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Abstract

In recent years, together with the increasing population, there has been a rapid growth in the construction sector in
order to meet housing needs. This growth led to the rapid development of the cement industry. In the process of
increasing industrialization, biotechnological processes are becoming more important. The most important
alternative to the cement industry is the microbial bio-calcification process. In this process, cement-like structures
are produced by bacteria at room temperature conditions. Microbial bio-calcification processes have attracted the
interest of researchers especially in the process of self-healing in recent years as an alternative and nature-friendly
solution to the cement production processes that are being produced at high temperatures. This study is an
optimization of an innovative, environmentally friendly and biotechnological method for the construction and
cement industry. Different production surfaces was used for sand hardening with Sporosarcina pasteurii such as
agar plates, filter paper and polyurethane support materials. The effect of different CaCl, concentrations (25 mM,
50 mM and 100 mM) and sand thickness (1 mm, 5 mm and 10 mm) was also tested. CaCOz was determined by
FTIR and measured by chemical analysis. In addition, the hardness and integrity of the samples were observed.
Agar and polyurethane support materials were found to be more effective in terms of support material for sand
hardening. Increased thickness reduced the hardness and 50 mM CaCl, concentration was found to be optimum
for these types of processes. This study shows the effects of sand hardness on innovative, environmentally friendly
and biotechnological approach optimization.
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Mikrobiyal Biyokalsifikasyon ile Kumun Sertlestirilmesinde Yeni Deneysel
Yaklasimlar

Oz

Son yillarda niifustaki artisla birlikte barinma ihtiyacinin giderilmesi icin insaat sektdriinde hizli bir bliyiime
olmustur. Bu biiyiime beraberinde ¢imento endiistrisinde hizli gelisimi getirmistir. Artan endiistrilesme siirecinde
biyoteknolojik siiregler her gegen giin daha fazla 6nem kazanmaktadir. Cimento endiistrisinin en 6nemli alternatifi
mikrobiyal biyokalsifikasyon prosesleridir. Bu proseste ¢imento benzeri yapilar oda sicakligi kosullarinda
bakteriler tarafindan tretilmektedirler. Mikrobiyal biyo-kalsifikasyon prosesleri yiiksek sicakliklarda tiretimi
gerceklesen ¢imento proseslerine alternatif ve doga dostu bir ¢oziim olarak son yillarda arastirmacilarmn ilgisini
ozellikle kendi kendine iyilesme siirecinde ¢ekmistir. Bu ¢alisma kapsaminda mikrobiyal biyo-kalsifikasyon
islemiyle kum sertlesmesinde farkl iiretim yilizeyleri karsilastirilmigtir. Agar, filtre kagidi ve poliiiretan destek
malzemeleri kullanilarak Sporosarcina pasteurii ile kum sertlestirmesi proses verimleri incelenmistir. Farkli CaCl,
konsantrasyonlarinin (25 mM, 50 mM ve 100 mM) ve kum kalmliginin (1 mm, 5 mm ve 10 mm) etkisi de test
edilmistir. CaCOsz varlig1 FTIR testleri ile belirlenmis ve konsantrasyon karsilastirmalari kimyasal yontemlerle
yapilmistir. Ek olarak, numunelerin sertligi ve biitiinliigli de goézlenerek en uygun {iiretim yilizeyi karsilagtirmali
olarak incelenmistir. Sonu¢ olarak agar ve poliliretan destek malzemelerinin, kum sertlesmesinde destek
malzemesi olarak daha etkili oldugu bulunmustur. Artan kum kalinhiginin sertligi azalttigi ve 50 mM CaCl,
konsantrasyonunun optimum miktar oldugu belirlenmistir. Bu ¢alisma yap1 sektorii ve ¢cimento sektorii agisindan
yenilikgi, ¢evre dostu ve biyoteknolojik bir yontemin optimizasyonu niteligindedir.

Anahtar kelimeler: Biyo-kalsifikasyon, Biyo-¢imento, Agar, Politiretan, Filtre kdgidi, Kum sertlestirilmesi.

