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Cement is the most widely used construction material due to its strength and affordability, but its
production is energy intensive. Thus, the need to replace cement with widely available waste material
such as incinerated black filter cake (IBFC) in order to reduce energy consumption and the associated
CO, emissions. However, because IBFC is a newly discovered cement replacement material, several
parameters affecting the mechanical properties of IBFC-cement composite have not been thoroughly
investigated yet. Thus, this work aims to investigate the impact of IBFC as a cement replacement

and the addition of the calcifying bacterium Lysinibacillus sp. WH on the mechanical and self-healing
properties of IBFC cement pastes. The properties of the IBFC-cement pastes were assessed by
determining compressive strength, permeable void, water absorption, cement hydration product, and
self-healing property. Increases in IBFC replacement reduced the durability of the cement pastes. The
addition of the strain WH to IBFC cement pastes, resulting in biocement, increased the strength of the
IBFC-cement composite. A 20% IBFC cement-replacement was determined to be the ideal ratio for
producing biocement in this study, with a lower void percentage and water absorption value. Adding
strain WH decreases pore sizes, densifies the matrix in<20% IBFC biocement, and enhances the
formation of calcium silicate hydrate (C-S—-H) and AFm ettringite phases. Biogenic CaCO; and C-S-H
significantly increase IBFC composite strength, especially at <20% IBFC replacement. Moreover,
IBFC-cement composites with strain WH exhibit self-healing properties, with bacteria precipitating
CaCO; crystals to bridge cracks within two weeks. Overall, this work provides an approach to produce
a "green/sustainable" cement using biologically enabled self-healing characteristics.
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Cement has emerged as a widely utilized construction material in the past century owing to its affordability
and durability. According to the Global Cement and Concrete Association’s 2020 report, the global production
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of cement reached 4.2 billion tonnes, with the residential sector contributing 40% to the overall concrete
production’. Cement manufacturing holds a prominent position in terms of both total annual output and global
market share, surpassing other building material industries such as steel and wood, with a production increase
exceeding ten-fold in the last 65 years>™. The process of cement production involves the calcination of naturally
occurring limestone, a non-renewable resource, and is characterized by its energy-intensive nature, leading to
substantial CO, emissions. Consequently, the cement industry significantly impacts the carbon footprint through
both direct and indirect CO, emissions. Estimates suggest that cement and concrete production contribute
approximately 7% of the world’s CO, emissions, thereby influencing climate change”.

An effective strategy to decrease energy consumption and, consequently, carbon emissions during cement
production involves substituting a portion of cement with pozzolanic materials sourced from natural origins
like volcanic ash®”, or from agro-industrial sources such as corn cob ash, wheat straw ash, sugarcane bagasse
ash, and sugarcane filter cake ash®~!2. In recent decades, innovative types of cement materials, such as energeti-
cally modified cement'® and microorganism-incorporated cement or biocement', have also been introduced
as substitutes for traditional cement, aiming to mitigate environmental pollution resulting from the cement
industry by incorporating agro-industrial waste'>. The production of biocement using agro-industrial waste
holds promise in reducing energy consumption, CO, emissions, and the overall cost of cement production®!®7.

Black filter cake (BFC) represents a solid waste byproduct from the sugar factories’ sugarcane juice clarifica-
tion process, and its utilization as a substitute for cement remains limited. In Thailand, over 3 million tons of
filter cake were discarded in landfills in 2014, leading to significant environmental concerns due to the improper
disposal of filter cake in the surrounding areas’. The incinerated black filter cake (IBFC) is suitable as a cement
replacement because of its chemical composition (sum of Al,Os, SiO,, and Fe,0; at 68.27% and SO; at 0.33%)
meet and loss of ignition (LOI=0.3%) meet the ASTM C618-15 and ASTM C618 (LOI < 12%) standard for raw
or calcined natural pozzolanic materials'®. This property provides the possibility of long-term enhancement in
cement strength development, as reported in Table 1'2. Moreover, IBEC stands out as a cost-effective cement
ingredient due to its widespread availability and favorable physicochemical properties.

