII.). These errors are low compared 

to the differences between the coefficients measured on the same specimen in its different 

states. Therefore results obtained in the different groups were directly compared to each other.  

As result of the treatments both capillary elevation coefficients and capillary absorption 

coefficients of the specimens decreased. The coefficients calculated from the results are 

detailed in Table VIII. and visualized in Figure 17. and Figure 18.  

7.6.2. Effect of rinse after the treatment 

After the first rinse, the coefficients started to rise almost in all the cases, but did not reach 

their initial values (Figure 17. and Figure 18.). Dependent on the type of treatment, e2 values 

were risen by 2.04 – 68.21% (difference of e2  and e3  values of specimens 2 and 9), and k2 

values were risen by 3.65 – 94.55% (difference of k2  and k3  values of specimens K1 and 10). 
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Table VIII. Capillary elevation and capillary absorption coefficients of the specimens. 

 

 
 

Upon further rinse decrease or ‘quazi stagnation’ (increase lower than the standard error) of 

the coefficients was observed to be the main tendency in most of the cases (except specimens 

7 and 12) in inoculated Groups I – IV.  

In the non-inoculated Group K increase of the coefficients was observed. This suggests 

that the components could not transform into non-soluble phases during and after the 

treatment, and upon further rinse they might be eliminated completely from the specimens. 

 

Coefficient Unit 9 11 12 1 3 10 4 5 8

e1 cm/s
0.5

0,4335 0,4500 0,3697 0,4414 0,4571 0,3932 0,3975 0,3901 0,3940

e2 cm/s
0.5

0,2378 0,2335 0,1897 0,2127 0,2354 0,1934 0,2016 0,2000

e3 cm/s
0.5

0,4000 0,3370 0,2384 0,2839 0,3162 0,2896 0,2281 0,2229 0,2987

e4 cm/s
0.5

0,3729 0,3310 0,2951 0,2588 0,2541 0,2598 0,2239 0,2273 0,2264

r e = e4/e1 % 86,02 73,56 79,82 58,63 55,59 66,07 56,33 58,27 57,46

k1 g/(cm
2
s

0.5
) 0,1205 0,1141 0,0943 0,1023 0,1049 0,1011 0,0952 0,0975 0,1050

k2 g/(cm
2
s

0.5
) 0,0558 0,0703 0,0610 0,0503 0,0503 0,0385 0,0468 0,0794

k3 g/(cm
2
s

0.5
) 0,0822 0,0990 0,0802 0,0687 0,0850 0,0749 0,0689 0,0586 0,0653

k4 g/(cm
2
s

0.5
) 0,0822 0,1008 0,0833 0,0648 0,0695 0,0681 0,0565 0,0526 0,0625

r k = k4/k1 % 68,216 88,344 88,335 63,343 66,254 67,359 59,349 53,949 59,524

Group I. Group II. Group III.

-

Coefficient Unit 2 6 7 C K1 K2 K3

e1 cm/s
0.5

0,3881 0,3491 0,3589 0,3842 0,3865 0,3764 0,3487

e2 cm/s
0.5

0,3338 0,1836 0,2649 0,1820 0,1744 0,1701

e3 cm/s
0.5

0,3406 0,2021 0,2356 0,3588 0,1820 0,2272 0,2397

e4 cm/s
0.5

0,3084 0,2090 0,2738 0,3797 0,2565 0,2428 0,2715

r e = e4/e1 % 79,46 59,87 76,29 98,83 66,36 64,51 77,86

k1 g/(cm
2
s

0.5
) 0,0921 0,1087 0,1021 0,0807 0,1035 0,0953 0,0964

k2 g/(cm
2
s

0.5
) 0,0527 0,0540 0,0579 0,0438 0,0456 0,0387

k3 g/(cm
2
s

0.5
) 0,0590 0,0776 0,0601 0,0875 0,0454 0,0573 0,0524

k4 g/(cm
2
s

0.5
) 0,0668 0,0710 0,0616 0,0875 0,0562 0,0774 0,0590

r k = k4/k1 % 72,530 65,317 60,333 108,426 54,300 81,217 61,203

Group IV. Group K
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Figure 17. Development of the capillary elevation coefficients (e) of the specimens during the experiment 

 

Figure 18. Development of the capillary absorption coefficients (k) of the specimens during the experiment. 

 

7.6.3. Efficiency of the treatment 

Ratios of the initial and final capillary absorption coefficients (rk = k4 / k1) and ratios of the 

initial and final capillary elevation coefficients (re = e4 / e1) can be seen in Table VIII. and 

visualized in Figure 19. and Figure 20.  

Application of higher amount of curing compound tended to result in a higher decrease in 

the rate of water absorption and capillary elevation (Table VIII., Figure 19. and Figure 20.). 

Lowest ratios, thus highest decrease in rk and re values were observed on the specimens in 

Group III. (down to 56.33 – 57.46 % (k) and 53.95 – 59.52 % (e)). These results suggest that 

application of higher amount of curing compound results in higher decrease in the water 

absorption properties of the treated porous limestone. 
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Figure 19. Ratios of the capillary absorption coefficients (k4 / k1) by groups. 

 

 

 

 

Figure 20. Ratios of the capillary elevation coefficients (e4 / e1) by groups. 

7.6.4. Bacterial contribution 

Comparing the results obtained with identical amount of either inoculated- (Group IV.) or 

non-inoculated (Group V.) curing compounds, no significant differences were observed, only 

in the range of the rk and re values (Table VIII., Figure 19. and Figure 20.) Ranges of the 

ratios were: 
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re: 59.87 – 79.46 % (Group IV.) and 64.51 – 77.86 % (Group K) 

rk: 60.32 – 72.53 % (Group IV.) and 54.30 – 81.22 % (Group K) 

7.6.5. Effect of ‘post-watering’ 

rk and re values obtained with the ‘post-watering’ of the specimens (Group IV.) tending to be 

lower than those obtained in Group I. (Table VIII., Figure 19., Figure 20.). This suggests 

that post-treatment with water after a biomineralizing treatment enhances the efficiency of the 

treatment.    

7.7. Discussion and conclusions 

Questions arose (listed in Chapter 2.2.) and the answers: 

1. Are changes in the rate of water absorption caused by different treatments 

quantifiable? 

Changes in the rate of water absorption caused by different treatments can be quantified with 

help of the ratios of capillary absorption coefficients or ratios of capillary elevation 

coefficients (rk and re values). These ratios are calculated as ratio of the final (measured after 

the treatment and the two rinses of the specimen) and initial (measured in the intact state of 

the specimen, before the treatment) values of capillary absorption (k) or capillary elevation (e) 

coefficients measured on the same specimen. These coefficients reflect the effect of the 

different treatments. 

2. Is repeated rinse of the specimens after the treatment affects the rate of water 

absorption? If yes, in what extent? 

First rinse of the treated specimens results in increase in the rate of capillary water absorption 

compared to the rate of capillary water absorption measured right after the treatment. 

Dependent on the type of treatment, e2 values were risen by 2.04 – 68.21% (difference of e2  

and e3  values of specimens 2 and 9), and k2 values were risen by 3.65 – 94.55% (difference of 

k2  and k3  values of specimens K1 and 10) (Table VIII.). Second rinse of the specimens 

results in stagnation or decrease of the coefficients in case of the treatement with inoculated 

curing compounds, and increase of the coefficients in case of the treatement with non-

inoculated compound. This phenomenon is due to the dissolution of the water-soluble 

components out from the specimen, which were trapped inside the specimens after the 

treatment. Before rinse the specimens, these retained components hamper the capillary water 

absorption, and decrease the rate of capillary absorption. Upon rinse, most of these 

components are cleared away from the specimen, which increases the rate of water 
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absorption. Inoculated curing compounds cause permanent changes to the treated specimens 

due to the microbial precipitation. Components of the non-inoculated curing compounds can 

be rinsed out, having only temporary effect on the water absorption. 

3. Are the changes in the rate of water absorption typical to the type of the 

treatment (inoculated compound, dosage of the compound)? 

rk and re values tended to decrease upon application of higher amount of curing compound. 

Thus dosage of the curing compound is reflected by the ratios, both by the changes in the 

rates of capillary water absorption and capillary elevation.  

Regarding the effect of inoculation, rk and re values in the inoculated group (Group IV.) 

were found to be similar to those in the non-inoculated group (Group K). However, e and k 

values showed stagnation or decrease in the non-inoculated treatments, showing the bacterial 

contribution to the efficiency of the treatment. e and k values started to rise in case of the non-

inoculated treatment, suggesting further increase upon further rinse, thus lower efficiency. 

‘Post-watering’ of the specimens after the absorption of the curing compound (Group IV.) 

seems to decrease the rk and re values, thus increasing efficiency of the treatment (Figure 19. 

and Figure 20.). Possible reason of this is the better, more even distribution of the solved 

components in the specimen due to the transport by the absorbed water. 

4. Does treatment by capillary absorption affects the distribution of the solved 

matter inside the specimen? 

Treatment by capillary absorption (the specimen absorbs the liquid curing compound through 

one side/surface) can result in the accumulation of water-soluble and colloid-form matter on 

the bottom (surface) of the specimen. Upon drying this accumulated material can act as a 

hydrophobic film before its solution. However, upon post-watering the soaked curing 

compound, a more even distribution of the solved components can be presumably achieved. 

This was not proved directly, but it is presumable according to the results of the water 

absorption tests. 

5. How rate of capillary elevation changes due to the treatment? 

Rate of the capillary elevation decreases due to the biomineralizing treatment, following a 

similar trend (position of the calculated rk and re values is almost the same relative to each 

other), than the decrease of the capillary absorption coefficients (Figure 19. and Figure 20.). 

Conclusions 

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 
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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 rk and re ratios, 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.  

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

coefficients measured on the specimens decrease after the treatment (second 

measurement), afterwards increase due to the first rinse of the specimens, but does not 

reach the values measured in the intact (initial) state of the specimens. Then they either 

stagnate (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.  
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8. EXPERIMENT ON THE COLOR VARIATION 

As it was discussed under Chapter 2.3., bio-based surface treatments might cause 

discoloration of the treated surface. In a preliminary experiment I observed yellowish 

discoloration of the porous limestone specimens by naked eye, therefore extent of this 

discoloration was analysed and evaluated on histograms of images taken of the specimens 

before and after the treatment (Juhász, 2012). In my second experiment on color variation a 

more effective tool, namely spectrophotometer was used (Tiano et al., 1999 and 2006). With 

help of this equipment a comparative experiment was performed on the discoloring effect of 

treatments preformed with different liquid bio-based compounds under identical conditions. 

Motivation of the research was the lack of comparative tests on the discoloring effect of 

commonly used curing compounds (CB, CC, M3, M3P – Jimenez-Lopez al., 2007; Séverine 

et al., 2010). 

In the view of this, aims of the present experiment were: 

(i) to compare the effect of several curing compounds on the changes in color and shade 

when applied on identical stone surfaces under identical dosage and circumstances 

(ii) to test the performance of different bacterial strains and different nitrogen-sources on 

the discoloring effect of the treatment.  

8.1. Materials 

8.1.1. Preparation of the samples 

Altogether 11 limestone slabs (10 specimens for the treatment and 1 control specimen) with 

dimensions of 38.0 x 12.0 x 6.5 cm were cut from four limestone blocks. Treatment and 

measurements were carried out on the largest side of the slabs, on a marked surface with 

dimension of 15.0 x 15.0 cm. Thus the effect of the biodeposition treatment was analyzed on 

surface areas of 225 cm
2
.  

8.1.2. Microorganisms and growth conditions 

In the present experiment four types of commonly investigated biomineralizing compounds: 

CB, CC, M3, M3P (De Muynck et al., 2010.a), P1 (own compound), and one conventional 

stone consolidating compound (T1) were used. The inoculated (+) curing compounds were 

prepared with their referred types of microorganisms, thus Bacillus cereus for the CB (Le-

Métayer Levler et al., 1999), and Myxococcus xanthus (Rodriguez-Navarro et al., 2003).  

Bacillus cereus bacteria were precultured in a liquid compound made of 400 ml distilled 

water and 10 g solid nutrients (BioCal
TM

) patented by the Calcite Bioconcept company, which 
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were provided by the Calcite Bioconcept company in form of a yellowish powder. The 

components were mixed together, and the compound was inoculated with 2 g of lyophilized 

bacteria 20 hours before the treatment, i.e application onto the surface, under non-sterile 

conditions. During these 20 hours the bacteria were precultured in the liquid compound, 

which was stored in a closed plastic box at 20°C according to the instructions of the Calcite 

Bioconcept. 

