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properties of cement mortar
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Abstract

Microbially induced calcium carbonate precipitation (MICCP) is considered a novel eco-friendly technique to enhance
the structural properties of cementitious-based material. Maximum studies have emphasized using ureolytic bac-
teria to improve the durability properties of building structures. In this study, the role of photoautotrophic bacteria
Synechocystis pevalekii BDHKU 35101 has been investigated for calcium carbonate precipitation in sand consolidation,
and enhancing mechanical and permeability properties of cement mortar. Both live and UV-treated S. pevalekii cells
were used to treat the mortar specimens, and the results were compared with the control. The compressive strength
of mortar specimens was significantly enhanced by 25.54% and 15.84% with live and UV-treated S. pevalekii cells at
28-day of curing. Water absorption levels were significantly reduced in bacterial-treated mortar specimens compared
to control at 7 and 28-day curing. Calcium carbonate precipitation was higher in live-treated cells than in UV-treated
S. pevalekii cells. Calcium carbonate precipitation by S. pevalekii cells was confirmed with SEM-EDS, XRD, and TGA
analysis. These results suggest that S. pevalekii can serve as a low-cost and environment friendly MICCP technology to
improve the durability properties of cementitious materials.

Keypoints

+ Cyanobacterial Synechocystis pevalekii cells induced calcification on cement mortar.
+ Both live and UV-treated cells increased the compressive strength and reduced the water absorption.
+ Biomineralization by S. pevalekii serves as a low-cost and eco-friendly MICCP technology.

Keywords: Cyanobacteria, Synechocystis pevalekii, Calcium carbonate precipitation, Sand consolidation, Compressive
strength, Water absorption, Mortar

Introduction the last two decades, this process has drawn significant
Microbially induced calcium carbonate precipitation attention from scientific researchers in the area of envi-
(MICCP) is a biochemical process caused by microor- ronment, biotechnology, and civil engineering because
ganisms, resulting in calcium carbonate as a product. For  of its eco-efficiency over the expensive chemical treat-
ments for concrete repair and restoration (Dhami et al.
2013). The most studied technique in these processes is
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and calcium as a source for mineralization. However,
one of the significant setbacks in ureolysis is the release
of ammonia gas, a harmful air pollutant with a pungent
smell. The ammonia formation results in nitrogen oxide
releasing into the atmosphere, producing a foul odor (De
Muynck et al. 2010). Moreover, excess ammonium in the
concrete increases the risk of salt damage by converting
it into nitric acid (Seifan et al. 2016). Scientists are hence,
continuously looking for another alternative to overcome
this drawback. The use of phototrophic bacteria can
serve as a potential source alternative to heterotrophic
bacteria in enhancing the durability properties of build-
ing structures.

Recently, an eco-efficient approach involving photoau-
totrophic bacteria has gained attention in utilizing them
in improving the durability properties of building materi-
als (Zhu et al. 2017, 2018). Unlike ureolytic bacteria, pho-
toautotrophic bacteria use carbon dioxide and sunlight
as energy instead of urea and produce carbonate crystals.
Photoautotrophic bacteria such as cyanobacteria can
induce carbonate precipitation in aquatic and terrestrial
environments (Douglas and Beveridge 2006; Dittrich and
Sibler 2010; Kranz et al. 2010). Therefore, the utilization
of cyanobacteria for the biomineralization process in
cementitious structures has attracted many researchers
(Zhu et al. 2017, 2018).

Phylogenetically cyanobacteria are diverse and found in
moist soil, marine or freshwater, extreme habitats like hot
springs, hypersaline water, and deserts. The most distinc-
tive characteristic of cyanobacteria is its ability to sur-
vive in a minimum requirement of light, carbon dioxide
(CO,), and water (Singh et al. 2016). Due to the exchange
process of HCO5; /OH™ ions across the cell membrane
during CO, fixation, the pH increases, creating an alka-
line microenvironment that favors the carbonate precipi-
tation (Han et al. 2013). The photosynthetic reaction of
cyanobacteria is catalyzed by RUBISCO-carboxylase and
carbonic anhydrase enzymes. The CO, enters the cyano-
bacterial cell through the HCO,/Na' symporter, which
is further converted to HCOjy . In the carbon concentra-
tion mechanism (CCM.), HCO;  in the cytosol is carried
to the carboxysome and converted into CO, through car-
bonic anhydrase activity (Eq. 1). As a result, the OH" is
released across the cell membrane, increasing the pH of
the cell exterior (Kamennaya et al. 2012).