Recent investigations have concentrated on leveraging microbially induced calcium carbonate precipitation
(MICP) as a biological technique for enhancing the mechanical characteristics of cementitious materials'®-?2.
Notably, MICP, facilitated by calcifying bacteria, has demonstrated the capacity to enhance the early strength of
cement-based materials and foster the formation of C-S-H gel around cement particles, thereby augmenting
the overall mechanical properties of such materials®>. Moreover, the employment of MICP bacteria in bioce-
ment represents an environmentally sustainable approach, wherein the autonomous sealing of cement cracks is
achieved®’. Recent studies have indicated that the introduction of Lysinibacillus sp. WH into cement can lead to
a40-50% increase in compressive strength compared to ordinary Portland cement paste®. This bacterium also
significantly enhances the strength of cementitious composites containing incinerated sugarcane filter cake'.

BFC IBFC
Chemical analysis (%) (Mean * standard deviation)
Sio, 65.48+0.44 | 58.80£2.99
SO, 1.40+0.11 0.33+0.06
K,O 1.44+0.10 1.20+0.03
CaO 5.07+0.28 7.69+0.76
TiO, 1.33+£0.12 0.59+0.08
MnO, 0.62+0.01 0.75+0.04
Fe,O, 7.64+0.55 |2.95+0.17
CuO ND ND
ZnO ND ND
SrO ND ND
Na,O ND 4.66+0.41
MgO ND 3.56+0.59
AlLO, 11.50+£0.26 | 6.52+£0.49
PdO ND ND
YbO ND ND
P,05 5.47+0.58 12.84+1.41
Cl 0.05+0.02 ND
Physical properties
LOI (%) 43.04 0.30
BET surface area (cm?/g) 1.49 0.52
Mean pore diameter (nm) 60.68 39.29
Total pore volume (cm®/g) 226x 102 | 5.11x107

Table 1. Chemical compositions and physical properties of the BFC (Black filter cake) and IBFC (Incinerated

black filter cake)'2.

Scientific Reports |

(2024) 14:6716 |

https://doi.org/10.1038/s41598-024-57492-2

nature portfolio



www.nature.com/scientificreports/

The incorporation of Lysinibacillus sp. WH was found to compensate for the strength loss resulting from the
addition of IBFC, and also concurrently reducing water absorption and voids in the cementitious composites'2.

Because IBFC is a newly-discovered cement replacement material'?, several parameters affecting the mechani-
cal properties of IBFC-cement composite have not been thoroughly investigated yet. This includes the IBFC
cement-replacement ratio, the effects of IBFC cement-replacement on microstructures when coupled with MICP
bacteria, and the mechanical properties of the cement materials when IBFC is used in high amount. In this
study, we build on our previous research!? that identified IBFC as a natural pozzolanic material (according to
ASTM C618-15 standard)'® which showed its effectiveness to be a cement replacement material at 10% by weight
cement, particularly when paired with MICP bacteria, Lysinibacillus sp. WH. Based on those results, this work
further investigated to maximize the utilization of the sugar industry waste to produce building materials. To this
purpose, we then expanded the concentration range in our present study from 20 to 40%. Furthermore, cement
becomes a material of choice in this work since the microstructural effects of IBFC as a substitute of cement is
more obvious than in the materials mixed with aggregates like mortar and concrete. The findings in this study
would help to promote sustainable construction practices by demonstrating the feasibility of producing "green/
sustainable" cement with biologically enabled self-healing properties, which aligns with the global trend toward
environmentally friendly building materials and technologies.

Methods

Incinerated black filter cake preparation

The raw black filter cake (BFC) utilized in this research was sourced from Khon Kaen Sugar Industry Public Com-
pany Limited in Khon Kaen, Thailand. The BFC underwent incineration in an electric furnace at a temperature
of 850 £ 20 °C for a duration of 3 h, with the temperature gradually increased at a rate of 10 °C/min. This process
yielded incinerated black sugarcane filter cake (IBFC), which was subsequently cooled to room temperature
and sifted using a 5 mm mesh. The particle size distribution of the IBFC was determined using laser scattering
particle size distribution analyzer (HORIBA LA-950). The median size of the IBFC was approximately 55 pm
(see Supplementary Fig. S1).