Myxococcus xanthus, was precultured in 32 ml of CT liquid medium (Rodriguez-Navarro 

et al., 2003). One ampule of lyophilized Myxococcus xanthus was added to this medium. The 

preculture medium CT was incubated at 28°C in shaking conditions (in order to enhance 

growth) for 48 hours. 

8.1.3. Composition of the curing compounds 

Components of the CB, CC, M3 and M3P curing compounds are detailed in Chapter 3.3. Our 

experimental liquid compound P1 had the same ingredients, than M3P, but was amended with 

10 mg/ml limestone powder (see distribution of particle-size in Figure A1. in Appendix) to 

enhance the pore-size-reducing effect.  

In order to evaluate the role of the microbial activity in the alteration of color, all the 

biomineralizing treatments, except the P1 were performed both with bacteria-inoculated 

(marked with +) and non-inoculated compounds (marked with -). Liquid compound P1 was 

used only in inoculated form. Besides the bio-based curing compounds a conventional stone 

consolidant was also tested.  It was a water-borne synthetic resin based primer, made of 

acrylate-polymer, marked with T1. This consolidant was tested in order to obtain reference 

values for a conventional stone curing compound, which can be compared to the results 

obtained with the non-conventional, bio-based compounds. 

8.2. Treatment procedure 

Treatment procedure was based on the treatment procedure of the Calcite Bioconcept 

company (Le-Métayer Levler et al., 1999), and was identical in case of all the curing 

compounds. The treatment itself took four days. On the first day CC+, M3+, M3P+ and P1 

compounds were inoculated with the 48 hours old CT preculture medium (20 mg/l), and were 

poured onto the marked surface area (225 cm
2
) of the stone slabs from a glass baker, one 

compound per slab. In case of the CB+ medium, the twenty-hour-old CB+ preculture was 

applied directly onto the stone surface. Non-inoculated compounds CC-, M3-, M3P- and CB- 

were applied onto the slabs at the same time. The conventional stone consolidating compound 
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(T1) was applied on the stone slab only on the first day, in an amount of 400 ml. From the 

first day on, slabs were treated only with non-inoculated compounds, so no further amount of 

bacteria was added to the slabs. Portions of the applied curing compounds (except T1) per 

days per slabs (or per curing compound) can be seen in Table IX. The control slab was not 

treated at all. 

Table IX. Volume of the applied curing compounds per day during the treatment in ml 

 

Stone slabs were treated, and then stored for two month (September – October) in outdoor 

environment. During the treatment the slabs were shaded against direct sunlight by means of 

covering with OSB (Oriented Strand Board) sheets. After the treatment the covers were 

removed. During the two-month long outdoor storage period the slabs were rinsed three times 

by rain (rainwater), and because of their orientation they were subjected to direct sunlight for 

approximately 4 hours per day in the afternoon. 

8.3. Methods of evaluation 

For the color measurements four not overlapping circles (with diameter of 10 mm) were 

marked on the surface of each slab, respectively. Before the treatment color values (L*, a* 

and b*) of these spots were measured with the spectrophotometer. Firstly, measurements 

(n=4) were carried out on the non-treated slabs. Then, two months after the treatment a second 

series of measurement (n=4) were carried out on the treated and control (non-treated) slabs, 

on the same aforementioned spots. Then total color difference values (ΔE) were calculated, 

and changes in luminosity and color were evaluated. Effects of the different curing 

compounds on the chromatic aspect of the stone surfaces were compared to each other. 

8.4. Results 

The biodeposition treatment resulted in a change of the shade and the chromatic aspect of the 

light beige-whitish colored limestone surfaces, regardless to the type of curing compound, 

also perceptible for the naked eye. Results of the measurements are detailed in Chapters 

8.4.1. and 8.4.2. 

8.4.1. Changes of color 

Typical value ranges for the color of the original, intact specimens were measured to be  

L* = 81.98 to 87.20; a*= -1.60 to +1.49 and b*= 8.26 to 13.72. 

Differences were measured in color values also on the non-treated control slab (Table A5. 

Day 1 2 p.m. 2 a.m. 3 4

ml 200 200 100 150 150
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in the Appendix), suggesting, that exposure to outdoor circumstances had a primary effect on 

the initial appearance of the stone. Average total color difference of 2.44 (standard deviation 

= 0.56) was measured on the control slab, which is not perceptible for the human eye. 

Alteration of the shade was measured to be -1.40±0.61. This result is in good agreement with 

the observation of Jroundi et al. (2010), who reported changes in the chromatic aspect due to 

the treatment by distilled water. I considered these alteration values inevitable (affecting the 

other slabs, too) in case of an in situ treatment, thus I reduced the ΔE (total color difference) 

and ΔL* (luminosity) values measured on the other slabs with the average ΔE and ΔL* values 

(2.44 and -1,40) measured on the control slab. Thus I obtained the corrected ΔE and ΔL* 

values, marked with ‘corr. ΔE’ and ‘corr. ΔL*’ (Table A5). Color values obtained before and 

after the treatment, as well as their statistics can be seen in Table A5. in Appendix). The 

obtained corrected ΔE values, can be seen in Figure 21. 

 

Figure 21. Corrected total color difference values (ΔE) generated by the different treating compounds. The 

color difference is perceptible for human eye above value ‘6’. 

Only the application of one treating compound, CC- showed lower color difference 

(2.35±0.52), than that of the control slab’s (2.44±0.49). This is noticeable, since curing 

compound CC- is a yellowish liquid mixture, but after application does not alters the 

chromatic aspect of the specimen in a perceptible extent (Figure 22.). 
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Figure 22. Colors of the curing compounds right after the preparation (both non-inoculated and inoculated). 

Inoculation with bacteria does not cause changes in the chromatic aspect of the liquid compound. 

 

  

The highest difference was achieved with the CB+ treating compound, causing perceptible 

alteration for the human eye (corr. ΔE = 4.17 - 7.25) in half of the cases (Figure 21.). 

Corrected ΔE values achieved with the other compounds remained under value ‘6’, causing 

no perceptible change in the visual aspect of the stone. Perceptible alteration of color in case 

of the CB series can be contributed to the fact, that the water-soluble nitrogen sources of the 

CB are yellowish in color, thus liquid CB curing compound is also strongly yellowish in color 

(Figure 22.). This aspect did not change significantly during the treatment since the color-

producing components did not transform totally (e.g. as result of chemical reaction or 

metabolism of the bacteria) to colorless components, as in case of the CC curing compound. 

Compounds M3, M3P and P1 were made of mainly whitish and light-colored components, 

e.g. Bacto Casitone powder or calcium-acetate (Figure 23.) in a very low concentration. After 

solution in distilled water this resulted in transparent or opale liquids in appearance due to the 

solved components, therefore their discoloring effect was not significant. 
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Figure 23. Appearance of the stone surface and the components of the curing compounds.  

8.4.2. Alteration of the shade 

With one exception (compound CC-), all the treating compounds darkened the original, light 

beige-burrosso-whitish color of the stone, but none of their values is higher than ‘6’. 

Darkening was measured on the control slab to be corr. ΔL* = -2.40 - -0.77. Corrected ΔL* 

values have negative sign (except CC-) meaning, that the luminosity decreased, thus the 

surfaces became darker. The surface became brighter in shade only in case of the compound 

CC-, as it can be seen in Table A5. in the Appendix. No further significant correlation was 

observed between the type of curing compound, presence or absence of bacteria and the 

alteration of luminosity. 

The conventional, resin based compound (T1) did not alter the color and the shade of the 

stone surface in a significant way, but changes in the light-reflecting properties were 

considerable. However, in our case remarkable shiny appearance of the surface after the 

treatment is most possibly a side-effect of the ‘over-dosage’ of the compound and application 

without dilution (dosage: 800 ml/225 cm
2
; 800 ml of curing compound is normally used for 

treating several m
2
 of surface). Nevertheless, since generally large stone surfaces, i.e. facades, 

walls etc. are treated by stone consolidants, changes in the light-reflecting properties should 

be avoided. 

8.5. Discussion and conclusions 

Questions arose (listed in Chapter 2.3.) and the answers: 

1. What are the differences in the effect of different liquid curing compounds 

referred in the literature on the appearance (color, shade) of the stone, when they 

applied on identical stone surfaces under identical dosage and circumstances? 

Exposure to the outdoor environment alters the chromatic aspect of the stone surface, thus this 
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effect of the environment was considered, when the discoloring effect of the bio-based 

treatments were evaluated. Corrected ΔE values achieved with the different treatments 

showed that regardless of the inoculation or non-inoculation all the curing compounds caused 

alteration of the appearance of the stone surface. However, these alterations were only 

perceptible (corr. ΔE values higher than ‘6’) in case of the treatment with the CB+ curing 

compound. Curing compounds out of CB+ caused non-perceptible differences in color to the 

stone, (Figure 21.). 

Application of curing compound CB- with the same initial chromatic characteristics as the 

liquid compound CB+ resulted in lower color difference values than CB+ (ΔE=4.22-6.55 for  

CB- ; and ΔE=6.60-9.69 for CB+).  

It was found that inoculation of the curing compound with Myxococcus xanthus either 

results in increase or decrease of the discoloring effect that was achieved with the non-

inoculated curing compounds. 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. 

Treatment with the B. cereus - inoculated CB compound resulted in higher, perceptible ΔE 

values, than the non-inoculated CB compound.  

2. Is there any alternative growth medium to be used in order to decrease or avoid 

the perceptible changes in the visual appearance of the treated surface? 

Perceptible alteration of the stone surface was avoided upon application of non-colored 

nitrogen sources (such as Bacto Casitone powder) in the curing compound, instead of the 

colored nitrogen sources (such as yeast-extract, peptone). The colored components (yeast 

extract, peptone) were used for the production of NH4
+
 ions increasing pH (Castanier et al., 

1999). Colored nitrogen sources are likely to cause perceptible changes in the chromatic 

aspect of the treated surface (De Muynck et al., 2010.b) (Figure 23.). 

 

Conclusions 

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

the curing compound. 

I experimentally demonstrated that perceptible alteration of the porous limestone 

surface results from a biomineralizing treatment can be avoided by the appropriate 

choice of components of the curing compound.  Use of Bacto Casitone powder as 

alternative nitrogen source in the liquid compound for the production of NH
4+

 ions, 

instead of colored nitrogen sources (yeast extract, peptone) results in non-perceptible 

color variation of the treated stone surface.  

Bacto Casitone powder is an appropriate alternative nitrogen source for the yeast extract. 
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9. EXPERIMENT ON THE MIGRATION OF BACTERIA 

In the present experiment factors affecting the migration height of bacteria in porous 

limestone specimens were analyzed by a new, indirect testing method, developed by myself. 

Aims of the experiment were: 

(i) to test the appropriateness of this new indirect method (capillary elevation test 

combined with the printing-on agar technique) for the analysis of the migration of 

bacteria; 

(ii) to link the migration height of the bacteria to the capillary absorption properties of the 

stone specimen; 

(iii) to test the effect of concentration of the bacteria in the liquid curing compound and 

volume of the applied curing compound on the migration height of the bacteria. 

9.1. Materials 

9.1.1. Preparation of the samples 

For this experiment altogether 14 porous limestone prismatic specimens were produced (12 

specimens for the treatment + 2 control specimens) with dimensions of 40 x 40 x 80 mm 

(average values) were cut out from limestone blocks. Detailed dimensions of the specimens 

can be seen in Table X.  