CO, + H,O < H' + HCO3™ (1)

Calcium carbonate precipitation is an extracellular
process that occurs either in exopolysaccharide sheath
(EPS) or in the proteinaceous surface layer (S-layer),
which are surrounding the cells (Han et al. 2013). Con-
sumption of H' ions due to carbonic anhydrase activity
increases alkalinization at EPS or S-layer. The EPS layer
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acts as a nucleation site for calcium carbonate binding.
The calcium carbonate precipitation proceeds by follow-
ing reactions.

Ca’t 4 2HCO3~ < CaCO3 + COy + HyO  (2)

Ca?" + COZ™ < CaCOs3 (3)

Precipitation of calcium carbonate by cyanobacteria such
as Oscillatoria sp., Synechococcus sp., and Symechocys-
tis sp., has been reported under laboratory conditions
(Gnanasekaran 2014; Han et al. 2017; Paulo et al. 2018).
Recently, the carbonate precipitation on cementitious
structures by cyanobacteria has also been reported.
Researchers reported the carbonate precipitation on the
surface of cement mortar by cyanobacterial species such
as Gloeocapsa sp. and Synechococcus sp. (Zhu et al. 2017,
2018; Srinivas et al. 2021) investigated the crack heal-
ing of cement mortar by using two microalgal species,
Synechococcus elongatus and Spirulina platensis. Their
results suggest that both the species can heal the cracks
and improve the durability properties of the cement mor-
tar with maximum potential by S. platensis. Though these
studies show the potential use of phototrophic bacteria
for crack healing and improvement of durability prop-
erties, the application of algae is still in the process of
development, and more research needs to be done.

The present study was aimed to investigate the biomin-
eralization potential of cyanobacteria, Symechocystis
pevalekii isolated from the marine ecosystem. The bio-
calcification potential of S. pevalekii was studied by
conducting experiments in laboratory conditions. The
strength and permeability properties of cement mortar
were investigated by treating them with live- and UV
killed cells of S. pevalekii. The morphology of calcium
carbonate crystals formed was determined using by scan-
ning electron microscope (S.E.M.) and physio-chemical
analysis by Energy-dispersive X-ray spectroscopy (EDX),
X-Ray Diffraction (XRD), and Thermogravimetric analy-
sis (TGA).

Materials and methods

Bacterial strain and cultivation conditions

The cyanobacterial strain, Symechocystis pevalekii
BDHKU 35,101, isolated from the marine ecosystem
(Bhuvaneshwari et al. 2017), was procured from the
National Facility for Marine Cyanobacteria, Bharathi-
dasan University Tiruchirappalli, Tamil Nadu, India. Syn-
echocystis pevalekii cells are spherical, without individual
mucilage envelope. The S. pevalekii cells were grown in
BG 11 medium (Rippka et al. 1979), which has the fol-
lowing ingredients (g/l): NaNO; 1.5 g, K,HPO, 0.04 g,
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MgSO,-7H,0 0.075 g, CaCl,-2H,0 0.036 g, Citric acid
0.006 g, Ferric ammonium citrate 0.006 g, EDTA (diso-
dium salt) 0.001 g, Na,CO; 0.02 g, Trace metal mix A5
1.0 ml. (H;BO, 2.86 g, MnCl,-4H,0 1.81 g, ZnSO,-7H,0
0.222 g, NaMoO,-2H,0 0.39 g, CuSO,-5H,0 0.079 g,
Co(NO,),-H,049.4)

Sand consolidation

The sand consolidation experiment was performed using
live (LT), and UV treated UVT) cells to determine the
binding property of crystals. For UV treatment, S. pevale-
kii cell suspension was exposed to UV light for 1 h. For
the sand column, locally available clean, dry, well-graded,
natural river sand was used. The sand was sieved through
0.3 mm mesh and autoclaved to remove the indigenous
microflora (Hamamura et al. 2006). The LT and UVT
cells were taken and resuspended in 25 ml sterilized
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calcification media and prepared as shown in Table 1. For
the preparation of sand columns, the slurry of sand keep-
ing the moisture content of 25% was filled into a plastic
tube (height 7.6 cm; diameter 3.8 cm) (Fig. 1). The bot-
tom portion of each column was wrapped with What-
man filter paper. A burette was attached at the top of the
plastic column to drop calcification media at a constant
amount through the column. The control sets were made
similar without the bacterial cells, while other speci-
mens had the bacterial inoculum mixed. Outline for the
experimental setup and calcifying solution used are pre-
sented in Table 1. All the columns were fed with 25 ml
calcification media twice with a 12-h duration at room
temperature for 14 days. The effluent was collected from
the bottom of the sand columns in the beaker at regular
intervals of 0, 2, 4, 6, 8, 10, 12, and 14 days to estimate the
flow rate and pH to assess the activity of cyanobacterial