*Corresponding author:_tugba.keskin.gundogdu@ege.edu.tr
Received: 25.05.2019, Accepted: 23.09.2019

390



A. Arig, 1. Deniz Can, T. Keskin / BEU Fen Bilimleri Dergisi 9 (1), 390-401, 2020

1. Introduction

For the last fifty years, the world-wide public awareness of environmental issues initiated a movement
that developed around the concepts of green, ecological and environmentally friendly, sustainable
production technologies. The concept of sustainability is the preservation of continuity while ensuring
the progression of diversity and productivity. Although the origins date back to 70s, the public has been
introduced to the concept of sustainability by means of the Brundtland Report published by the World
Commission on Environment and Development working in the United Nations. In this report, it was
emphasized that the development of a vital bridge between environmental development and economic
development should urgently be taken into consideration [1].

In recent years, the increasing population in the world has brought environmental problems and
housing needs simultaneously. For many years, accommodation has been the basic need of humanity
and with the help of increasing technological facilities, durable housing solutions are becoming more
and more explicit in the construction industry therefore the cement industry. The building block of the
construction industry is the cement industry. A very few portion of accommodation projects in
developed countries are based on alternative design aspects that do not utilize cement. The market value
of cement industry was reported as at $7.5 billion ton annually for 2016 in U.S. Turkey is the largest
cement producer in Europe and the fifth largest producer in the world, ranking sixth in the world market
for exports. Our country cement production, according to Turkey Cement Manufacturers' Association
data, averagely 70 million ton cement production reported since 2014 [2]. Cement industry is
environmentally hazardous from the usage of raw material to final product. The process temperatures
increases up to 1350-1450 °C during heat treatment of the raw material. Therefore a huge energy
consumption occurs during production [3]. There is an urgent need to reduce the energy costs and to
find an environmentally friendly cement production technologies or natural replacement for cement [4].

First solution for replacement of the cement industry is thought to be using sand and soil
constructions. Although it will no longer be the dominant building material in industrialized countries,
it is still being used in the restoration of old buildings and in some regions where the architectural
tradition continues. The soil can be hardened with different materials when necessary, in order to
increase the resistance against cracking, water erosion and wear, and its binding property, compressive
strength and thermal insulation resistance [5].

In recent years, the use of developing technologies for environmentally friendly solutions has
become widespread. The elimination of the negative environmental conditions or the reduction of the
minimum environmental burden has been the focus of many researchers, along with developing
bioengineering approaches. Increasing production capacities, which are the biggest reason of
globalization, result in increasing harm to the human health of the emerging products [6]. In summary
developing building sector needs ecological, environmentally friendly and sustainable design products
which is compatible with nature. The type of material or the low temperature biotechnological processes
gaining importance day by day [7].

For the production of cement mostly used biotechnological process is the microbial
biocalfication. Since microbial biocalcification is a combination of biological pathways instead of
chemical pathways of cement production it is compatible with nature. The final product of
biocalcification, CaCOs, is a hard, durable and long life concreter alternative which can harden the sand,
the most abundant material in nature [8].

Natural formation of CaCQOg in nature is a very slow process that can take many years. Microbial
activity is the main source for mineral formation in nature especially the moulds and the CaCO3 based
stones at seas. This mineralization process is the activity of urease enzyme Urease is Ni-dependent,
homologeous enzyme and can be found in plant, bacteria etc. The main duty of the urease is to hydrolyze
urea into ammonia and CO,. There are many types of bacteria having this urease mechanism but
Sporosarcina pasteurii is known as the most studied and wide spread soil bacterium with high capacity
of urease production [9]. Other strains that can take role in microbial biocalcification are; Sporosarcina
urea, Sporolactabacillus etc [10].

In general, spore forming, gram-positive, aerobic or facultative anaerobic rod shaped bacteria
are known to belong to Bacillus genus. Bacillus pasteurii was identified by Miquel Chester in 1889 and
in 2001 Yoon et al. changed the name of this bacteria to Sporosarcina pasteurii [11]. The cell size
changes between 1.3-4 nm and the spore size changes between 0.8-1.3 nm. They can live at a wide
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variety of temperatures between 5 to 45°C, mostly ambient room temperature is used. Sporosarcina
pasteurii can be isolated form soil, water, muds. It is at Biosafety level 1 and non pathogenic. One of
the main important property of Sporosarcina pasteurii is the ability to grow at high pH levels. Therefore
it can live at ammonium salt containing environments [12].

The metabolic pathway of Sporosarcina pasteurii is as follows.
1 mol urea is converted to 2 mol ammonia and 1 mol CO..