Table X. Dimensions of the limestone specimens used for the migration test 

 
 

Powder attached to the specimens during the cutting was cleared away both by rinse with 

water (right after cutting, in wet state of the specimen) and then with high-pressure air (after 

drying of the specimen). Specimens were treated through their bottom side, thus their bottom 

ID a (mm) b (mm) h (mm) A (cm
2
)

8.1. 40,39 40,93 80,83 16,53

8.2. 37,74 39,99 80,05 15,09

8.3. 39,55 37,74 80,37 14,93

8.1.* 39,31 41,66 81,89 16,38

8.2.* 38,39 39,06 80,01 15,00

8.3.* 40,69 41,25 81,28 16,78

16.1. 41,82 40,05 82,20 16,75

16.2. 40,14 39,10 80,19 15,69

16.3. 38,44 39,56 80,96 15,21

16.1.* 39,42 38,41 79,03 15,14

16.2.* 40,12 38,40 80,21 15,41

16.3.* 41,15 39,90 81,20 16,42

8.K 41,97 40,54 81,59 17,01

16.K 39,81 38,37 80,76 15,28

Average 39,92 39,64 80,76 15,83

Dimensions
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surface soaked the curing compounds. In order to handle the differences caused by the 

different dimensions of the specimens, measured values were normalized to the bottom 

surface areas of the specimens (A in cm
2
). Specimens were classed into 4 groups (signs of 

treated groups were: 8, 8*, 16, 16*; n=3 / group) and one group of two control samples (signs: 

8.K and 16.K)  

9.1.2. Curing compound 

Curing compound used in the present experiment was M3 (Table I. in Chapter 3.) For the 

inoculum M. xanthus was precultured in 100 ml CT liquid medium. M. xanthus obtained from 

a living culture (cultured on agar) was added to this medium. The preculture medium CT was 

incubated at room temperature (25-26°C) under steady conditions. M3+ curing compounds 

were inoculated with different amounts of CT (4 v/v% or 20 v/v%). M3- curing compound 

used for the control specimens (8.K and 16.K) was not inoculated with CT. 

9.1.3. Agar plate 

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

Altogether 700 ml solidified liquid compound was prepared. The compound was spread in 14 

plastic containers (preliminary sterilized with ethyl-alcohol) with inner dimensions of 163 x 

115 x 7 mm (width, depth, height). Containers were covered with transparent plastic sheets. 

After cooling down, the liquid compound became solid due to the agar-agar. Water 

condensated on the inner side of the covers from the solid agar was sponged up with ethyl 

alcohol sprayed paper towels. 

9.2. Treatment procedure 

Specimens were prepared prior to the treatment, and were treated by capillary absorption of 

the curing compound as it is explained under Chapter 4.4. 

Specimens in Group 8 and Group 16 were treated with 8 or 16 ml of M3+ curing 

compounds inoculated with 4v/v% (thus 0.32 ml and 0.64 ml) of CT culture, respectively. 

Specimens in Group 8* and Group 16* were treated with 8 or 16 ml of M3+ curing 

compounds inoculated with 20 v/v% (thus 1.60 ml and 3.20 ml) of CT culture, respectively. 

The two specimens in group K were treated with 8 or 16 ml of M3- (non-inoculated) curing 

compound. Treatment on the Petri dishes lasted until the equilibrium point of the capillary 

absorption process was reached, where the water-front did not proceeded higher. This height 

was the maximum elevation height of the curing compound, which was denoted with hc,max. 

Then specimens were printed onto the agar plates, respectively, by rolling their four sides 
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over the surface, and the agar plates were covered again. Then agar plates were incubated at 

room temperature (25-26°C) for 36 hours. After this all the plastic containers containing agar 

plates were opened, vertical and horizontal bars were placed on them and images were taken 

of the bacterial colonies growing on the agar plate (Figures A29–A40. in the Appendix). 

9.3. Methods of evaluation 

The treatment was evaluated by comparing the elevation heights of bacteria achieved with the 

different amounts of the curing compounds, and different concentrations of bacteria in the 

curing compound. These elevation heights were compared with the capillary elevation 

properties of the specimens. Elevation heights of the bacteria were denoted with hb,m and were 

determined as it is explained under Chapter 4.6. After this, specific elevation index was 

calculated as follows: 

                             (7) 

where ie,s is the specific elevation index in cm/cm
2
 (cm

-1
), hb,m is the average elevation height 

of the bacteria in the porous matrix (measured on the agar plate) in cm and A is the absorbing 

surface of the stone specimen in cm
2
. This calculation was necessary, since maximum 

elevation height of the liquid compound (or other liquid) is dependent on the size of the 

absorbing surface if finite amount of liquid compound is soaked by the specimen. Then 

capillary elevation coefficients of the specimens were calculated according to e = h(t)/√ , as it 

is explained under Chapter 4.3. Since I expected, that capillary elevation properties of the 

stone are in a relationship with the elevation height of bacteria, values of e and ie,s were 

compared to each other. 

9.4. Results 

After 36 hours of incubation, Myxococcus xanthus bacteria grow on all the agar plates of 

groups 8, 16, 8* and 16*. Bacterial colonies located on the bottom part of the plates (see 

Figures  

A29-A40. in the Appendix). Distribution of the bacteria was different in all the agar plates, 

and slightly no similarities were observed even on the agar plates belonging to the same group 

of specimens. On the control plates (Group K) no bacterial growth was observed – see 

Figures A41-A42 in the Appendix. Therefore the functions of capillary elevation and 

bacterial elevation height were not evaluated on the control specimens. After evaluation of the 

capillary elevation process on the specimens the following observations were made:  

It was found, that capillary elevation curves are not linear (compared to the e(1) curves in  
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Figures A13-A28. in Appendix), but they are composed of two almost linear segments with 

different slopes (see Figure 24.). Possible reason of this is that rate of the capillary elevation 

decreases when the specimen soaked the entire amount of liquid compound from the Petri 

dish. As the liquid propagates higher in the specimen in the dry pores, pores in the bottom of 

the specimen are emptied in parallel. But this emptying is hampered by the adsorption of the 

water onto the pore walls of the fine pores, retaining the outgoing water through the surface 

tension of water. When the capillary absorption is continuous, no pores are emptied, thus the 

velocity of the elevation decreases linearly in function of √ .  

 

Figure 24. Capillary elevation curves of the three specimens in Group 16. 

According to these results it was supposed that bacteria will not propagate after the decrease 

of the rate of capillary elevation, but settles in the compound (I observed this phenomenon in 

the preculture media: bacteria settled down to the bottom of the Erlenmeyer-flask after a 

while) or remain bound to the surface of the pores. Regarding this, e values were calculated 

according to the first, initial segment of the curves – see determination of e(1) in Figure 24. 

Then specific elevation indexes (ie,s) were calculated according to the average elevation height 

of bacteria (hb,m), by dividing them with the area of the absorbing surface. Results obtained 

from the calculation of the e and the ie,s values, as well as the maximum elevation heights of 

the compounds (hc,max) can be seen in Table XI. 

It can be seen by the results, that capillary elevation coefficients were different both 

between and within the four groups. It is also remarkable, that average elevation heights of 

bacteria (hm) are also different within the groups, and bacteria did not reach the same 

elevation height as the liquid compound. This result confirmed the separation of the bacteria 
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from the liquid compound, which can be explained either with the adsorption (adhesion) of 

bacteria to the pore walls, or with the settling down of the bacteria in the compound.  The 

results also show that specific elevation indexes are higher in the 8* and 16* groups, which 

were treated with M3+ containing five times higher concentration of Myxococcus xanthus (20 

v/v%) than groups without * (4 v/v%). 

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

(hc,max) specific elevation indexes and elevation coefficients measured on 3-3 specimens in each group. 

 

If specific elevation indexes are plotted in function of the belonging capillary elevation 

coefficients, the following relation was obtained (see Figure 25). It can be seen that higher 

elevation heights of the bacteria were obtained with higher dosage of bacteria in the curing 

compound and also upon application of higher amount of curing compound, in both groups. 

 

Figure 25. Capillary elevation indexes in function of the initial capillary elevation coefficients. 

Location of the points in Figure 25. suggest that the correlation is linear between the e and ie,s 

values in groups 8 and 8*, as well as in groups 16 and 16*. To test this correlation, Pearson’s 

correlation test was performed. As result of the test the Pearson correlation coefficients were 

calculated. Data for the correlation analysis, correlation coefficients and equations are shown 

in Table XII.  However, correlations were found to be very strong, existence of a direct linear 

relationship between the two parameters cannot be declared according to this low number of 

results. Nevertheless, the trend is clear: higher capillary elevation coefficient (with the liquid 

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 *



EFFECT OF BIOMINERALIZATION ON POROUS LIMESTONE   Chapter 9 

PhD Thesis  EXPERIMENTS ON MIGRATION OF BACTERIA 

by Péter JUHÁSZ   

 

 

93 

 

curing compound) of the specimens led to higher elevation height of the bacteria (Figure 26.). 

Table XII. Pearson’s correlation coefficients between the ie,s and e values and the equations of the correlation 

 

 

Figure 26. Apparent relation of the ie,s and the e values 

Besides, higher concentration of bacteria in the compound or higher amount of curing 

compound applied on the specimen led to higher migration height after a certain capillary 

elevation coefficient value. Moreover, since the capillary elevation coefficient is directly 

proportional to the capillary absorption coefficient (Juhász et al., 2014), higher capillary 

absorption coefficient of the stone also means higher migration height of the bacteria. 

Thus elevation height of the bacteria is dependent on (among others, such as temperature, 

surface tension of the liquid compound, wetting angle, etc.) the (initial) capillary elevation or 

capillary absorption coefficient of the absorbing specimen, amount of the applied curing 

compound and its bacteria-concentration. Higher capillary elevation or capillary absorption 

coefficient of the absorbing material increases the elevation height of the bacteria. In case of 

identical absorption or elevation coefficients, application of higher amount of curing 

compound and/or higher concentration of the bacteria also enhance the elevation height. 

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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9.5. Discussion and conclusions 

Questions arose (listed in Chapter 2.4.) and the answers: 

1. Is there any indirect method for the analysis of the migration height of bacteria? 

It was shown, that capillary elevation of the bacteria can be efficiently analyzed with help of 

the newly introduced ‘combined printing on agar plate - capillary elevation test’. 

2. Is the migration height of bacteria dependent on the capillary absorption 

properties of the stone specimen? If yes, how? 

According to the results the elevation height of the bacteria is different from the elevation 

height of the inoculated liquid curing compound, showing adsorption and/or settling of the 

bacteria. Migration height of the bacteria was found to be in a strong correlation (r
2
 = 0.965-

1.000) with the capillary elevation coefficient of the absorbing porous media, measured 

during the absorption of the curing compound. 

3. Does concentration of the bacteria in the liquid curing compound affects the 

migration of the bacteria? If yes, how? 

The results suggest that in case of identical capillary absorption or elevation coefficients of 

the treated specimen, as well as application of identical amount of the curing compound, 

application of higher concentration of the bacteria in the curing compound enhances the 

elevation height. 

4. Does amount of the bacteria-inoculated curing compound applied in the 

specimen affect the migration of the bacteria? If yes, how? 

The results suggest that in case of identical capillary absorption or elevation coefficients of 

the treated specimen, as well as identical bacteria-concentration of the curing compound, 

application of higher amount of curing compound enhances the elevation height of the 

bacteria. 

 

Conclusions 

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. 

I experimentally demonstrated that elevation height of the bacteria is in a strong 

correlation (r
2
 = 0.965-1.000) 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.  
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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). 

I experimentally demonstrated that 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. 

I experimentally demonstrated that migration height of the liquid curing compound is 

not equal to the migration height of the bacteria in the porous limestone specimen. This 

result confirms the separation of the bacteria from the 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 capillary absorption.  



EFFECT OF BIOMINERALIZATION ON POROUS LIMESTONE   Chapter 10 

PhD Thesis  BINDING EFFECT OF THE TREATMENT 

by Péter JUHÁSZ   

 

 

96 

 

10. BINDING EFFECT OF THE TREATMENT 

Motivation of this experiment was to test the capability of a biomineralizing treatment to bind 

small limestone grains onto limestone material in a durable way. In this context ‘durable’ 

means that the developed bond is waterproof and resistant to mechanical stress. These two 

characteristics were not tested by authors have reported on the binding effect of 

biomineralizing treatments (Jroundi et al., 2010; Quian et al., 2010). Reason of introducing 

new grains onto the surface and attempting to bind them was that other researchers analyzed 

the binding effect on either originally intact (Rodriguez-Navarro et al., 2003, Jimenez-Lopez 

et al., 2008) or decayed stone (Jroundi et al., 2010), where the grains already had some bond 

with the original stone.  

Aims of the experiment were 

(i) to test the waterproofness and mechanical durability of the bond results from a bio-

based treatment,  

(ii) to test the binding performance of inoculated or non-inoculated curing compounds  

10.1. Stone material and preparation of the specimens 

Altogether 14 porous limestone specimens were prepared, and 12 of them were classed in 

three groups (M3+, M3- and M3+,w, four specimens in each group). The two remaining ones 

were used as controls (in order to analyse weight loss of intact specimens upon immersion). 