Table 1 Sand consolidation experiment set-up with different calcifying media

Groups

Composition of sand column

Calcifying media

Live cells (LT)

UV treated cells (UVT)

Control

Sand (0.3 mm) + bacterial cells + CaCl, +NaHCO;

Sand (0.3 mm) + bacterial cells + CaCl, +NaHCO,

Sand (0.3 mm) + deionized water

Bacterial
cells+CaCl,
(100mM) +NaHCO,
(50 mM)

Bacterial
cells+CaCl,
(100mM) +NaHCO,
(50 mM)

Deionized water

Media inlet "
(with bacterial
culture)

Effluent E -

Fig. 1 Schematic representation of sand column experiment

Sand grains

Calcite crystals on
Cyanobacterial cell
and in between sand
voids
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cells within the sand columns. The sand column was
opened on day-15, and the consolidated sand column
was dried in an oven at 70 °C for 24 h. Samples were
digested in 1.0 M hydrochloric acid at 40 °C under con-
tinuous stirring and were divided into three layers to esti-
mate the amount of precipitation in each layer using the
EDTA titration method (Stocks-Fischer et al. 1999). A
small sample of upper consolidated sand layer was taken
further for microstructural analysis (SEM-EDS).

Experiments with mortar specimens

Mortar cubes of 70.6 x 70.6 x 70.6 mm were cast using an
ordinary Portland cement (43 Grade) according to the IS:
8112 (2013). Locally available natural river sand was used
as fine aggregate corroborative to Zone II (IS: 383 2016).
Cement mortar mix was prepared by using cement:sand
in the ratio of 1:3 (w/w) and water to cement ratio (w/c)
of 0.47 as per IS: 4031 (2005). To cast bacterial-treated
mortars, both live and UV-treated S. pevalekii (4 x 108
cells/ml) culture was used instead of water. The bac-
terial culture to cement ratio was also maintained at
0.47. Freshly mixed ingredients at the plastic stage were
immediately transferred into iron moulds in the casting
room at room temperature of 27 +2 °C. After 24 h, the
specimens were demolded and cured till the testing age.
Different treatments, materials used, and the method of
curing are mentioned in Table 2. The mortar specimens
were divided into three groups. The first group was sub-
jected to live S. pevalekii cells, the second group with
UV treated culture, and the third group without bacte-
rial treatment. All the mortar specimens were cured for
3-, 7-, and 28-day with their respective medium as men-
tioned in Table 2. Bacterial-treated specimens were ini-
tially submerged in live, and UV killed culture for 24 h
and then in BG11 medium with 50 mM NaHCO; and 100
mM CaCl, in a plastic container at room temperature of
30+2 °C for different curing periods. All specimens were
exposed to a light intensity of 1200 lux for 12 h and kept
under darkness for 12 h. For 28-day curing specimens,
the cubes were incubated in culture for 24 h at the begin-
ning of every week and then transferred to BG11 medium
with 50 mM NaHCO; and 100 mM CaCl,. At the end of
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the experiment, mortar specimens were dried at 72 °C for
24 h and analyzed for various parameters.

Testing procedures

The compressive strength was measured with an auto-
matic compression testing machine. A sorptivity test
was performed based on the RILEM 25 PE.M. (II-6) as
described in Achal et al. (2011b). Thermogravimetric
analysis (TGA) was performed to determine calcium
carbonate precipitation in mortar specimens. Briefly,
the sample was broken, crushed, and powdered into
homogenous particle sizes, and 20 mg of mortar pow-
der was taken in a TGA holder and increased the tem-
perature constantly up to 850 °C with a heating rate of
10 °C/min. Nitrogen (10 ml/min) was used as a purge
gas, and the loss of weight (%) of the sample during heat-
ing was plotted against temperature (°C). The weight loss
in the temperature range of 550-750 °C corresponds to
CaCO; decomposition. Scanning electron microscopy
(SEM) (ZEISS EVO 50) was performed for the samples
at 28-day, and the elemental composition of microstruc-
tural crystals was identified with energy-dispersive X-ray
spectroscopy (EDX.). Samples were finely polished and
gold-coated with a sputter coating. X-ray diffraction
(XRD) was performed using Bruker D8 X-ray diffractom-
eter with a Cu anode (40 kV and 30 mA) and scanning
from 20° to 60° at a 20 angle.