CO(NH,)2+H,0—NH,COOH+NH;
NH>2COOH+H,0—NH3+CO,+H>0

After addition of CaCl; to this medium at high pH;
CO2+H,0H,CO3HCO3+H - CO3 *+2H*
COs%+Ca*?—CaCO0s

It can be clearly seen form this reaction that microbial biocalcification process also known as to
reduce the CO; release to atmosphere which is also an important benefit in terms of environmental
protection [8].

The urease mechanism and the CaCQOj3; production capacity of Sporosarcina pasteurii was also
used in many studies for rehabilitation and renewing the cement materials. It was used for filling the
cracks, self healing processes [13-15]. Sporosarcina pasteurii can also be used for reducing the
hydraulic conductivity for environmental applications [16].

As it can be seen clearly there are several application areas for microbial biocalcification
processes such as self healing or crack filling but direct usage of this process for sand hardening and
therefore using as alternative for construction sector is very limited.

In this study, the urease mechanism of Sporosarcina pasteurii and sand hardening feature were
utilized. In order to increase the low strength values in sand hardening studies in the literature,
Sporosarcina pasteurii activity differences, optimum support material and highest CaCOs3 production
values were determined using agar, filter paper and polyurethane support materials. The most suitable
and environmentally friendly support material for the integration of microbial bio-calcification
processes to the building sector was investigated.

2. Materials and Methods
2.1. Support materials and sand

In this study, it was aimed to determine the optimum support material for bio-calcification. In this
respect, agar, filter paper and polyurethane material were tested. For agar surface, 10% agar containing
nutrient medium was used. For the filter paper surface, Grade 1 (11 pm) filter paper (Fisher Scientific)
was used. For the polyurethane surface, solid polyurethane material with a pore size of 1,5 mm was
used. The sand used in the study was collected from a local area.

2.2. Microorganism and nutrient media

The bacterium provided in lyophilized form from the DSMZ culture collection (DSM-GMbH,
Germany). For the DSMZ-DSM 33 culture, Medium 220 + Urea (20 g/L) was used as nutrient. The
content of Medium 220 was 15.0 g/L peptone from casein (Oxoid), 5.0 g/L peptone from soymeal
(Oxoid), 5.0 g/L NaCl (Merck), 15.0 g/L agar (Sigma) and 1000.0 ml distilled water. The growth curve
of the bacteria is in Figure 1.
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Figure 1. The growth curve of Sporosarcina pasteurii

2.3. Analytical Methods
2.3.1. Chemical CaCOs test
Exothermic reaction occurs between HCI and CaCOs;
(CaCOs(s) + 2HCI (I) = H20 () + CO2 (g) + CaCl. (aq)).

To determine the CaCQOj3 content of the samples the solid samples (0, 5 g) are kept overnight in
5 ml HCI (37% w/w HCI 4) at ependorf tubes. Then liquid removed from tube and samples dried at
105°C for 2 h. Finally, the percentage mass loss determined by measuring the weight. Before the CaCO3

determination the standard curve was sketched by using increasing amounts of CaCO; (0,02 — 0,08 g
CaCO;/ 0,5 g Sand). R? value of standard samples graph is 0,99 (Figure 2).
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Figure 2. Standard curve of chemical CaCQOj3 analysis

2.3.2. ATR-FTIR Analysis

ATR-FTIR (Attenuated Total Reflection - Fourier Transformed Infrared Spectrometer) was used to
examine the structure of solid liquid and powder samples. The device determines the vibration
frequencies of the bonds in the molecules and defines the functional groups. Hardware features; DTGS
detector, 4000-600 cm-1 spectrum range, Laser diode and Spectrum 10 software.
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Figure 3. FTIR Spectrum of CaCOs [17]

ATR-FTIR device analysis is used in many analyzes because of its fast realization and
practicality. Molecular groups give peaks in a certain spectrum and their presence can be observed. Like
each molecule, CaCOs; has a unique spectrum (Figure 3). CaCOs gives peaks at approximately 1480,
881 and 712 wave count (cm-1) [17]. Values may vary depending on the characteristics of the device
and the environment in which the analysis was performed. Due to the analysis costs, selected samples
according to observational analysis were analyzed with the FTIR device.

2.4. Agar supported sand hardening

The agar assisted sand hardening process started with the revitalization of the lyophilized culture
supplied from DSMZ (Germany). Sporosarcina pasteurii was grown on agar plates. After 24 h
incubation non-sterilized sand was spread over agar plates and the 20 mL calcification medium with
proper concentrations was added on sands and mixed gently (Figure 4). The calcification medium
consists DSM 33 medium, 20 g/L urea and CaCl,. CaCl, concentrations was prepared as 25 mM, 50
mM and 100 mM. The thickness of the sand was adjusted to 1 mm, 5 mm and 10 mm (all experiments
were performed in 3 parallels). In order to complete the process, the petri dishes are kept in an incubator
set at 30 °C for 3-4 days.