Specimens were cut in cuboids of 9.5 x 4.7 x 4.0 cm (length x width x thickness, average 

values), and loosely bond grains and powder resulting from the cutting were cleared off with 

high pressure (7 bar) air. Then specimens were covered with aluminium foil on five sides in 

order to prevent loss of grains and hamper rapid drying during the treatment. This way the top 

surface area of the specimen was 44.5 cm
2
, on which 1 g of limestone powder was spread 

evenly in a thin layer. 

10.2. Composition of the curing compound 

Specimens were treated with either inoculated or non-inoculated M3 compounds. Group M3+ 

was treated with an M3 curing compound inoculated with CT preculture medium. Group M3- 

was treated with non-inoculated curing compound in order to evaluate the binding effect only 

of the organic components. Eventually, specimens in group M3+,w were first partly saturated 

with 50 ml distilled water, respectively, then they were treated with M3+ (inoculated) curing 

compound. This way bacteria and the solved components of the compound were not absorbed 
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by the stone, but remained on the top of the specimen mostly in the limestone powder, where 

the binding effect was desired.  

10.3. Treatment procedure 

The treatment took four days. On the first day specimens were treated with 15 ml of curing 

compound, poured on the specimens on the open side, through the layer of limestone powder 

(1 g previously spread on the surface), respectively. On Day 2, specimens were treated with 

22.5 ml of curing compound, and after one day of pause, again with 15 ml on Day 4, 

respectively. Altogether 1.155 g of organic matter was added to each specimen. Then the 

specimens were stored at room temperature (T = 20-22 °C) for 20 days.  

10.4. Experimental procedure 

Cementation effect was evaluated by the corrected gain in mass of the specimens after a series 

of detachment-tests. During the test the following notations were used: 

m1 –  constant dry mass of the specimen before the treatment, 

m2 –  constant dry mass of the specimen after the treatment, 

m3 –  constant dry mass of the specimen after the treatment and after cleaning by means 

of water and high-pressure air, 

mf  – mass of the wrapping foil before the treatment, 

mf,2 –  mass of the wrapping foil with the detached grains, 

mdet –  mass of the detached grains in the foil, calculated as mdet = mf,2 – mf, 

gm1 –  initial gain in mass of the specimens, calculated as gm1 = m2 – m1 + mdet, 

gm2 –  final gain in mass of the specimens, calculated as gm2 = m3 – m1 + mdet, 

mdm –  mass of the remaining dry matter in the specimens, calculated as mdm= m2 – m2 

max,poss, 

m2 max poss – maximum possible mass of the specimen after the treatment, calculated as m2 

max,poss = m1 + 1.00 g +1.155 g, where 1 g is the mass of the limestone powder 

spread on the surface of the specimen, and 1.155 g is the total mass of the organic 

matter added to the specimens in several steps during the treatment. 

gmc –  minimum mass of the grains attached to the stone specimens. Calculated as 

corrected (decreased) gain in mass, where gain in mass is decreased with the 

mass of the dry matter, calculated as gmc = gm - mdm 

Before the treatment constant dry masses of the specimens were measured (m1). Then the 

specimens were wrapped in a foil, afterwards 1.00 g of fine limestone powder was spread on 



EFFECT OF BIOMINERALIZATION ON POROUS LIMESTONE   Chapter 10 

PhD Thesis  BINDING EFFECT OF THE TREATMENT 

by Péter JUHÁSZ   

 

 

98 

 

their largest side (9.5 x 4.7 cm) and the treatment was performed. After the treatment 

specimens were dried at room temperature for 14 days. Then the specimens were wrapped out 

and dried until constant mass and weighted (m2). Then they were put on Petri dishes, 

respectively, and were immersed in water for 3 days, so that the powder detaching from the 

surface was collected by the Petri dishes. At the end of the immersion the specimens were 

removed from the water, rinsed with running tap water, and sprayed with high pressure air (7 

bars) for 20 seconds almost parallel to the surface in order to remove loosely bound gains and 

leftovers from the surface. Then specimens were dried until constant weight (m3). 

10.5. Methods of evaluation 

(i) Efficiency of the treatment to bind the limestone particles onto the surface was evaluated 

according to the achieved final gains in mass of the specimens. Masses of the detached 

grains from the limestone during the treatment of the specimens were evaluated with help 

of the foils. Before the treatment mass of the wrapping foils was measured (mf). When 

specimens were wrapped out from the folia, the folia was weighted again (mf,2), and mass 

of the detached grains of limestone (mdet) was calculated. This loss of mass was considered 

during the calculation of the gain in mass values (gm1 and gm2). Before rinse, initial gain in 

mass values of the specimens were calculated. After the rinse and cleaning, m3 values were 

measured and final gains in mass were calculated. Higher gain in mass values shows 

higher efficiency of the treatment. 

(ii) Components of the gain in mass: Final gain in mass involves the mass of the attached 

grains and the dry matter (mdm) remained in the stone from the curing compound. 

Therefore final gains in mass were compared to the masses of the remaining dry matter in 

the specimens (mdm). Comparison was made as follows: gm values were decreased with the 

belonging mdm values (by specimens, respectively) as if no dry matter was rinsed out of the 

specimens upon immersion. However, this situation was presumed to be not possible, since 

the stone specimen and the coating layer of limestone powder cannot contain and retain all 

the water-soluble organic matter (left in the stone after the treatment) after rinse. Thus, 

corrected (decreased) gains in mass (gmc) were calculated. Therefore gmc is always the 

minimum amount of gain in mass, and if value of gmc is positive, it proves that limestone 

powder must bound to the surface of the specimen. 
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10.6. Results 

After the treatment, the limestone powder was cemented onto the specimens in all the three 

test groups, thus increase of mass was measured on all the specimens (gm1 values were 

positive) (Table XIII.). 

 

Table XIII. Gain in mass (gm1, gm2 and gmc) and dry matter-content (mdm) of the specimens due to the 

treatments with the different compounds. Mass of the detached matter is denoted with mdet. 

 
 

Before rinse, mass of the remaining dry material was measured in all the specimens (denoted 

with mdm). The highest remaining masses of dry material were measured in group M3+,w 

(0.495-0.765 g), the lowest values in group M3- (0.295-0.385 g) (Figure 27.). The 

measurement did not give information on the physical and chemical state of the remaining dry 

matter, thus it could be either recrystallized after drying into its original form, or could have 

been transformed into non-soluble dry matter like calcium carbonate crystals. 

When specimens were wrapped out of the folia, some amount of detached grains of limestone 

was found in them. Mass of the detached grains was used for the calculation of gm1 and gm2 

values, as it is detailed in Chapter 10.4. 

Some degree of loss of mass was measured on the two control specimens upon immersion 

into water. Masses of the detached powder were 0.014 and 0.021 g. However, this weight loss 

was neglected in the calculations both because it cannot be proved that treated specimens 

would also loose this amount of grains, and because of their low extent compared to the gain 

in mass values. 

m1 m2 m3 m2 max poss mdm mdet gm1 gm2 gmc

g g g g g g g g g

1 283,17 284,79 283,79 285,325 0,535 0,0253 1,65 0,645 0,110

2 311,06 312,96 311,84 313,215 0,255 0,0137 1,91 0,794 0,539

3 288,14 289,74 288,63 290,295 0,555 0,0327 1,63 0,523 -0,032

4 296,95 298,65 297,17 299,105 0,455 0,0212 1,72 0,241 -0,214

1 267,54 269,40 268,16 269,695 0,295 0,0244 1,88 0,644 0,349

2 293,19 295,01 293,65 295,345 0,335 0,0240 1,84 0,484 0,149

3 288,58 290,36 289,05 290,735 0,375 0,0123 1,79 0,482 0,107

4 296,33 298,10 296,85 298,485 0,385 0,0415 1,81 0,562 0,177

1 276,05 277,44 276,42 278,205 0,765 0,1284 1,52 0,498 -0,267

2 264,32 265,74 264,70 266,475 0,735 0,2175 1,64 0,597 -0,138

3 259,00 260,46 259,32 261,155 0,695 0,0820 1,54 0,402 -0,293

4 298,48 300,14 298,96 300,635 0,495 0,0829 1,74 0,563 0,068

Curing 

compound
Mark

M3+

M3-

M3+,w
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Figure 27. Remaining dry matter-content of the specimens.  

Upon immersion in water for 3 days intense loss of grains was observed (compare the gm1 and 

gm2 values in Table XIII). Extent of the loss of grains was not significantly different in the 

three groups. In spite of this loss of grains still a homogenous layer of limestone paste 

remained attached to the surface of the specimens. This layer did not detach even upon 

running tap-water onto the surface, but most of the paste (mixture of the wet limestone 

powder and the components of the curing compound) was removed by the high-pressure air 

sprayed on the surface. Due to the rinse considerable amount of the water-soluble dry matter 

was solved in the water (the water became opalescent) and bound to the detached powder on 

the Petri dishes (the powder discolored). This confirmed the predicted solution of the organic 

matter mentioned at the end of Chapter 10.5. 

(i) Efficiency of the treatment – Extent and range of the final gain in mass values (gm2) were 

similar in all the three groups: M3+: 0.255-0.535g, M3-: 0.295-0.385 g and M3+,w:  

0.495-0.765), (Table XIII. and Figure 28.). However, gain in mass was measured in the 

non-inoculated group of specimens, too. Possible reasons of this are either the chemical 

precipitation of non-soluble matter occurred on the surface, or microbially induced 

precipitation of solid phases due to the presence of other microorganisms in the specimen. 

These results suggest that binding effect is independent from the bacterial activity. 
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Figure 28. Final gain in mass values (after rinse of the specimens) in the different groups. In brackets the 

number of specimens in each group.  

(ii) Components of the gain in mass – Both negative and positive gmc values were 

calculated on the specimens. All the corrected gain in mass values (gmc) had positive sign 

in group M3- , in half of the cases in group M3+, and in one case of four in group M3+,w, 

showing the attachment of the limestone powder to the surface (see Figure A43. in 

Appendix). However, negative values does not mean no attachment of limestone powder 

at all, due to the solution of the organic matter which was confirmed during the treatment.  

These results suggest that application of a non-inoculated curing compound have better 

binding performance on porous limestone surface than the inoculated curing compound. 

Nevertheless this suggestion was not proven by the present treatment, since some of the 

organic components transformed into non-soluble phases, and some of them were re-solved 

during the immersion water (thus they were eliminated from the specimen). Moreover, 

transformation of the remaining dry matter into non-soluble matter, with parallel loss of 

limestone grains in a lower extent could also result in a corrected gain in mass value higher 

than zero. 

 

10.7. Discussion and conclusions 

Questions arose (listed in Chapter 2.5.) and the answers: 

1. Is it possible to cement newly added fine grains onto the limestone surface with 

help of a biomineralizing treatment in a durable way? 

It was shown that both inoculated or non-inoculated curing compounds are able to attach 

newly introduced fine grains to the porous limestone surface in a durable way. The bond is 
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resistant both against mechanical stress (high pressure air-flow – 7 bars) and against solution 

in water. 

2. Is it possible to enhance the binding effect of the biomineralizing treatment by 

locating (not to let them to be absorbed by the pores of the stone, realized by 

partial saturation of the specimen with water) the solved components and the 

bacteria onto the stone surface? 

Since no significant differences were measured between the binding effect of the different 

treatments (inoculated M3+, non-inoculated M3- and water plus inoculation M3+,w), thus the 

binding effect was not enhanced by locating the solved components and the bacteria onto the 

surface of the specimen. 

 

Conclusions 

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 mechanical 

stress and against solution 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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11. 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).  

[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 rendered to probably occur only in a non-

inoculated M3P curing compound. ‘Precipitates on the walls of the vessels that contained 

uninoculated control samples displayed minimal quantities of poorly crystalline 

hydroxylapatite [Ca5(PO4)3(OH)] as well as an undetermined amorphous phase. The latter 

phase is evidenced by a broad XRD reflection with high background noise’. (Rodriguez-

Navarro et al., 2003). 

[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.  
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[5, 9]

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.  

[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 after the treatment the water-soluble organic and inorganic 

matter originated from the curing compound remained in the specimens and hampered the 

capillary absorption, but was eliminated upon rinse.  

[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. 

[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 NH
4+

 ions 

instead of colored nitrogen sources (yeast extract, peptone) results in non-perceptible 

color variation of the treated stone surface.  

[1, 12] 

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

[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 (r
2
 = 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.  

[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.  

[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 

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.  

[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). 
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12. SUMMARY AND FUTURE WORK 
 

In the present research effect of biomineralization was analysed on porous limestone of 

Sóskút.  

Objectives. I intended to contribute to the development of the conservation-oriented 

biomineralization method with results of application-oriented experiments. My objectives 

were defined according to the review of literature.  