Preparation of bacterial culture for incorporation into biocement

The Lysinibacillus sp. WH employed in this research was isolated from saline soil samples gathered from a paddy
field in Surin province, Thailand. The bacterium was classified at the genus level by analyzing its 16S rRNA
sequence, as detailed in a previous report®. Lysinibacillus sp. strain WH was cultivated in a B4 medium (com-
position per liter comprises 4 g of yeast extract, 5 g of dextrose, and 2.5 g of calcium acetate, with pH adjusted to
8.2)* to stimulate CaCO; precipitation. The cultures were incubated with continuous shaking at 150 rpm and
30 °C for a duration of 4 d to achieve optimal biomass and CaCOj; precipitation®. Subsequently, the cultures
were centrifuged at 8000 rpm for 15 min to harvest cell pellets and biogenic CaCO;. The obtained bacterial con-
centration of 103 CFU/mL was determined by a plate count method. This bacterial strain was selected for use in
the current investigation due to its ability to enhance the strength of cement paste'>2°.

Preparation of biocement paste

A total of 8 biocement paste samples, as detailed in Table 2, were utilized. The concentration of the bacterial
culture was determined through the plate count method. Ordinary Portland cement (P), bacterial cells (W), and
incinerated black sugarcane filter cake (IBFC) (B) were blended with tap water at a water to binder ratio of 0.5.
The resulting cement paste was poured into molds measuring 50 X 50 x 50 mm? and left to cure at room tem-
perature (25-29 °C) for a period of 24 h. Subsequently, the cement paste cubes were demolded and underwent
a curing process in tap water for 28 d. Evaluation of water absorption, %void, and compressive strength of the
biocement paste cubes was conducted at 7 and 28 d of age.

Testing of mechanical properties
Eight cement paste formulations were created to assess the impact of Lysinibacillus sp. WH on biocement paste
containing incinerated sugarcane filter cake (IBFC). For each mixture, water absorption and the volume of

Ingredients
Mix | Composition Cement (kg/m*®) | IBFC (kg/m®) | w:bratio | Strain WH (CFU/ml) | Sample code
1 PC 1464 - 0.5 - P
2 PC+WH 1464 - 0.5 108 PW
3 PC+20%IBFC 1171.2 292.8 0.5 - P20B
4 PC+20%IBFC+WH | 1171.2 292.8 0.5 108 P20BW
5 PC+30%IBFC 1024.8 439.2 0.5 - P30B
6 PC+30%IBFC+WH | 1024.8 439.2 0.5 108 P30BW
7 PC+40%IBFC 878.4 585.6 0.5 - P40B
8 PC+40%IBFC+WH | 878.4 585.6 0.5 108 P40BW

Table 2. Compositions of cementitious composites in each treatment.
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permeable voids were determined following ASTM C642-21 guidelines?. Briefly, three replicates of biocement
samples were dried in a hot-air oven at 110+ 5 °C for 24 h. After cooling, they were dried at temperatures rang-
ing from 20 to 25 °C before being weighed to determine the Oven-Dry Mass Value (A). The specimens were
then immersed in tap water for 48 h at 21 °C. Prior to measuring the Saturated Mass After Immersion (B), the
specimens’ surfaces were dried using a water-absorbing towel. Following that, the specimens were placed in a
container, filled with tap water, and boiled for 5 h. After cooling for at least 14 h or until reaching a temperature
of roughly 20-25 °C, the surface moisture was wiped using a towel, and the mass was measured as the Saturated
Mass After Boiling (C). After immersion and boiling, the specimens were weighed underwater to determine
the Immersed Apparent Mass value (D). The water absorption and void were calculated using Egs. (1) and (2),
respectively.

Water absorption (%) = [(B — A)/A] x 100 (1)

Void (%) = [(C — A)/(C — D)] x 100 )

Compressive strength was measured using CBN compression test equipment (CBN Testing Corporation,
Thailand) in accordance with ASTM C109/C109M-2%. Scanning electron microscopy (SEM) was employed to
analyze fractured pieces of biocement paste samples after 28 d. These fractured pieces, aged 28 d, were ground
for thermogravimetric-differential thermogravimetric (TG-DTG) analysis and X-ray diffraction (XRD) tests.
The cracked biocement paste cubes at 28 d were subjected to a self-healing experiment.