Statistical analysis

All the experiments were performed in triplicates. Data
were analyzed by analysis of variance, and the significant
differences among the means values were compared by
Tukey’s test at P <0.05. GraphPad Prism 5.1 software was
used for analyzing the data.

Results

Sand consolidation

To study the binding property of the calcium carbonate
precipitated by S. pevalekii cells, the sand consolidation
experiment was performed with both LT and UVT cells
of S. pevalekii. The sand column was continuously fed
with BG11 nutrient media as mentioned in Table 1 for 14

Table 2 Outline of different sets of mortar specimens and mechanism of curing treatment

Specimens Material used Mechanism of curing

Control Cement:sand: 1:3; water/cement ratio 0.47 Water curing for 3,7 and 28 days

LT Cement:sand: 1:3; live S. pevalekii culture/cement ratio 0.47 Curing for 3,7 and 28% days in
BG11 medium supplied with
100 mM CaCl, 50 mM NaHCOs.

UvT Cement:sand: 1:3; UV-treated S. pevalekii culture/cement ratio 0.47 Curing for 3,7 and 28% days in

BG11 medium supplied with
100 mM CaCl, 50 mM NaHCO,

@ Mortar cubes were incubated in culture for 24 h. at the beginning of every week and then transferred to medium
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days. The sand columns were opened, and a solid cylin-
drical consolidated sand column was observed in cyano-
bacterial injected columns. The flow rate of the calcifying
medium was measured at regular intervals till 14 days of
consolidation. The flow rates of S. pevalekii treated col-
umns and the control columns were almost the same ini-
tially. There was a 12.9% reduction in the control column
flow rate after 14 days, which shows a marginal change
in the control column’s structures due to the flow. How- 101 LT B UT

ever, the flow rate declined significantly in the LT and

UVT columns, indicating that MICCP is causing gradual 3 ¥

constraint of the flow channels. The flow rate was almost E o

obstructed at the end of the 12th day. Initially, on the g

0-day, the flow rate was estimated to be 16.38, 17.44, and g” 4+

18.52 ml/min in experiment set—LT, UVT and C (con- S

trol). The flow rate on the 14th day in the experiment set 2

LT and UVT was 4.10 and 6.23 ml/min, respectively. Bac- 04

terial columns showed a maximum 40.2% reduction in Upper Layer  Middle layer  Lower layer

. . Sand columns
he fl he 4th f f 74.909
the tlow rate on the 4t day 0 study increasing to 90% Fig. 3 Sand columns consolidated by a live (LT) S. pevalekii cells, b

on the 14th day (Fig. 2a). UV treated (UVT) S. pevalekii cells, ¢ control, and d calcium carbonate
The change in pH of the effluent collected at the bot- precipitation in three different layers of sand columns
tom of the injected calcifying medium was monitored at
0,2, 4, 6,8, 10, 12, and 14 days of the experiment. The
pH of the effluent was in the range of 7.3-7.5 for LT ~ was consolidated (Fig. 3b). There were clumps of sand on
while 7.6-7.8 for UVT at the end of the 14 days (Fig. 2b).  the top in UVT, whereas in control, the sand came out
Conversely, the pH of the effluent from control columns  as it is without any consolidation (Fig. 3c). The consoli-
remained the same throughout the experiment, i.e., pH dated sand column was further divided into three parts
8.1. to estimate the calcium carbonate content. The upper
The LT column resulted in complete consolidation of  part of the column in LT and UVT was dense and harder
sand compared to control without bacteria (Fig. 3a). Sand  than the bottom parts. Figure 3d depicts the decreasing
columns treated with live cells were more compact and  trend of calcium carbonate formation in the three layers
firm than UVT columns. Partial binding formed in UVT  of the sand column in LT and UVT columns. The maxi-
experimental setup, where about two-thirds of the sand ~mum calcium carbonate content in the upper layer was

LT « UVT = C
24 o 9.0 1
— 18 +
£ 8.5+
£ s
g 5
g 12 < JQ:. 80 9
3
K]
w 94
7.5
6
T v T v Y v v e 7.0 T T T v T T ¥ T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
(a) Days (b) Days
Fig. 2 Estimation of a the flow rate of the calcifying solution b pH of the effluent solution injected through sand columns till 14 days
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8.67 mg/g in LT treated column, and it was 6.67 mg/g in
UVT column. The calcium carbonate precipitation in the
middle part of sand columns was recorded as 6.43 mg/g,
and 5.43 mg/g, respectively in LT and UVT columns.