Results of my research. I experimentally showed that activity of the Myxococcus xanthus 

bacteria to precipitate non-soluble crystals is higher when availability of oxygen is better, and 

during the precipitation minerals out of calcium carbonate (such as hydroxilapatite) also 

occurs. Calcium carbonate was found to precipitate only from bacteria-inoculated curing 

compounds. Bacteria were found to be adsorbed the best by pores being 6, and 21 – 32 times 

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

biomineralizing treatment with the ‘post-watering’ to achieve higher decrease in water 

absorption with identical amount of curing compound, and linked the rate of decrease to the 

amount of curing compound. I demonstrated that discoloring effect of a curing compound 

inoculated with the same bacteria is dependent the components of the curing compound. 

Moreover, I introduced the ‘combined printing on agar plate – capillary elevation test’ 

technique, by which I demonstrated the relation between the capillary elevation properties of 

the bacteria and the capillary absorption of the stone. Eventually I showed that both bacteria 

inoculated and non-inoculated curing compounds have the ability to bind newly introduced 

fine limestone grains onto porous limestone surface in a durable way. My results can be 

directly used for the design of biomineralizing treatments (quantity of curing compound, 

expectable color difference, decrease in water absorption, etc.) 

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 treatment of stone materials showing 

forms of deterioration due to weight loss like powdering and detachment of layers. 

Future work. Subject of the future research will be performance of large scale experiments 

and long-term analysis of the effect of the treatment. 
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16. SHORT SUMMARY OF THE PHD DISSERTATION 

Introduction. In the present research effect of biomineralization was analysed on porous 

limestone of Sóskút. Porous limestone has been widely used for construction in the area and 

surroundings of Budapest, Wien, Paris and Madrid. Being a highly porous material, porous 

limestone rapidly deteriorates under urban circumstances. In order to avoid deterioration, 

early protection or conservation of the original stone material of the construction is highly 

desirable.  

Motivation of the research. Most inorganic materials used for the protection and 

conservation of porous stone often caused harm to the stone, and might have long-term 

consequences on future conservation concerns. Applied biomineralization is a candidate 

method for the compatible protection of porous stone materials and lime-bound sedimentary 

rocks. Application of biomineralization is based on the natural phenomenon, that different 

bacteria strains are capable of producing calcium carbonate (and other) crystals in adequate 

environment, which are identical to the original material of the stone.  

Objectives. I intended to contribute to the development of the conservation-oriented 

biomineralization method with results of application-oriented experiments. My objectives 

were defined according to the results and tendencies reported in the review of literature.  

Results. I experimentally showed that activity of the Myxococcus xanthus bacteria to 

precipitate non-soluble crystals is higher when availability of oxygen is better, and during the 

precipitation minerals out of calcium carbonate (such as hydroxilapatite) also occurs. Calcium 

carbonate was found to precipitate only from bacteria-inoculated curing compounds. Bacteria 

were found to be adsorbed the best by pores being 21 – 32 times larger in diameter, than the 

smaller dimension (0.5 μm) of the bacteria. I developed the biomineralizing treatment with 

the ‘post-watering’ to achieve higher decrease in water absorption with identical amount of 

curing compound, and linked the rate of decrease to the amount of curing compound. I 

demonstrated that discoloring effect of a curing compound inoculated with the same bacteria 

is dependent the components of the curing compound. Moreover, I introduced the ‘combined 

printing on agar plate – capillary elevation test’ technique, by which I demonstrated the 

relation between the capillary elevation properties of the bacteria and the capillary absorption 

of the stone. Eventually I showed that both bacteria inoculated and non-inoculated curing 

compounds have the ability to bind newly introduced fine limestone grains onto porous 

limestone surface in a durable way. My results can be directly used for the design of 
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biomineralizing treatments (quantity of curing compound, expectable color difference, 

decrease in water absorption, etc.) 

Future work. Subject of the future research will be performance of life-size biomineralizing 

treatments and evaluation of the effects of the treatments in long periods of time. 

 

 

 

17. ABSTRACT OF THE PHD DISSERTATION 

In the present research effect of biomineralization was analysed on porous limestone (origin: 

Sóskút). Porous limestone has been widely used for construction purposes, but rapidly 

deteriorates under urban circumstances. To avoid deterioration, applied biomineralization is 

proposed as the compatible way protection instead of inorganic materials. The present 

research intended to provide results of application-oriented experiments for the development 

of biomineralization for conservation purposes. Experimental results provide information on 

the non-soluble crystal yield of Myxococcus xanthus bacteria, on the adsorption of bacteria in 

the pores, on the decrease of capillary water absorption due to the biomineralizing treatment, 

on the discoloring effect of the treatment, on the migration characteristics of the bacteria and 

on the ability of the curing compounds to bind newly introduced grains onto stone surfaces. 

These results can be directly used for the design of biomineralizing treatments. 
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20. A PHD ÉRTEKEZÉS RÖVID, MAGYAR NYELVŰ ÖSSZEFOGLALÁSA 

Bevezetés. A bemutatott kutatás során a mikrobiális eredetű ásványképződés 

(biomineralizáció) hatását vizsgáltam sóskúti durva mészkövön. A durva mészkövek elterjedt 

építőanyagnak számítanak Budapesten és környékén, valamint Bécsben, Párizsban és 

Madridban, s ezek környezetében is. Igen porózus anyagként a durva mészkő városi 

környezetben gyorsan erodálódik.  Ennek megelőzésére kívánatos a beépített, kitett kőanyag 

előzetes védelme vagy konzerválása.  

A kutatás indokoltsága. A kőanyagok védelmére széles körben használt, inorganikus eredetű 

anyagok sok esetben a kezelt kőanyag károsodását idézték elő, és kihatottak a későbbi 

konzerválási folyamatokra is. Ezzel szemben biomineralizáció konzerválásra történő 

felhasználása egy új, kompatibilis megoldást jelenthet a porózus, valamint mészanyagú vagy 

mészkötésű kövek védelmére. Az alkalmazott biomineralizáció azon a természetes 

folyamaton alapul, hogy egyes baktériumtörzsek megfelelő környezetben képesek kalcium-

karbonát (és egyéb) kristályok képzésére, melyek anyagukban azonosak a kezelt kő 

anyagával. 

Célkitűzések. A biomineralizáció kőanyag védelemre való felhasználását célzó kutatásokhoz 

és fejlesztésekhez jómagam alkalmazásorientált kísérletek eredményeivel kívántam 

hozzájárulni. Célkitűzéseimet a szakirodalom feldolgozása alapján határoztam meg. 

Eredmények. Kísérleti úton kimutattam, hogy a Myxococcus xanthus bacterium nem 

vízoldható kristály-képző képessége aerob környezetben magasabb, mint anaerob 

környezetben, valamint, hogy a kalcium-karbonát kristályok mellett egyéb ásványok (például 

hydroxilapatit) is képződnek. Kalcium-karbonát csakis baktériummal beoltott kezelőszerből 

csapódott ki. Kimutattam továbbá, hogy a baktériumok megkötődésére leginkább alkalmas 

pórusok 21-32-szer nagyobbak, mint a baktérium kisebbik mérete (0,5 μm). A 

biomineralizációs technikát az „utánitatással” fejlesztettem, melynek segítségével azonos 

mennyiségű kezelőszer-felhasználás mellett nagyobb mértékű csökkenés érhető el a kezelt 

kőanyag vízfelvételi intenzitásában. Emellett összefüggést állítottam fel a vízfelvétel 

intenzitásának csökkenése és a felhasznált kezelőszer mennyisége között. Bemutattam 

továbbá, hogy a beoltott kezelőszer okozta színelváltozás a kezelőszer összetevőinek 

függvényében nő vagy csökken a beoltatlan kezelőszer okozta színelváltozáshoz képest. 

Bevezettem továbbá egy új módszert, a „kombinált agarlemezre való lenyomat-készítés – 

kapilláris vízemelkedési teszt” technikát, melynek segítségével kimutattam a baktériumok 
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kapilláris emelkedése és a kő vízfelszívási intenzitása közötti kapcsolatot. Végül pedig 

kimutattam, hogy mind a baktériummal beoltott, mind a beoltás-mentes kezelőszerek képesek 

tartósan a mészkő felületére ragasztani újonnan felvitt mészkőszemcséket. Eredményeim 

közvetlenül hasznosíthatóak biomineralizációs kezelések tervezésére (kezelőszer mennyisége, 

várható színelváltozás, vízfelszívás intenzitásának csökkenése, stb.). 

Jövőbeni kutatások. A jövőbeni kutatások egyik része életnagyságú, a valóságos 

felhasználáshoz közel álló vagy azzal megegyező biomineralizációs kezelések lefolytatása és 

hosszú időtávon való értékelése lesz. A kutatás másik része a biomineralizációs kezelés 

cementáló (ragasztó) hatásának fejlesztése lesz kötőanyag-alapú anyagok, így kőkiegészítő 

habarcsok és beton készítéséhez, valamint talajszilárdításhoz. 

 

 

21. A PHD ÉRTEKEZÉS KIVONATA MAGYAR NYELVEN 

A bemutatott kutatás során a mikrobiális eredetű ásványképződés (biomineralizáció) hatását 

vizsgáltam sóskúti durva mészkövön. A porózus mészkövet széles körben alkalmazzák építési 

célokra, azonban városi környezetben gyorsan erodálódik. Az erodálódás elkerülésére javasolt 

megoldás a biomineralizáció, amely az inorganikus eredetű kőkonzerváló anyagokkal 

szemben kompatibilis módon nyújt védelmet. A jelen kutatás alkalmazás-orientált kísérletek 

eredményeivel kíván hozzájárulni a biomineralizáció konzerválási célokra való 

felhasználásához. Kísérleti eredményeim információt szolgáltatnak a Myxococcus xanthus 

baktérium nem-vízoldható kristálynyereségéről, a baktériumok pórusokban való 

megkötődéséről, a kezelés hatására bekövetkező vízfelvételi tulajdonságok kedvező 

változásáról, a kezelés színelváltoztató hatásáról, a baktériumok pórusrendszerben történő 

haladásáról, valamint a kezelés durva mészkő felületre való szemcse-ragasztó hatásáról. 

Eredményeim közvetlenül felhasználhatóak biomineralizációs kezelések tervezéséhez. 
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22. AZ ÚJ TUDOMÁNYOS EREMÉNYEK MAGYAR NYELVEN 

  

[9, 15]

Számos, a szakirodalomban közölt, bemerítéses kezelés (Rodriguez-Navarro et al., 2003; 

Jimenez-Lopez et al., 2008; De Muynck et al., 2010.b, 2011, 2012) útján elért 

tömegnövekedéssel kapcsolatos kísérleti eredménnyel ellentétben kísérleti úton 

kimutattam, hogy a Myxococcus xanthus baktérium aerob (itt: levegővel érintkező) 

körülmények között több kalcium-karbonát, valamint egyéb nem vízoldható kristály 

kicsapódását idézi elő, mint oxigénhiányos környezetben (itt: oldatban). 

[9, 15] 

Kísérleti úton kimutattam, hogy folyékony M3P kezelőszerből hidroxilapatit 

(Ca10(PO4)6(OH)2) ásvány csapódik ki, függetlenül attól, hogy az oldat baktériumokkal 

be van-e oltva (kezelőszer: M3P+), vagy sem (kezelőszer: M3P-). Oxigénhiányos 

körülmények között (itt: oldatban) a hidroxilapatit kicsapódása nagyobb mértékű a 

beoltatlan kezelőszerben, mint a baktériummal beoltottban. Ezzel párhuzamosan 

kizárólag a beoltott kezelőszerben képződik kalcium-karbonát. Ezek az eredmények azt 

mutatják, hogy a baktériumok jelenléte és tevékenysége hatással van a hidroxilapatit 

képződéséhez szükséges egyensúlyi kémiai reakcióra.  

Hidroxilapatit ásvány kicsapódását eddig még csak beoltatlan biomineralizáló kezelőszerből 

valószínűsítették (Rodriguez-Navarro et al., 2003), és akkor is csak rendkívül kis intenzitású 

röntgendiffrakciós csúcsokból. 