Examination with scanning electron microscope (SEM)

To identify the presence of CaCO; and other cement hydration products, TGA-DTG and XRD Rietveld were
performed. The microstructures of biocement paste samples containing bacteria and without bacteria at 28 d of
age were visually examined using a Field Emission Scanning Electron Microscopy (FESEM; FEI Model, Helios
NanoLab G3 CX, USA). The SEM was operated with 10-kV accelerating voltage, 4 mm working distance, and
86-pA probe current. Images were collected at 10,000X magnification and were visually inspected to determine
the effect of strain WH and its biogenic CaCO; on cement compactness.

Thermogravimetric analysis and derivative thermogravimetry (TGA-DTG)

The TGA-DTG were employed to identify the hydration reaction products in the biocement paste after 28 d
using a Simultaneous Thermal Analyzer (STA 449 F1 Jupiter, NETZSCH-Gerédtebau GmbH, Germany). The
hydration phase compositions in each sample were investigated across a temperature range of 25 °C to 1000 °C
with a heating rate of 20 °C min™' under nitrogen gas®.

X-ray diffraction (XRD)

The XRD analysis was conducted on the biocement paste after 28 d using an XRD instrument (Bruker D2 Phaser,
USA) equipped with a Cu Ka radiation source. The samples were scanned within the range of 10° to 80°. The
Rietveld refinement, performed using Profex software, was employed to determine the proportion of each cement
hydration phase present in the samples.

Self-healing experiment

IBFC cement paste samples that developed cracks following compressive strength testing were used for self-heal-
ing investigations. Cracks, with a width measurement of ~ 0.4-0.8 mm, were identified and measured in bioce-
ment samples using a stereomicroscope equipped with a camera (Nikon SMZ 745 T, Nikon DS-Fil microscope
camera, China) and image processing software. Subsequently, the biocement samples were partially submerged
in water for a duration of 60 days. Images were captured and cracks were measured using image processing
software at 0, 15, 30, 45, and 60 days in the same position. To evaluate the self-healing capability of the cement,
crack width was measured at three locations with the same interval in each observation time, and the healing
ratio was calculated using Eq. (3) based on the crack area before and after healing?®?. The precipitated product
within the crack was carefully extracted using a size 11 scalpel blade and subjected to mineral analysis using
X-ray photoelectron spectroscopy (XPS).

Healing ratio (%) = (Healing crack area (mmz) / Initial crack (mmz)) x 100 3)

X-ray photoelectron spectroscopy (XPS)

The chemical composition of sample surface was investigated using X-ray photoelectron spectrometer (XPS;
AXIS ULTRA PP, Kratos Analytical Ltd., Manchester, UK). The base pressure in the XPS analysis chamber was
approximately 5x 10~ torr. The samples were excited with X-ray hybrid mode 700 x 300 um spot area with a
monochomatic Al Ka, , radiation at 1.4 keV. X-ray anode was run at 15 kV 10 mA 150 W. The photoelectrons
were detected with a hemispherical analyzer positioned at an angle of 90° with respect to the normal to sample
surface. The spectra were calibrated using the C1s line (BE=285 eV), and the XPS software used in this study
was VISION II by Kratos analytical Co., Ltd. for fitting the XPS spectra peaks based on NIST database®.
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Results

Compressive strength

The compressive strength of the IBFC cement paste, illustrated in Fig. 1, declines with increases in IBFC replace-
ment ratio. Introduction of bacteria into ordinary cement paste enhances compressive strength (54.7 MPa)
compared to cement paste alone (50.9 MPa), suggesting that the strain WH bacteria and its biogenic CaCO;
contribute to the enhanced cement compressive strength. Similarly, incorporating the strain WH into biocement
enhances compressive strength at a 20% IBFC replacement ratio. However, at 30% and 40% IBFC replacement
ratios, the addition of strain WH yields only marginal improvements in compressive strength compared to their
respective controls (P30B and P40B). Notably, P20BW exhibits the highest compressive strength at 28 d in IBFC-
containing cement, ~ 60% higher than P20B and ~ 2% lower than ordinary Portland cement (P). These findings
affirm that Lysinibacillus sp. WH contributes to the enhancement of the compressive strength in the biocement
containing IBFC. The optimal IBFC replacement ratio, at which strain WH compensates for the compressive
strength reduction induced by IBFC replacement to a level comparable to that of Portland cement, is 20% by
weight of cement. However, the addition of strain WH at replacement ratios =20% has a minimal effect on the
compressive strength of biocement due to the higher percentage of pores associated with these elevated IBFC
replacement ratios.