The upper layer of the sand column was analyzed using
SEM-EDS to confirm the calcium carbonate precipita-
tion. Figure 4a and b gives clear confirmation of calcite
formation in LT sand column. The precipitation was
observed to be dense and bonded to form an aggregation
of crystals. Similarly, in Fig. 4d, the staircase of crystals
were formed in UVT sand column, which might be due
to the accumulation of thick layers of calcite precipitates.
The crystals were rhombohedral in shape with a size of
5-7 um (Fig. 4e). However, no calcite deposition was
observed in the control after 14 days of treatments. The
precipitated crystal was established to be calcium car-
bonate polymorph by the elemental analysis of the whole
area using energy dispersive spectroscopy (EDS). Fig-
ure 4¢ and f confirm the chemical composition of calcite

Page 6 of 12

to be carbon, oxygen, calcium, and silica, which shows
the presence of sand particles. These results suggest that
S. pevalekii cells can precipitate CaCOj; crystals within
the voids of the sand column.

Compressive strength

The compressive strength of the mortar specimens was
done at different testing ages to study the influence of LT
and UVT cells on the cement matrix. The LT and UVT
specimens showed improvement in compressive strength,
which is attributed to the deposition of CaCO; within the
pores of the cement-sand matrix. As shown in Fig. 5, the
compressive strength of LT specimens increased from
26.28 MPa at 7-day to 48.11 MPa at 28-day. A similar
trend was recorded with UVT specimens, where the
compressive strength increased from 22.06 MPa at 7-day
to 44.39 MPa at 28-day. The LT specimens observed a
25.54% increase, whereas UVT specimens showed a

Fig. 4 SEM-EDX images represent CaCO; crystals (CC) precipitated on upper layer of sand column treated with live (LT) Synechocystis pevalekii cells
(a, b), UV treated (UVT) S. pevalekii cells (d, ), and control (g, h). EDS analysis (c, f, i) was conducted on the whole area
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Fig. 5 Compressive strength of mortar specimens cured with live
(LT) and UV treated (UVT) S. pevalekii cells at the age of 3-, 7-, and
28-day

15.84% surge in compressive strength after 28 days of
curing compared to control specimens.

Water absorption

A water absorption test was performed to determine
the water absorption rate by capillary action. The graph
representing the cumulative amount of water absorbed
per unit cross-sectional area is presented in Fig. 6. The
LT and UVT specimens showed lower water absorption,
while it was higher in the control specimen. The water
absorption was observed to be decreased by 1.5 times in
LT specimens with respect to the control after 144 h. Ini-
tially, all the mortar specimens exhibited a rapid rise in
water absorption until it became constant in the second-
ary phase of water absorption.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted for all
the specimens at 28-day of curing to confirm the calcium
carbonate precipitation. The TGA thermograms for LT,
UVT, and control specimens are presented in Fig. 7a. The
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TGA results showed immense weight loss of 4.86% in LT
specimens and 4.09% in the UVT specimens between 600
and 800 °C, corresponding to the carbonate weight loss
(Fig. 7a). However, control displayed only 2.32% weight
loss percentage between 600 and 800 °C. The TGA’s
steeper peaks support the calcium carbonate precipita-
tion by LT and UVT specimens with higher weight loss
by LT followed by UVT. Weight loss was comparatively
lower in control than LT and UVT specimens. Besides
CaCO; decomposition, another fall with 0.63%, 0.52%,
and 0.69% weight loss of Ca(OH), was observed 400—
450 °C temperature, showing insignificant mass loss due
to dehydration of calcium hydroxide (Fig. 7b).