[9, 13, 15] 

Kísérleti úton kimutattam, hogy a Myxococcus xanthus baktérium által, a kezelt 

durvamészkő pórusméret-eloszlásában okozott változás számszerűsíthető. M3+ 

kezelőszer alkalmazása esetén a kezeletlen, valamint a baktériummentes kezelőszerrel 

(M3-) kezelt próbatestek pórusméret-eloszlásához viszonyítva a pórusméret 

gyakoriságában csak ebben a mintában mutatkozik csökkenés (1,52-2,20 v/v%) a 10,5–

16,0 μm pórusátmérő-tartományban. Ez azt is sugallja, hogy a Myxococcus xanthus 

baktérium ezekben, a baktérium a kisebbik méreténél (0,5 μm) 21 - 32-szer nagyobb átmérőjű 

pórusokban képes a legjobban a pórusfalhoz kötődni. 
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[5, 9]

Kísérletileg kimutattam, hogy alacsonyabb kapilláris vízfelszívási (k) és kapilláris 

emelkedési együtthatók (e), tehát nagyobb hatásfok érhető el porózus kőzetek ismételt 

kapilláris-beitatással történő kezelése során, amennyiben: 

- nagyobb mennyiségű, Bacillus cereus baktériummal beoltott kezelőszert 

alkalmazunk a kezelés során; 

- a kezeléshez Bacillus cereus baktériummal beoltott kezelőszert használunk beoltatlan 

kezelőszer helyett;  

- a kő által beszívott kezelőszert vízzel „utánitatjuk”.  

 [10, 13]

Kísérletileg kimutattam, hogy a próbatestek biomineralizációs kezelőszerrel történő 

kezelése után mért kapilláris vízfelszívási (k) és kapilláris vízszintemelkedési (e) 

együtthatók csökkennek a kiindulási (kezeletlen) állapotban mért értekhez képest. Az 

első átöblítést követően az együtthatók növekednek (3. mérés), de nem érik el a kezdeti 

értékeiket. A második öblítést követően az értékek stagnálnak vagy csökkennek a 

beoltott kezelőszerrel kezelt próbatestek esetében, a beoltatlan kezelőszerrel kezelt 

próbatestek esetében pedig tovább növekednek. 

A jelenség oka, hogy a kezelést követően a kezelőszerből a kőben maradó, vízoldható szerves 

és szervetlen anyag gátolja a kapilláris vízfelszívást, de az öblítés hatására kioldódik a kőből. 

 

[9, 10]

Kísérletileg kimutattam, hogy a kezelőszer Myxococcus xanthus baktériummal történő 

beoltása vagy csökkenti vagy növeli a nem beoltott kezelőszerrel történő kezelés okozta, 

elkerülhetetlen színelváltozás mértékét. Kimutattam, hogy a változás iránya a beoltott 

kezelőszer összetevőitől függ. 

 

 [9, 10]

Kísérletileg kimutattam, hogy a porózus mészkő felületén a biomineralizációs kezelés 

során bekövetkező, az emberi szem számára érzékelhető mértékű színelváltozás 

elkerülhető a kezelőszer elemeinek megfelelő kiválasztásával. A színes nitrogénforrások 

(élesztőkivonat, pepton) helyett Bacto Casitone por alternatív nitrogén-forrásként (NH
4+
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ionok előállítására) való felhasználása a kezelőszerben nem okoz az emberi szem számára 

érzékelhető mértékű színelváltozást kezelt felületen. 

 

[1, 12] 

Kifejlesztettem és bevezettem a „vízemelkedési teszttel párosított agarlemezre való 

lenyomatolás” technikát, melynek segítségével a kőanyag biomineralizációs kezelését 

követően hatékonyan vizsgálható a baktériumok kapilláris emelkedési magassága 

porózus kőanyagban.  

 [1, 12]

Kísérletileg kimutattam, hogy a kőanyag kapilláris beitatással történő biomineralizációs 

kezelése esetén a baktériumok emelkedési magassága erős pozitív korrelációban (r
2
 = 

0.965-1.000, Pearson-féle korrelációvizsgálat) van a próbatest kapilláris 

vízszintemelkedési együtthatójával, függetlenül a felhasznált kezelőszer mennyiségétől, 

vagy az oldatban lévő baktériumok koncentrációjától. 

[1, 12]

Kísérletileg kimutattam, hogy a kőanyag kapilláris beitatással történő biomineralizációs 

kezelése esetén a baktériumok emelkedési magassága növekszik a kezeléshez felhasznált 

beoltott kezelőszer mennyiségének és/vagy baktérium-koncentrációjának növelésével. 

 [1, 12]

Kísérletileg kimutattam, hogy a kőanyag kapilláris beitatással történő biomineralizációs 

kezelése esetén a beoltott kezelőszer emelkedési magassága nem egyezik meg a 

baktériumok emelkedési magasságával a kezelt kőanyagban. Ez az eredmény a 

kezelőszer és a baktériumok szétválását mutatja a kapilláris felszívódás során. A 

jelenség lehetséges oka, hogy a baktériumok kitapadnak a pórusfalra, és/vagy 

leülepednek a kezelőszerben annak kőbe történő kapilláris felszívódása során.  

 

 [11] 

Kísérletileg kimutattam, hogy mind a baktériummal beoltott, mind a beoltatlan 

kezelőszerek alkalmazásával lehetséges tartós módon (itt: a kialakult kapcsolat ellenáll 

mechanikai hatásnak – felület tisztítása 7 bar nyomású levegővel -, és víznek) finom 
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mészkőszemcséket ragasztani porózus mészkövek felszínére. 
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Figure A1. Distribution of the particle size of the fine limestone powder (previously determined 

by elutriation). 
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2. MASS PROPERTIES 
 

Table A1. - Dimensions and mass properties of the intact limestone specimens used for the mass 

property-analyses. 

 

mm cm2 mm cm3 g g/cm3 g g v/v %

T1 36,87 10,68 38,73 41,35078 64,61 1,562 79,08 14,47 35,00

T2 36,85 10,67 40,08 42,74571 66,34 1,552 81,43 15,09 35,30

T3 36,94 10,72 39,13 41,93663 65,64 1,565 80,12 14,48 34,53

T4 36,94 10,72 39,19 42,00093 65,18 1,552 79,9 14,72 35,04

T5 36,87 10,68 38,13 40,71017 63,15 1,551 77,39 14,24 34,97

T6 36,92 10,71 39,11 41,86982 64,70 1,545 79,98 15,28 36,50

T7 36,91 10,70 39,03 41,76154 64,67 1,549 78,76 14,09 33,73

T8 36,89 10,69 39,01 41,69492 65,14 1,562 79,19 14,05 33,70

T9 37,03 10,77 39,82 42,88432 67,56 1,575 81,41 13,85 32,30

T10 36,95 10,72 39,35 42,19524 66,53 1,577 80,5 13,97 33,11

T11 36,91 10,70 39,12 41,85784 64,85 1,549 79,28 14,43 34,48

T12 36,88 10,68 39,63 42,33463 66,66 1,575 81,19 14,53 34,32

T13 36,92 10,71 39,82 42,62992 65,32 1,532 80,29 14,97 35,12

T14 36,91 10,70 39,48 42,24304 65,66 1,554 80,28 14,62 34,60

T15 37 10,75 39,79 42,78261 67,21 1,571 81,76 14,55 34,01

T16 36,96 10,73 38,67 41,48852 64,50 1,555 78,5 14,00 33,75

T17 36,9 10,69 38,53 41,20421 64,26 1,559 78,48 14,22 34,52

T18 36,94 10,72 39 41,7973 64,95 1,554 79,31 14,36 34,37

T19 36,98 10,74 38,45 41,29715 62,71 1,518 76,92 14,21 34,41

T20 37,08 10,80 38,62 41,70437 64,72 1,552 79,37 14,65 35,13

T21 36,9 10,69 39,52 42,26292 64,98 1,537 79,31 14,33 33,91

T22 36,94 10,72 38,88 41,6687 63,81 1,531 78,29 14,48 34,76

T23 36,9 10,69 39,07 41,78169 64,52 1,544 79,17 14,65 35,05

T24 36,95 10,72 39,66 42,52766 64,26 1,511 78,18 13,92 32,73

T25 36,91 10,69986 38,86 41,57964 63,65 1,531 77,96 14,31 34,41

T26 36,59 10,51513 39,18 41,19828 64,11 1,556 78,03 13,92 33,78

T27 36,82 10,64774 38,93 41,45165 63,52 1,532 77,42 13,90 33,53

T28 36,87 10,67668 38,58 41,19062 64,82 1,574 78,5 13,68 33,22

T29 36,96 10,72887 38,61 41,42415 63,94 1,544 78,33 14,39 34,73

T30 36,95 10,72306 38,99 41,80921 64,69 1,547 78,9 14,21 33,99

T31 36,85 10,6651 39,07 41,66854 64,24 1,542 78,55 14,31 34,34

T32 36,9 10,69406 39,18 41,89933 65,12 1,554 79,68 14,56 34,75

T33 36,91 10,69986 38,95 41,67594 64,09 1,538 78,41 14,32 34,35

T34 36,91 10,69986 39,52 42,28583 65,31 1,544 79,85 14,54 34,39

T35 36,95 10,72306 38,96 41,77704 63,79 1,527 78,29 14,50 34,72

T36 36,94 10,71726 39,3 42,11882 64,89 1,541 79,36 14,47 34,36

T37 36,91 10,69986 38,9 41,62244 64,04 1,538 78,31 14,28 34,30

T38 36,88 10,68247 39,18 41,85392 64,55 1,542 79,05 14,50 34,64

T39 36,94 10,71726 39,05 41,85089 63,14 1,509 77,75 14,61 34,91

T40 36,92 10,70566 39,13 41,89123 65,15 1,555 79,5 14,35 34,26

T41 36,96 10,72887 38,89 41,72456 63,77 1,528 77,85 14,08 33,75

T42 36,91 10,69986 39,33 42,08254 64,93 1,543 79,51 14,58 34,65

T43 36,89 10,68826 38,71 41,37427 63,80 1,542 78 14,20 34,32

T44 36,9 10,69406 39,27 41,99557 65,19 1,552 79,77 14,58 34,72

T45 36,95 10,72306 38,55 41,3374 63,09 1,526 77,55 14,46 34,98

TK6 36,95 10,72306 39,37 42,21669 65,09 1,542 79,36 14,27 33,81

TK7 36,96 10,72887 38,86 41,69237 64,00 1,535 78,52 14,52 34,84

TK8 36,84 10,65931 38,82 41,37944 64,07 1,548 78,63 14,56 35,19
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Table A2. - Dimensions and mass properties of the intact control limestone specimens used for 

the mass property-analyses. 

 

 

 

 

 

 

 

 

 

 

Diameter Surface area Height Volume Constant mass App. density 

mm cm2 mm cm3 g g/cm3

S2 36,95 10,723061 39,95 42,83863 65,174 1,521

S5 37,01 10,757914 38,6 41,52555 63,916 1,539

S19 36,96 10,728866 38,5 41,30613 63,2249 1,531

S15 36,93 10,711456 38,25 40,97132 63,7647 1,556

S16 36,91 10,699857 38,26 40,93765 63,5069 1,551

S17 36,92 10,705656 38,63 41,35595 64,8335 1,568

S20 37,01 10,757914 38,13 41,01992 63,3538 1,544

S24 36,9 10,694060 38,68 41,36462 64,1156 1,550

S40 36,84 10,659311 38,36 40,88912 64,5099 1,578

S27 36,92 10,705656 38,30 41,00266 63,3149 1,544

S28 36,90 10,694060 38,60 41,27907 63,5713 1,540

S29 36,93 10,711456 39,11 41,8925 65,3989 1,561

Mark of 

spec.

Capillary 

suction

Immersion
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Table A3. - Masses of the treated and treated and washed limestone specimens used for the mass 

property-analyses. Referring chapter is 5.1. 