Void

The percentage of pore space (%void) exhibits an increase with increased IBFC replacement ratios, as depicted
in Fig. 2. Nevertheless, the incorporation of the strain WH decreases the percentage of pores within the cement
material, ~ 2% decreases compared to cement paste (P) and ~ 16% decreases compared to biocement containing
20% IBFC (P20B) (Fig. 2). Conversely, the decrease in pore space due to the addition of strain WH is not signifi-
cantly different when 30% and 40% IBFC replacement ratios are applied. Notably, the percentage of void of ~29%
for P20BW is approximately 5% higher than that of the P sample (24%). This indicates that the introduced strain
WH effectively fills pore space within the IBFC biocement, especially up to the 20% IBFC replacement ratio.
Consequently, the adverse impact on the physical properties of the hardened cement paste resulting from the
replacement of cement with IBFC can be effectively mitigated to its original value with the addition of strain
WH, particularly at the 20% IBFC replacement ratio.

Water absorption

The introduction of the strain WH leads to a decrease in the water absorption percentage in both ordinary cement
and IBFC-containing cement pastes, as illustrated in Fig. 3. In the ordinary Portland cement paste (PW), the
inclusion of the strain WH results in an approximately 13% reduction in water absorption after 28 d of curing
compared to the control (P) with a water absorption of 15.3%. In IBFC cement composites, the lowest water
absorption is observed in P20BW at 18.3%. Furthermore, the presence of the WH strain in P20BW contributes
to a notable ~29% decrease in water absorption compared to its corresponding control (P20B). Interestingly,
the water absorption of P20BW is only 3% higher than that of the conventional cement paste (P). While the
strain WH significantly reduces water absorption in P20BW, IBFC replacement at 30% or higher leads to an
increase in water absorption, and the addition of the strain WH cannot fully compensate for this heightened
water absorption resulting from the cement replacement by IBFC. The heightened water absorption at higher
IBFC replacement ratios (=30%) aligns with the reduction in compressive strength and the increase in void at
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Figure 1. Compressive strength of cement pastes after 7 d and 28 d of curing. P: Portland cement only, PW:
Portland cement with added WH strain, P20B: Portland cement with 20% IBFC cement-replacement, P20BW:
Portland cement with 20% IBFC cement-replacement and added WH strain, P30B: Portland cement with
30% IBFC cement-replacement, P30BW: Portland cement with 30% IBFC cement-replacement and added
WH strain, P40B: Portland cement with 40% IBFC cement-replacement, and P40BW: Portland cement with
40% IBFC cement-replacement and added WH strain,. The error bars refer to the standard deviation of three
replicates.
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Figure 2. Volume of pore space (%void) of cement paste after 7 d and 28 d of curing. P: Portland cement only,
PW: Portland cement with added WH strain, P20B: Portland cement with 20% IBFC cement-replacement,
P20BW: Portland cement with 20% IBFC cement-replacement and added WH strain, P30B: Portland cement
with 30% IBFC cement-replacement, P30BW: Portland cement with 30% IBFC cement-replacement and added
WH strain, P40B: Portland cement with 40% IBFC cement-replacement, and P40BW: Portland cement with
40% IBFC cement-replacement and added strain WH. The error bars refer to the standard deviation of three
replicates.
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Figure 3. Water absorption (%) of cement paste after 7 d and 28 d of curing. P: Portland cement only, PW:
Portland cement with added WH strain, P20B: Portland cement with 20% IBFC cement-replacement, P20BW:
Portland cement with 20% IBFC cement-replacement and added WH strain, P30B: Portland cement with
30% IBFC cement-replacement, P30BW: Portland cement with 30% IBFC cement-replacement and added
WH strain, P40B: Portland cement with 40% IBFC cement-replacement, and P40BW: Portland cement with
40% IBFC cement-replacement and added strain WH. The error bars refer to the standard deviation of three
replicates.

these replacement ratios. Thus, the strain WH plays a crucial role in diminishing water absorption in ordinary
Portland cement and cement with IBFC replacement up to a replacement ratio of 20% by weight of cement.