Revitalization of Sand Calcification Processing

'”ﬁLyophiIizedS. Pasteurii  Addition ~ Medium Addition

y

=» & E*"; = .‘3‘;! e

Figure 4. Experimental set-up of sand hardening process

2.5. Polyurethane supported sand hardening

For polyurethane supported sand hardening started with revitalization of the lyophilized culture.
Sporosarcina pasteurii was grown on agar plates (24h). The activation in liquid culture was occurred
by transferring the bacteria for petri to liquid medium. Sporosarcina pasteurii medium was transferred
to polyurethane assisted sand material at 6th hour of the process. The experimental design can be seen
in Figure 5. First, the polyurethane sponges are placed in the petri dishes. Then the sand is added to the
thicknesses determined (1 mm,5 mm and 10 mm) on the polyurethane foam (sponge) (all experiments
were performed in 3 parallels). Homogeneous mixing of sand grains in the sponge is provided. Liquid
bacterial culture (10 mL) and calcification medium (20 mL) are added on petri dishes. The control
groups were prepared without adding CaCl,. As a final step, the petri dishes are kept in the incubator
set to 30 °C for 3-4 days.
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Figure 5. Experimental set-up of polyurethane or filter paper supported sand hardening

2.6. Filter paper supported sand hardening

In filter paper assisted sand hardening the same procedure with polyurethane assisted design was used
with replacement of filter paper with polyurethane foam (all experiments were performed in 3 parallels)
(Figure 5).

3. Results and Discussions

The important parameters in sand hardening process are; bacteria type, sand thickness and CaCl,
concentration. The growth rate of the Sporosarcina pasteurii showed that the active hours for the
bacteria are between 4-7 h (Figure 1) Therefore the experiments were conducted by using Sporosarcina
pasteurii 6-7 hours after activation to keep the concentration constant. In all experiments the sand
thickness was changed as 1mm, 5mm and 10 mm; the CaCl, concentrations were 25 mM, 50 mM and
100 mM. All experiments were performed in duplicates and all the parameters has control group without
bacteria. The agar plates with bacteria and without bacteria were kept at different incubators to keep
them from cross contamination at 30 °C. After the process, the products were first examined based on
observation then chemical analysis were performed and mass losses were also compared. Finally, FTIR
analysis was applied to 3 best samples from each group in order to confirm the CaCOj3 presence.

3.1. Agar supported sand hardening

In many bioprocesses agar is used as encapsulation material for different types of bacteria. Agar provides
a solid surface for bacteria by reaching easily to the nutrients for growth and enzyme reactions. In this
study %10 agar was added to growth medium and the bacteria was grown on this support material. After
adding the sand and the calcification medium including CaCl, the sand hardening started by the urease
mechanism of Sporosarcina pasteurii. At the end of the calcification process the agar and the solidified
sand was observed as stacked together and cannot be separated from each other. At control group an
elastic and broken structure was observed (Figure 6A). The agar plate with Sporosarcina pasteurii
provided a suitable surface for stable (Figure 6B). A thinning of the agar layer was also observed due to
the performance of bacteria using the nutrient medium. All samples including Sporosarcina pasteurii
was resulted in a smooth and stable surface and in all control samples no hardening was observed. 10
mm thickness and 50 mM CaCl, concentration gave the best results in terms of hardening and a stable
surface.

Figure 6. Products of agar assisted sand hardening (A: Without inoculum; B: With inoculum)
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The chemical CaCO3 concentration tests was conducted as explained in materials and methods
section 2.3.1 in details. The difference of CaCO3 formation was measured according to mass losses from
each sample. The mass loss results were changed between 14 to 22% in the samples with inoculum and
15 to 20% in the samples without inoculum (control groups). The maximum CaCO; formation was
observed with 5 mm thickness and 100 mM concentration samples (Figure 7).

CaCO; amounted to high values in the control groups but as a result of these observations no
structural hardening was observed in these groups. It is normal to observe CaCOs in the sand as it is
taken from nature, but the hardening in the bacteria-containing environment is due to the urease
mechanism. It has been clearly understood from these experiments that the presence of free calcium
carbonate in the sand structure is not enough for sand hardening process.