 

g g g g g m/m % m/m % 

T1 64,61 64,90 0,291 x x x

T2 66,34 66,63 0,287 x x x

T3 65,64 65,89 0,249 x x x

T4 65,18 65,44 0,259 65,20 0,019 7,22

T5 63,15 63,42 0,268 63,17 0,017 6,16

T6 64,70 64,96 0,261 64,72 0,017 6,55

T7 64,67 64,94 0,271 64,69 0,013 4,73

T8 65,14 65,40 0,260 65,15 0,013 4,86

T9 67,56 67,82 0,267 67,58 0,018 6,85

T10 66,53 66,78 0,255 66,54 0,008 3,18

T11 64,85 65,11 0,264 64,87 0,021 7,79 6,14

T12 66,66 66,91 0,251 66,68 0,020 7,94 1,50

T13 65,32 65,56 0,239 x x x

T14 65,66 65,91 0,247 x x x

T15 67,21 67,44 0,232 x x x

T16 64,50 64,72 0,221 64,50 0,009 3,99

T17 64,26 64,47 0,214 64,26 0,003 1,54 3,00

T18 64,95 65,17 0,220 64,95 0,008 3,46 1,05

T19 62,71 62,97 0,258 x x x

T20 64,72 64,99 0,275 x x x

T21 64,98 65,29 0,311 x x x

T22 63,81 64,10 0,290 63,83 0,021 7,13

T23 64,52 64,83 0,302 64,55 0,026 8,70 7,45

T24 64,26 64,54 0,277 64,28 0,018 6,51 0,92

T25 63,65 64,51 0,858 x x x

T26 64,11 65,00 0,882 x x x

T27 63,52 64,38 0,866 x x x

T28 64,82 65,71 0,894 65,03 0,216 24,12

T29 63,94 64,82 0,880 64,17 0,227 25,82

T30 64,69 65,57 0,877 64,96 0,265 30,25

T31 64,24 65,10 0,859 64,49 0,246 28,70

T32 65,12 66,01 0,888 65,30 0,181 20,43

T33 64,09 65,02 0,922 64,30 0,203 21,99

T34 65,31 66,17 0,861 65,54 0,236 27,48

T35 63,79 64,66 0,870 64,04 0,253 29,11 25,61

T36 64,89 65,85 0,964 65,11 0,217 22,56 3,31

T37 64,04 64,82 0,781 x x x

T38 64,55 65,34 0,790 x x x

T39 63,14 63,96 0,818 x x x

T40 65,15 65,85 0,702 65,37 0,225 32,08

T41 63,77 64,44 0,668 64,02 0,252 37,78 32,53

T42 64,93 65,77 0,845 65,16 0,234 27,74 4,11

T43 63,80 64,74 0,940 x x x

T44 65,19 66,15 0,961 x x x

T45 63,09 64,08 0,988 x x x

TK6 65,09 66,12 1,031 65,26 0,171 16,55

TK7 64,00 65,02 1,022 64,13 0,136 13,34 14,03

TK8 64,07 65,09 1,019 64,19 0,124 12,21 1,84

Mean values 

and standard 

deviation of 

ratios

Mark of 

the spec.

Initial 

constant 

mass m1

Constant  mass 

after treatment 

m2

Delta mass to 

initial mass I. 

Δm1 (=m2-

m1)

Constant  mass 

after treatment 

and washing m4

Delta mass to 

initial mass II. 

Δm2 (=m3-m1)

Ratio of delta 

masses 

Δm2/Δm1 * 

100
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Figure A2. Evaluation of the XRD spectrum of the non-washed M3P+ sample: peaks of the 

sample and calcium-carbonate minerals found 

 

 

 
Figure A3. Evaluation of the XRD pattern of the washed M3P+ sample: peaks of the sample and 

calcium-carbonate mineral found. 
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Figure A4. Evaluation of the XRD pattern of the non-washed M3P- sample: no peaks of calcium 

carbonate minerals were found. 

 

 
Figure A5. Evaluation of the XRD pattern of the washed M3P- sample: no peaks of calcium 

carbonate minerals were found. 
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Figure A6. Evaluation of the XRD pattern of the non-washed M3P- sample: peaks of the sample 

and those of the hydroxilapatite mineral found. 

 

 
Figure A7. Evaluation of the XRD pattern of the washed M3P- sample: peaks of the sample and 

those of the hydroxilapatite mineral found. 
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Figure A8. Evaluation of the XRD pattern of the non-washed M3P- sample: peaks of the sample 

and those of the hydroxilapatite mineral found. 

 

 

 

 
Figure A9. Evaluation of the XRD pattern of the washed M3P- sample: peaks of the sample and 

those of the hydroxilapatite mineral found. 
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Figure A10. Comparison of the XRD patterns of the washed M3P- and M3P+ samples with the 

XRD patterns of hydroxilapatite nanoparticles (Paz et al. 2012) 
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Figure A11. Comparison of the FT IR spectra lines of the washed M3P- and M3P+ samples with 

the FT-IR spectra lines of hydroxilapatite nanoparticles (Paz et al. 2012) 
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Calculation A1. Expectable CaCO3 precipitation from the curing compound M3P+ 

Components of the curing compound and their dosage: 

15 mg / ml Bacto Casitone powder 

15 mg / ml calcium acetate [Ca(CH3COO)2] 

3 mg /ml potassium carbonate hemihydrate [K2CO3 · ½ H2O] 

and 10 mM phosphate buffer pH 8, made of 

0,094 mg/ml sodium phosphate [NaH2PO4]  

2.5 mg/ml disodium phosphate [Na2HPO4] 

+ components of the CT preculture medium (2 v/v %)  

Total mass of the solved components in the liquid compound M3P+: 

3.7794 g in 100 ml, thus 37.79 mg / ml 

 

Molar mass of the molecules containing carbon and calcium 

Molar mass of the Ca(CH3COO)2 is 158.166 g/mol, of which 

Symbol Element Atomic weight Atoms Mass percent 

Ca Calcium 
40.078 1 25.3392 % 

C Carbon 
12.0107 4 30.3749 % 

H Hydrogen  
1.00794 6 3.8236 % 

O Oxygen 
15.9994 4 40.4623 % 

 

Molar mass of K2CO3 · 1/2 H2O is 147.2131 g/mol, of which 

Symbol Element Atomic weight Atoms Mass percent 

K Potassium  
39.0983 2 53.1179 % 

C Carbon 
12.0107 1 8.1587 % 

O Oxygen 
15.9994 3 38.0387 % 

H Hydrogen  
1.00794 1 0.6847 % 
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Molar mass of the CaCO3  is 100.0869 g/mol, of which 

Symbol Element Atomic weight Atoms Mass percent 

Ca Calcium 
40.078 1 40.0432 % 

C Carbon 
12.0107 1 12.0003 % 

O Oxygen 
15.9994 3 47.9565 % 

 

Minimal mass of organic carbon sources (namely C atoms) in the liquid compound per milliliter 

(organic carbon content of the Bacto Casitone is not known)  

30.3749 % · 15 mg / 100 + 8.1587 % · 3 mg /100 = 4.801 mg / ml 

 

Since mass ratio the of C and O atoms in the CO3
2-

 ion is 1:4 (12:48), the calculated amount of 

carbon is enough for the production of 4.801 mg/ml · 4 = 19.204 mg / ml carbonate ion (CO3
2-

)  

 

Mass of calcium sources in the liquid compound per milliliter 

Calcium content of the Bacto Casitone is 0.02 m/m % (data from producer) 

25.3392 % · 15 mg / 100 + 0.02 % · 15 mg / 100 = 3.804 mg / ml calcium ion (Ca
2+

) 

 

Mass ratio of Ca
2+ 

and CO3
2-

 ions in calcium carbonate (CaCO3) is 1.00:1.50 (40:60). Since ratio 

of these two ions available from the M3P curing compound is 1 : 5.05, it can be seen, that the 

amount of carbonate ions is more, than sufficient for the production of calcium carbonate. 

Therefore amount of the calcium ions will determine the maximum mass of calcium carbonate 

can be precipitated from the liquid compound.  

Thus theoretical maximum possible amount of calcium carbonate can precipitate from the liquid 

compound M3P+ is: 

3.804 mg/ml · 1.50 = 5.706 mg / ml 

which is 0.5706 g CaCO3 considering 100 ml curing compound. This is equal to  

0.5706 / 3.7794 · 100 = 15.0976 m/m % of the total organic and inorganic components solved in 

the curing compound. 
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Figure A12. Pore size distribution histograms of the Non-Treated (intact) and M3+ treated 

limestone samples. 
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Figure A12. – Continued - Pore size distribution histogram of the M3- treated limestone sample. 

 

Table A4. Pore size distribution of the intact and treated samples. 

 

μm v/v% μm v/v% μm v/v%

55,34 0,00 55,37 0,00 55,31 0,00

37,86 6,95 37,87 8,55 37,88 6,30

31,31 6,53 31,29 6,00 31,40 8,18

26,69 6,32 26,65 5,74 26,79 6,63

22,10 6,95 22,06 6,12 22,20 7,77

16,13 10,32 16,09 8,80 16,20 10,97

10,57 11,90 10,55 9,70 10,61 12,36

8,05 14,01 8,04 21,18 6,59 24,80

3,11 21,38 3,40 13,91 3,41 7,28

1,18 2,32 1,18 6,12 1,77 3,11

0,71 1,90 0,71 1,79 0,61 3,60

0,39 2,84 0,39 2,93 0,39 1,64

0,30 1,16 0,30 1,02 no no

0,09 3,27 0,09 3,70 0,09 3,85

0,04 2,57 0,04 1,89 0,04 2,25

0,02 0,00 0,02 0,00 0,02 0,37

0,01 0,00 0,01 0,00 0,01 0,00

0,01 0,00 0,01 0,00 0,01 0,00

0,00 0,00 0,00 0,00 0,00 0,00

INTACT M3+ TREATED M3- TREATED

Pore 

diameter

Relative 

incidence

Pore 

diameter

Relative 

incidence

Pore 

diameter

Relative 

incidence
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3. WATER ABSORPTION 
 

 
 

 
 

Figure A13. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 9 

from Group I. 
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Figure A14. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 11 

from Group I. 
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Figure A15. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 12 

from Group I. 
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Figure A16. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 1 

from Group II. 
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Figure A17. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 3 

from Group II. 
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Figure A18. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 10 

from Group II. 
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Figure A19. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 2 

from Group III. 
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Figure A20. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 6 

from Group III. 
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Figure A21. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 7 

from Group III. 
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Figure A22. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 4 

from Group IV. 
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Figure A23. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 5 

from Group IV. 
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Figure A24. Capillary elevation (top) and capillary absorption (bottom) curves of specimen 8 

from Group IV. 
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Figure A25. Capillary elevation (top) and capillary absorption (bottom) curves of specimen C 
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Figure A26. Capillary elevation (top) and capillary absorption (bottom) curves of specimen K1 

from the Control Group 
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Figure A27. Capillary elevation (top) and capillary absorption (bottom) curves of specimen K2 

from the Control Group 
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Figure A28. Capillary elevation (top) and capillary absorption (bottom) curves of specimen K3 

from the Control Group
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4. COLOR MEASUREMENTS 
 

Table A5. – Results of the colorimetric measurements. Referring chapter is 5.3. 

 

 

 

 

 

 

 

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 84,47 0,28 12,89 83,12 0,09 14,49 -1,35 0,19 -1,6 2,10 -0,33 0,05

2 84,37 1,49 11,03 83,6 0,17 12,56 -0,77 1,32 -1,53 2,16 -0,27 0,63

3 84,14 0,66 12,09 83,07 -0,27 13,78 -1,07 0,93 -1,69 2,21 -0,23 0,33

4 84,46 -0,06 12,36 82,06 0,9 14,37 -2,4 -0,96 -2,01 3,27 0,84 -1

Mean 84,36 0,59 12,09 82,96 0,22 13,80 -1,40 2,44 0,00 0,00

Stan.dev. 0,13 0,58 0,68 0,56 0,42 0,76 0,61 0,49 0,49 0,61

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 85,35 -0,53 11,96 80 0,37 15,63 -5,35 -0,9 -3,67 6,55 4,11 -3,95

2 83,27 0,21 13,52 79,23 -0,12 16,65 -4,04 0,33 -3,13 5,12 2,69 -2,64

3 83,24 -1,32 12,88 80,32 0,16 15,55 -2,92 -1,48 -2,67 4,22 1,79 -1,52

4 83,55 -0,44 10,12 80,3 -0,11 15,44 -3,25 -0,33 -5,32 6,24 3,81 -1,85

Mean 83,85 -0,52 12,12 79,96 0,08 15,82 -3,89 5,53 3,10 -2,49

Stan.dev. 0,87 0,54 1,28 0,44 0,20 0,49 0,94 0,92 0,92 0,94

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 81,98 0 9,91 79,97 0,35 16,19 -2,01 -0,35 -6,28 6,60 4,17 -0,61