Microstructures of IBFC-containing biocement

The presence of pores in cement paste increases with higher IBFC replacement ratios (Fig. 4a,c,e,g). After 28 d
of curing, cement pastes containing the strain WH exhibit greater compactness (Fig. 4b,d,fh) in comparison to
those without the strain WH (Fig. 4a,c,e,g). This enhancement in cement compactness is likely attributed to the
positive influence of strain WH on the development of cement hydration products, and its biogenic CaCO; can
effectively fill and seal pores within the cement paste matrix. Consequently, the resulting materials produced by
the strain WH vyield a denser and more homogeneous microstructure. However, these effects are not sufficient
to fill the majority of pore space within the cement paste matrix when the IBFC replacement ratio is = 30.

Characterization of cement hydration product

The DTG data depicted in Fig. 5 illustrate characteristic endothermic enthalpy changes, such as the hydration
reactions involving calcium silicate hydrate (C-S-H) and AFm ettringite phases occurring between 20 and
300 °C. Additionally, the phase transition involving calcium hydroxide (portlandite; CH) is observed between 400
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Figure 4. Scanning electron microscopy microphotograph (10,000X magnification) of 28 d IBFC cement
composites; (a) B, (b) PW, (c) P20B, (d) P20BW, (e) P303B, (f) P30BW, (g) P40B, (h) P40BW.

and 500 °C, and the decomposition of calcite (CaCOj;) takes place between 600 and 800 °C. The area under the
TGA peak serves as an indicator of the proportion of a specific mineral present in the samples®'. Further details
regarding the identification of cement hydration products in each sample can be found in the supplementary
information section, Fig. S2.

Table 3 displays the quantities of cement hydration phases in biocement paste samples at 28 days of age.
In strain WH containing Portland cement paste (PW), the strain WH promotes the formation of C-S-H and
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Figure 5. Thermogravimetric-differential thermogravimetric (TG-DTG) profiles of biocement paste samples at
28 d; (a) P and PW, (b) P20B and P20BW), (c) P30B and P30BW, (d) P40B and P40 BW.

Mass Fraction Mass Fraction | Mass Fraction

% % %
Sample | C-S-Hand AFm | Portlandite Calcite
P 14.92 11.63 13.72
PW 17.58 14.14 9.15
P20B 12.77 14.84 6.18
P20BW 17.04 9.66 5.34
P30B 15.56 10.23 6.79
P30BW 15.15 6.90 10.59
P40B 15.45 4.64 6.97
P40BW 14.17 7.85 4.15

Table 3. Percentage of hydration phases in IBFC cement paste samples at 28 d of curing age.

AFm ettringite phases compared to the bacterial-free cement paste (P). The mass fractions of C-S-H and AFm
ettringite in the P20BW sample are ~ 5% higher than in the P20B. However, the amounts of portlandite and
calcite, constituting 9.7% and 5.3%, respectively, decreased in the P20BW sample (Table 3). These findings indi-
cate that the strain WH and its biogenic CaCO; play a crucial role in the generation of additional C-S-H and
AFm ettringite in both the Portland cement paste and the cement paste composites containing up to 20% IBFC
replacement. In contrast, the impact of the strain WH and biogenic CaCO; on cement paste hydration products
in composites replaced with >30% IBFC does not result in an increase in the C-S-H and AFm ettringite phases.
Compared to the control (P30B), there is no significant difference in C-S-H and AFm ettringite mass values in
P30BW (~15% in both cases). Additionally, P3OBW contains less portlandite but more calcite than P30B. For
biocement paste containing 40% IBFC and the strain WH (P40BW), the results confirm that there is no notable
change in the C-S-H and AFm mass fractions compared to its corresponding control (P40B), which account
for approximately 14% and 15%, respectively. Interestingly, PAOBW contains more portlandite (7.85%) but less
calcite (4.15%) than its corresponding control (P40B). These findings suggest that the 30% IBFC replacement
ratio may induce an imbalance of chemical compositions within the matrix in such a way that MICP technology
cannot directly readjust. It is important to note that the peaks of C-S-H and ettringite are partially overlapped,
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making their individual quantification impossible with TGA-DTG analysis. Nevertheless, XRD-Rietveld analysis
is also conducted to confirm the quantity of ettringite (see details in Table 4).