100 mM, 10 mm i

50mM, 10 mm (=

25mM, 10 mm | — |

100 mM, 5mm _

50mM, 5 mm =

25mM, 5 mm [ ——

100 mM, 1 mm 0

50mM, 1T mm —t—t

25mM, 1 mm =

10 12 14 16 18 20 22 24
Mass Loss Rate (%)

Figure 7. Chemical analysis results of agar supported sand hardening

According to chemical analysis and the observational analysis the best three samples were
chosen for FTIR analysis. The samples were the 5 mm thickness samples with 25 mM, 50 mM and 50
mM CaCl,. When the analysis results were examined (Figure 13), according to the wavelength it can be
clearly understood that all of the spectra were observed to have CaCO; peaks. As a result, all samples
contain different proportions of CaCQOs. Thus, the samples were proved to contain CaCOs.

3.2. Polyurethane supported sand hardening

Polyurethane is a biocompatible, flexible and sponge-like material. After biocalcification process the
observational results showed the positive effect of polyurethane as support material in terms of sand
hardening. In control groups without Sporosarcina pasteurii sand hardening was not observed (Figure
8).

— - L N d
Figure 8. Products of polyurethane assisted sand hardening (A: Without inoculum; B: With inoculum)
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Since the sand thickness of 1 mm with polyurethane support material is lower than the
polyurethane foam height the chemical analysis could not be performed. The difference of CaCOs
formation was compared according to mass losses from the samples (Figure 9). The mass loss results
were changed between 17 to 21% in the samples with inoculum and 16 to 20% in the samples without
inoculum. The sand hardening with 5 mm thickness had better formation than in 10 mm samples. 100
mM concentration gave the best results in terms of mass loss rate (%) for both thickness samples.

100 mM, 10 mm —
50 mM, 10 mm =
25mM, 10 mm ——
100 mM, 5mm ——
50 mM, 5 mm =t
25 mM, 5 mm — ]

10 11 12 13 14 15 16 17 18 19 20 21 22 23

Mass Loss rate (%)
Figure 9. Chemical analysis results of polyurethane supported sand hardening

FTIR analysis was performed on the samples having 5 mm thickness and 50 mM, 100 mM
CaCl; and the control group of 50 mM. When the analysis results were examined (Figure 13), all of the
spectra were observed to have CaCOs peaks. As a result, all samples contain different proportions of
CaCOs. Thus, the samples were proved to contain CaCO:s.

3.3. Filter paper supported sand hardening

The formation of sand hardening was not stabilized in filter paper support as in agar and polyurethane
foam support. From the final shape it was understood that the contact between the bacteria and the sand
was not occurred especially outer parts. Therefore it can be understood that the evaporation rate and the
liquid absorbance capacity of the filter paper negatively affected the sand hardening process (Figure 10).

e

9 A B

Figure 10. Products of filter paper assisted sand hardening (A: With inoculum; B: Without inoculum)

The difference of CaCOs3 formation was compared according to mass losses from the samples
(Figure 11). The mass loss results were changed between 14 to 21% in the samples with inoculum and
15 to 24% in the samples without inoculum. When the results were examined, it was observed that the
mass loss was generally higher in samples with 1 mm thickness samples. In addition, the highest mass
loss was observed at a concentration of 25 mM with 22.16%.
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Figure 11. Chemical analysis results of filter paper supported sand hardening

3.4. Comparison of the results of mass loss analysis

When the mass loss test results were examined in all experiments, it was observed that the best results
for polyurethane and agar were obtained at a concentration of 200 mM CaCl; and a thickness of 5 mm
as mass loss of 20% and higher values. In the filter paper test, the best result was obtained with 25 mM
CaCl, concentration and 1 mm of sand thickness. Although the filter paper seems to be the most
advantageous in terms of calcium chloride products, which is the most important component in the
bacterial biocalcification process, the hardening provided in the thickness of 5 mm is much more
advantageous than the hardening provided in 1 mm thickness. For this reason the best mass loss rate
values for 3 different process were compared for the thickness values of 5 mm. The polyurethane and
agar supported biocalcification resulted in 20%, 22 % mass loss respectively. At same conditions the
mass loss for filter paper was 13% for 5mm thickness (Figure 12). Because the primary aim of the sand
hardening processes in this study is to use this environmentally friendly process in urban or industrial
designs. The biocalcification process with sandy soil was studied in 60 mL columns [18]. The effect of
the CaCl, and urea concentration, column depth and the reaction time was compared. Sporosarcina
pasteurii is and Sporosarcina urea was used to compare the reaction times of solidification using sandy
soil columns and found 12% CaCOs precipitation ratio with 50 mM CaCl, which is lower than this study.
The optimum CaCOs production results were reported as 1.5 M reactant mixture and the best thickness
were reported as 0-15 mm. Stocks-Fisher et al. also used plastic columns for optimization of
solidification ratio and they found similar results [10]. In this study the hardening was achieved with
same thickness but with lower (100 mM) CaCl, concentrations showing the advantage of support
material usage.