2 85,35 -0,99 7,87 79,39 1,49 15,09 -5,96 -2,48 -7,22 9,69 7,25 -4,56

3 83,37 -0,29 12,23 79,74 0,33 18,3 -3,63 -0,62 -6,07 7,10 4,66 -2,23

4 83,38 -0,49 9,66 79,37 1,02 17,62 -4,01 -1,51 -7,96 9,04 6,60 -2,61

Mean 83,52 -0,44 9,92 79,62 0,80 16,80 -3,90 8,11 5,67 -2,50

Stan.dev. 1,20 0,36 1,55 0,25 0,49 1,25 1,41 1,29 1,29 1,41

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 84,38 -0,36 12,04 83,58 -0,24 13,58 -0,8 -0,12 -1,54 1,74 -0,70 0,6

2 83,76 0,74 11,48 83,4 -0,76 14,01 -0,36 1,5 -2,53 2,96 0,53 1,04

3 84,9 0,21 11,76 83,72 -0,14 14,21 -1,18 0,35 -2,45 2,74 0,31 0,22

4 84,57 0,28 12,28 82,97 -0,31 13,22 -1,6 0,59 -0,94 1,95 -0,49 -0,2

Mean 84,40 0,22 11,89 83,42 -0,36 13,76 -0,98 2,35 -0,09 0,42

Stan.dev. 0,41 0,39 0,30 0,28 0,24 0,38 0,46 0,52 0,52 0,46

CONTROL

Number 

of spot

Before After Differences Evaluation

EvaluationNumber 

of spot

Before After Differences

Number 

of spot

Before After Differences

Number 

of spot

Before After Differences

CB -

Evaluation

CB+

Evaluation

CC-
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Table A5. – continued 3/2 

 

 

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 85,73 -0,2 11,04 82,07 1,02 12,91 -3,66 -1,22 -1,87 4,29 1,85 -2,26

2 85,48 -0,52 12,32 82,54 0,53 13 -2,94 -1,05 -0,68 3,20 0,76 -1,54

3 86,45 -0,42 8,26 80,35 0,78 12,72 -6,1 -1,2 -4,46 7,65 5,22 -4,7

4 84,15 1,17 13,85 82,65 0,19 15,1 -1,5 0,98 -1,25 2,18 -0,25 -0,1

Mean 85,45 0,01 11,37 81,90 0,63 13,43 -3,55 4,33 1,89 -2,15

Stan.dev. 0,83 0,68 2,05 0,92 0,31 0,97 1,67 2,06 2,06 1,67

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 83,06 1,49 12,18 80,31 0,66 15,86 -2,75 0,83 -3,68 4,67 2,23 -1,35

2 84,71 0,44 10,16 80,99 -0,38 14,63 -3,72 0,82 -4,47 5,87 3,44 -2,32

3 85,99 -0,9 9,52 80,53 0,25 14,58 -5,46 -1,15 -5,06 7,53 5,10 -4,06

4 85,14 -0,59 11,94 81,78 0,12 14,38 -3,36 -0,71 -2,44 4,21 1,78 -1,96

Mean 84,73 0,11 10,95 80,90 0,16 14,86 -3,82 5,57 3,14 -2,42

Stan.dev. 1,07 0,94 1,14 0,56 0,37 0,58 1,01 1,28 1,28 1,01

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 85,84 -0,48 9,54 82,77 0,09 13,92 -3,07 -0,57 -4,38 5,38 2,94 -1,67

2 85,16 -0,76 11,42 82,92 0,37 13,25 -2,24 -1,13 -1,83 3,11 0,67 -0,84

3 84,62 0,47 12,04 82,77 0,41 14,89 -1,85 0,06 -2,85 3,40 0,96 -0,45

4 82,84 0,17 13,83 81,77 -0,06 15,59 -1,07 0,23 -1,76 2,07 -0,36 0,33

Mean 84,62 -0,15 11,71 82,56 0,20 14,41 -2,06 3,49 1,05 -0,66

Stan.dev. 1,11 0,49 1,53 0,46 0,20 0,90 0,72 1,20 1,20 0,72

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 84,09 -0,16 10,4 82,28 0,03 13,79 -1,81 -0,19 -3,39 3,85 1,41 -0,41

2 83,15 -0,97 10,41 82,1 -2,09 14,92 -1,05 1,12 -4,51 4,76 2,33 0,35

3 83,88 -1,06 11,53 81,86 -1,52 15,94 -2,02 0,46 -4,41 4,87 2,44 -0,62

4 83,37 0,87 13,53 81,88 0,01 17,02 -1,49 0,86 -3,49 3,89 1,45 -0,09

Mean 83,62 -0,33 11,47 82,03 -0,89 15,42 -1,59 4,34 1,91 -0,19

Stan.dev. 0,38 0,78 1,28 0,17 0,93 1,20 0,37 0,48 0,48 0,37

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 84,46 -0,28 12,72 81,09 0,8 17,42 -3,37 -1,08 -4,7 5,88 3,45 -1,97

2 84,69 0,64 12,72 81,27 -0,18 16,82 -3,42 0,82 -4,1 5,40 2,97 -2,02

3 85,89 0,31 12,02 81,35 -0,39 16,84 -4,54 0,7 -4,82 6,66 4,22 -3,14

4 84,79 0,14 12,51 82,14 -0,07 15,82 -2,65 0,21 -3,31 4,25 1,81 -1,25

Mean 84,96 0,20 12,49 81,46 0,04 16,73 -3,50 5,55 3,11 -2,10

Stan.dev. 0,55 0,33 0,29 0,40 0,45 0,58 0,68 0,88 0,88 0,68

M3-

Number 

of spot

Before After Differences

M3+

Number 

of spot

Before After Differences Evaluation

Evaluation

M3P-

Number 

of spot

Before After Differences Evaluation

Number 

of spot

Before After Differences Evaluation

Evaluation

CC +

M3P+

Number 

of spot

Before After Differences
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Table A5. – continued 3/3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 85,55 -0,3 10,65 80,91 -0,18 17,5 -4,64 -0,12 -6,85 8,27 5,84 -3,24

2 82,9 0,51 12,56 82,41 0,12 15,98 -0,49 0,39 -3,42 3,48 1,04 0,91

3 83,45 -0,23 12,69 81,01 0,21 16,95 -2,44 -0,44 -4,26 4,93 2,49 -1,04

4 83,17 0,12 13,24 82,05 -0,63 14,78 -1,12 0,75 -1,54 2,05 -0,39 0,28

Mean 83,77 0,03 12,29 81,60 -0,12 16,30 -2,17 4,68 2,25 -0,77

Stan.dev. 1,05 0,32 0,98 0,65 0,33 1,03 1,59 2,31 2,31 1,59

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE corr. ΔE corr. ΔL*

1 84,23 0,86 11,52 81,45 1,28 15,11 -2,78 -0,42 -3,59 4,56 2,12 -1,38

2 85,67 -0,41 11,57 82,3 -0,11 15,55 -3,37 -0,3 -3,98 5,22 2,79 -1,97

3 84,42 -0,1 12,61 81,21 1,41 15,23 -3,21 -1,51 -2,62 4,41 1,97 -1,81

4 83,8 -0,41 13,72 80,05 1,23 15,4 -3,75 -1,64 -1,68 4,42 1,99 -2,35

Mean 84,53 -0,02 12,36 81,25 0,95 15,32 -3,28 4,65 2,22 -1,88

Stan.dev. 0,70 0,52 0,90 0,80 0,62 0,17 0,35 0,33 0,33 0,35

T1 - conventional consolidant

Number 

of spot

Before

Number 

of spot

Before After Differences Evaluation

After Differences Evaluation

P1
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5. MIGRATION OF BACTERIA 
 

 

 
 

 

Figure A29. Image of the agar plate of the specimen 8.1. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Height (mm) 2,76 4,14 3,45 2,76 3,79 3,45 4,14 4,14 4,14 2,76 3,79 3,10 2,76 4,14

Mean (cm) 0,0213

Specimen 

8.1.

Point of measurement

Soaking surface area (cm
2
) Specific migration height (cm/cm

2
)0,35 16,53
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Figure A30. Image of the agar plate of the specimen 8.2. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Height (mm) 7,94 6,86 2,89 2,53 2,89 3,97 2,89 6,86 4,33 5,41 2,53 3,25 6,49 5,05

Mean (cm) 0,0303

Specimen 

8.2.

Point of measurement

0,46 Soaking surface area (cm
2
) 15,054 Specific migration height (cm/cm

2
)
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Figure A31. Image of the agar plate of the specimen 8.3. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Height (mm) 3,55 2,13 2,49 2,49 2,13 3,55 2,49 4,62 3,91 8,17 2,84 4,97 3,55 4,26

Mean (cm) 0,0245

Specimen 

8.3.

Point of measurement

0,37 Soaking surface area (cm
2
) 14,93 Specific migration height (cm/cm

2
)
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Figure A32. Image of the agar plate of the specimen 8.1.*. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Height (mm) 4,90 7,00 4,90 5,60 5,25 6,65 8,05 7,70 7,00 7,00 7,70 4,20 4,90 8,40

Mean (cm) 0,0389Soaking surface area (cm
2
)0,64 Specific migration height (cm/cm

2
)16,37

Specimen 

8.1.*

Point of measurement
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Figure A33. Image of the agar plate of the specimen 8.2.*. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Height (mm) 6,63 5,52 4,79 6,26 6,63 8,83 8,10 11,78 6,63 5,15 8,10 6,26 5,15 9,20

Mean (cm) 0,04720,71 Soaking surface area (cm
2
) 14,99 Specific migration height (cm/cm

2
)

Specimen 

8.2.*

Point of measurement
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Figure A34. Image of the agar plate of the specimen 8.3.*. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Height (mm) 2,12 2,83 3,54 3,54 4,24 4,95 4,95 8,49 11,31 6,36 6,36 8,49 5,66 6,36

Mean (cm) 0,03370,57 Soaking surface area (cm
2
) 16,79 Specific migration height (cm/cm

2
)

Specimen 

8.3.*

Point of measurement
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Figure A35. Image of the agar plate of the specimen 16.1. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

3,30 1,65 1,98 1,65 0,99 1,65 1,98 7,26 2,31 2,97 1,32 2,97 9,25 -

0,0180

Specimen 

16.1.

Height (mm)

Mean (cm) 0,3023

Point of measurement

Soaking surface area (cm
2
) 16,75 Specific migration height (cm/cm

2)
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Figure A36. Image of the agar plate of the specimen 16.2. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

7,58 5,41 6,49 8,30 7,22 7,22 5,77 7,58 8,30 8,66 6,86 5,05 7,58 4,33 4,69

0,0429

Point of measurement

Specific migration height (cm/cm
2)

Specimen 

16.2.

Height (mm)

Mean (cm) 0,6735 Soaking surface area (cm
2
) 15,69
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Figure A37. Image of the agar plate of the specimen 16.3. The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

2,27 1,62 3,24 3,24 2,59 5,84 4,22 5,84 4,54 3,89 3,24 4,54 1,95 3,24

0,0238

Specimen 

16.3.

Point of measurement

Height (mm)

Mean (cm) 0,3617 Soaking surface area (cm
2
) 15,21 Specific migration height (cm/cm

2)
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Figure A38. Image of the agar plate of the specimen 16.1.* The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

5,39 5,73 6,74 6,74 8,76 6,74 7,42 6,07 6,74 6,74 8,76 9,78 10,45 12,47

0,0512

Specimen 

16.1.*

Point of measurement

Height (mm)

Mean (cm) 0,7753 Soaking surface area (cm
2
) 15,14 Specific migration height (cm/cm

2)
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Figure A39. Image of the agar plate of the specimen 16.2.* The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

7,46 6,78 7,46 7,80 6,78 6,78 7,80 7,46 12,88 6,78 5,42 6,78 6,78 14,24

0,0516

Specimen 

16.2.*

Point of measurement

Height (mm)

Mean (cm) 0,7942 Soaking surface area (cm
2
) 15,40 Specific migration height (cm/cm

2)



XLVII 

 

 
 

 

Figure A40. Image of the agar plate of the specimen 16.3.* The evaluated area is marked with 

orange line (above).  Table of the measured (according to the image) and calculated values. 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

7,87 7,87 4,59 5,25 11,15 7,87 7,87 6,56 6,56 6,23 5,25 5,25 7,54 5,90

0,0416

Specimen 

16.3.*

Point of measurement

Height (mm)

Mean (cm) 0,6838 Soaking surface area (cm
2
) 16,42 Specific migration height (cm/cm

2)
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Figure A41. Image of the agar plate of the specimen 8.K. 
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Figure A42. Image of the agar plate of the specimen 16.K. 
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6. BINDING EFFECT OF THE TREATMENT 
 

 

 
Figure A43. Corrected weight gain values achieved on the specimens. In brackets the number of specimens in each 

group. 

 