Microstructural analysis

The XRD analysis revealed that the control speci-
men’s prominent crystalline peaks of quartz (SiO,) were
observed (Fig. 7c). Among all the peaks revealed in the
XRD spectra, the calcite polymorph of CaCO; crystals
was dominantly present in LT and UVT specimens along
with the peak of quartz. XRD spectra of LT specimens
were observed at 29.4°, 35.9°, 39.4°, 43.3°, and 48.45° cor-
responding to the 104, 110, 113, 202, and 116 planes of
the calcite phase, whereas in UVT it was observed at
29.4°, 39.4° and 43.3° corresponding to the 10, 110 and
113 planes of the calcite phase (Vu et al. 2020). The dif-
fraction peaks located at (20) of 27.1°, 39.6° corresponds
to 101, 211 planes of vaterite crystals. The presence of
calcite peaks approves the crystal formation by S. pevale-
kii cells in the mortar specimens.

The microstructural analysis of the mortar specimens
with LT, UVT, and control specimen are shown in Fig. 8.
Figure 8a validates the crystals buildup by UV treated
bacterial cells forming a dense layer of calcite over the
mortar surface, which was observed to be tightly packed
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Fig. 7 TGA (a), and XRD pattern (b) of mortar specimens treated with live (LT) and UV treated (UVT) Synechocystis pevalekii cells at 28-day of curing

and in a perfect rhombohedral crystal lattice in a size
range of 5-10 um. Likewise, in live treated specimens,
the spherical crystal of vaterite ranging in size 17-20 pm
were observed along with the cubic crystals of 10-15 um
calcite (Fig. 8b). Both crystals form calcium carbonate,
which was confirmed by EDX analysis. The mineral con-
stituents characterized by EDX analysis clearly show a
large Ca, O, C peak in LT and UVT specimens compared
to the control. As observed in EDX analysis, the amount
of carbon, oxygen, and calcium formed in the LT sample
was 7.25%, 40.93%, and 51.82%, respectively. Similarly, in
the EDX analysis of UVT, the amount of carbon, oxygen,
and calcium reported was 13.88%, 51.93%, and 33.62%,
respectively, which is a comparatively higher amount
than the control.

Discussion

Sand consolidation by S. pevalekii

Calcium carbonate precipitation by S. pevalekii cells
plugs the pores between the sand particles. The reduc-
tion in the flow rate in LT and UVT treated columns is
primarily because of the enclosed biomass and carbon-
ates deposition. The carbonate biominerals reduce the
pore size between the sand particles, clogging the flow of
calcifying material. The pH of the effluent from the con-
trol and the bacterial treated columns showed significant
variance so that it can be considered an indicator of the
activity of MICCP. Therefore, it can be considered that
the most functional element in the calcifying solution is
calcium chloride along with sodium bicarbonate which
acts as a catalyst for precipitation. Dejong et al. (2010)

has reiterated that CaCOj precipitation is an imperative
aspect in the distribution of crystals between the sand
voids to form bonding between the particles. Sodium
bicarbonate used in these columns acts as a catalyst to
initiate the formation of calcium carbonate by bacte-
rial cells. Comparatively, minimum calcite content was
observed in the bottom part of the columns attribut-
ing that growth of S. pevalekii cells was promoted in the
upper layer of the column due to exposure to the light
source and aeration. The results correlated with Dhami
et al. (2016), who studied sand consolidation using dif-
ferent grain sizes (0.2, 0.5, and 1.0 mm). They reported
an 88% decrease in the flow rate in all bacterial inocu-
lated columns and only a 5% reduction in the control.
The effluent pH of bacterial columns was reported to
be in the range of 8.5-8.9, whereas the control columns
had a pH below 8.1. A similar trend was reported by
Achal et al. (2011a), where a decrease in the flow rate
and 33% calcite content in the top layer of a sand col-
umn. Yang et al. (2020) also reported sand consolidation
using urease-producing bacteria. The percentage of cal-
cite precipitated in different layers of the column was in
concordance with previous studies (Mahawish et al. 2019;
Sharma et al. 2020, 2021).