Figure 5, which was prepared to compare all the support materials under the same conditions,
showed that approximate results were obtained in agar and polyurethane and mass loss was quite better
compared to filter paper. According to the observational results, it was decided that the agar and
polyurethane support, was more smooth and controlled. In comparison between agar and polyurethane,
it is observed that polyurethane is very advantageous compared to agar when the costs are taken into
consideration. However, the most suitable material that can be used for environmentally friendly
structures should be completely decomposed and should be a biological material such as agar. The
results of a feasibility study of the support material can give the best option for the end user to utilize
either agar and polyurethane.

In a study reported by Bhaduri et al. [19], Sporosarcina pasteurii was injected together with the
nutrient medium and the formation of CaCOs was observed. The contribution of this calcium carbonate
to the strength of the sponge was measured by the reaction against 1 kg weight. As a result of 1 kg
loading, Sporosarcina pasteurii and inoculated sponge were not deformed while the other sponge was
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very elastic and became thinner with the load. The study draws attention to the enhancing capacity of
bacterial biocalcification of the porous surfaces. In this study similar behaviour was obtained with
polyurethane support material. The polyurethane supported sand was very hard and stable.

100 mM, 5 mm )
Polyurethane

100 mM, 5 mm :—.
Filter Paper
100 mM, 5 mm
Agar

=

10 12 14 16 18 20 22 24

Mass Loss rate (%)
Figure 12. Comparison of results

3.5. Comparison of the results of FTIR analysis

All samples contain different proportions of CaCOs. Thus, the samples were proved to contain CaCOs
(Figure 13).

Okwadha and Li [20] studied on the CO, capture capacity of Sporosarcina pasteurii and proved
the benefits of ureolytic activity to reduce the CO; emissions. For civil engineering applications bacterial
biocalcification can also be used to heal the cracks and improve the durability of the concrete [3-21].
Therefore the results of this study can be combined with the concrete production pathway to increase
the durability of the construction materials

namittancs (%]

— 25mM, 1 mm AQat
\ g y — S0 mM, 5 mm Agar Controd
83 \ T ¥4 SOmM, S mm Agar
o = — 50 mM, 5 mm Polyurethans
3 50 mM, 5 mm Polyurethare Control
81 100 mM, 5 rorn Pofyurethane
a0 S0 mM, 5 mm Fiter Paper
2 30 mM, 5 mm Fiter Paper Contral
9 — 100 MM, 5 e Fiker Paper Contrel
1500 1450 1400 1350 1300 1250 1200 1150 1100 1050 1000 950 900 850 200 750 700 650

Wavenumbars [1/ern]

Figure 13. Results of FTIR Analysis

In summary results of all analysis showed that bacterial biocalcification has a great potential
than conventional biocalcification processes. Using support material has also improved the applicability
potential. In the perspective of environmental safety bacterial biocalcification is the most advantageous
pathway for being an alternative to cement production, crack healing or any construction facilities. This
process is also a good alternative to reduce the CO, emissions.
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4, Conclusion

Sporosarcina pasteurii has great potential in terms of replacement of cement production by sand
hardening processes. Sand hardening processes can be improved by using support materials such as
agar, polyurethane and filter paper but the best results can be obtained by polyurethane foam and the
agar. Using support material enhanced the solidification potential of the sand. In this study it was shown
that the support material usage greatly enhance the solidification potential of the sand.

Bacterial biocalcification has many advantages over conventional cement production processes
in terms of the use of lower temperatures, lower CO; emissions and environmental safety. For future
studies this study can be a starting point for the usage of support materials to improve the hardness of
sand structures produced by bacterial biocalcification because of the advantages of low cost and
environmentally friendly materials.
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