Experiment on mortar

The compressive strength of the LT specimen showed
improved strength than the UVT with the curing age.
This might be due to the slower physiological activ-
ity of UV-treated cell culture than live cells. Although
UV-treated cells are linked to form stronger adhering
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to the mortar surface than live cells, live cells actively
utilize nutritional media and grow within the medium
(Zhu et al. 2018). The photosynthetic reaction by live
active cells contributed to the carbonate precipitation by
increasing the pH in the microenvironment. In fact, the
metabolic active live cells provide more nucleation sites

than the dead bacteria since the negative charge on the
cell wall is higher and increases their binding capacity
(Skevi et al. 2021; Pei et al. 2013) claimed that the live,
and dead bacteria have a negligible effect on strength
improvement even if nutrient media is provided. On
the contrary, Skevi et al. (2021) described 24% and 35%
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strength enhancement compared to the control by add-
ing live and dead Bacillus cohii bacteria. Likewise, Zhu
et al. (2017) reported UV-killed specimens showed
higher compressive strength than the live cells. How-
ever, Heveran et al. (2020) stated negligible compressive
strength differences using Synechococcus sp. PCC 7002.
Srinivas et al. (2021) reported the improvement of the
strength of cement mortar treated with microalgae, Syn-
echococcus elongatus and Spirulina platensis.

The low ‘K value of the surface-treated specimen
indicates that bacterial incorporation can significantly
improve the permeation properties. In the beginning, the
water absorption test probably results in the rapid filling
of large capillary pores near the immersed surface and,
finally, a slow rise in the water absorption at the end of
testing to more delicate pores far from the submerged
surface. Similar results were plotted by Herndndez et al.
(2016) by incorporating cactus mucilage and marine
brown algae extract. Tayebani and Mostofinejad (2019)
also reported a reduction in water absorption due to bio-
logical treatment compared to water curing.

Along with calcium carbonate, mortar specimens
showed weight loss of calcium hydroxide during TGA,
formed due to the hydration of cementitious material
during the curing process. According to the literature,
calcium hydroxide and calcium carbonate dehydration
occur at 420-540 °C and 500-800 °C (Stuckrath et al.
2014; Sharma et al. 2017). Thus, this significant drop
in calcium carbonate dehydration accounts for higher
CaCO, precipitation in bacterial-treated specimens.
Therefore, the deposition of calcium carbonate can be
considered as an important factor in strength enhance-
ment and permeability reduction. The results were in
agreement with the reports of other researchers (Pei et al.
2013; Jang et al. 2020). XRD results are in corroboration
with the previous studies showing precipitation of cal-
cium carbonate crystals due to bacterial metabolic activi-
ties in the cementitious material (Joshi et al. 2020; Saxena
and Tembhurkar 2020).

Our study suggests that incorporating live and UV-
treated cyanobacterial cells successfully induced cal-
cium carbonate precipitation in the cementitious
environment. It is important to consider that UV
treated cells retain the cellular membrane as UV radia-
tions are observed by only purines and pyrimidines
of nucleic acid. In heat-killed or autoclaved culture,
cell lysis occurs, thus destroying the organic frame-
work of the cell membrane (Malke 1982). Therefore, it
is conceivable that besides the slow metabolism of the
cell, heterogenous nucleation is promoted by a nega-
tive charge on the cell wall, which leads to calcite pre-
cipitation in UV-treated cells. At the same time, live
cells were able to promote both calcite and vaterite
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precipitation. The precipitation of calcite and vaterite
crystals was observed by Chekroun et al. (2004) in the
presence of live and UV-treated Myxococcus xanthus.
Previous research has well defined the presence of such
different morphology and structure of calcium carbon-
ate crystals. The cubic shape of calcite and the spheri-
cal shape of vaterite coexist along with the bacterial
cell, as reported by Xiao et al. (2010). Different theories
have been put forward to illustrate such co-occurrence.
Firstly, the vaterite is considered a thermodynamically
unstable crystal form, and its nucleation rate is faster;
therefore, slow diffusion of Ca*" and CO,** ions can
lead to calcite formation (Weiner and Dove 2003). Sec-
ondly, the involvement of different organic components
of the cell surface provides another nucleation site for
biomineralization (Liang et al. 2013; Zhu et al. 2017)
reported similar results by treating the specimens with
live and UV-killed Gleocapsa PCC73106.

In conclusion, calcium carbonate precipitation by
S. pevalekii cells improved the mortar’s compressive
strength and permeation properties in LT and UVT
treated specimens compared to control. The compres-
sive strength significantly increased in LT specimens
compared to UVT specimens. The microstructural
analysis confirmed rhombohedral calcite crystal forma-
tion and the bacterial cells in mortar specimens. Ther-
mogravimetric analysis showed a more significant mass
loss of carbonate in LT specimens in between 600 and
800 °C than in UVT specimens. Present study results
suggest that MICCP by using S. pevalekii serves as a
low-cost and environment-friendly MICCP technology.
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