XRD-Rietveld refinement analysis

Table 4 illustrates that the addition of the strain WH and its biogenic CaCOj; to cement (PW) samples promotes
the formation of portlandite (~ 35%) while inhibiting the formation of ettringite (~ 18%) during cement hydra-
tion. This is evidenced by a decrease of up to~37% in calcite and an increase in gypsum content (~ 9%) compared
to cement without bacterial addition (P). The introduction of various concentrations of IBFC (20-40%) as a
cement replacement results in a higher silica (SiO,) content in the IBFC cement paste samples (P20B, P30B,
and P40B) than in ordinary Portland cement paste (P), accounting for approximately ~ 20%, ~ 28%, and ~ 34%,
respectively.

The effect of biogenic CaCOj; on the cement hydration product was observed in IBFC cement. When com-
pared to the control (P20B), the percentage of calcite content in the P20BW samples is higher (~76%). This
result indicates that an increase in CaCOyj is caused by biogenic-CaCOj; from strain WH. On the other hand, the
portion of ettringite, gypsum and silica in the P20BW sample is lower than those in the P20B sample. Obviously,
the fraction of ettringite decreases when strain WH is incorporated into the cement composite with IBFC at a
ratio of 20%. The TGA-DTG result (Table 3) shows an increase in the sum of C-S-H and ettringite in the P20BW.
The Rietveld refinement result can further clarify this point in a way that it was only the C-S-H that increased,
while ettringite decreased in these samples.

Although the calcite content of the P30BW sample is only ~ 2% higher than that of the control P30B (25%),
the percentages of ettringite increase significantly (9.5%). Similarly, biocement containing 40% IBFC replace-
ment and strain WH addition (P40BW) exhibits more calcite (24%) than its corresponding control (P40B)
(~16%), while ettringite in P4A0BW decreases by ~ 10%. Notably, there is no significant difference in the sum
of C-S-H and ettringite in P30BW and P40BW and their corresponding controls (Table 3). The results of the
Rietveld Refinement study of mineral compositions in IBFC cement composites possibly further explain that
C-S-H likely decreases, while an increase in ettringite does not sufficiently replenish the loss of C-S-H in these
samples. The difference in the compositions of cement hydration phases suggest that the presence of the strain
WH and its biogenic CaCO; influences the cement hydration process in ordinary Portland cement paste (P)
and cementitious composites containing IBFC replacement. The details regarding the XRD graph can be found
in Supplementary section, Fig. S3.

Crack-healing efficiency

Figure 6 illustrates cracks (0.4-0.8 mm width) in the samples without bacterial addition (left panel) and with
the addition of the strain WH (right panel). The % healing ratio is presented in Fig. 7. The results clearly dem-
onstrate that all samples incorporating the strain WH display white precipitation inside the cracks, indicating
their ability to seal the cracks within 15 d. In contrast, there is no visible crack healing with a 0% healing ratio in
the samples without bacterial addition (P, P20B, P30B, and P40B), even after 60 days of investigation, as depicted
in Fig. 7. Although a layer precipitation product within the cracks of the P30B (Fig. 6¢) samples is observed, it
is not enough to fill up the microcrack. However, the precipitates in this sample were further subjected to XPS
analysis to identify its chemical composition.

At 15 d, the PW sample has an 86% higher healing ratio than the conventional cement paste (P) (Fig. 7), which
reaches 100% healing after 30 d of treatment, suggesting that the strain WH enhances cement durability through
self-healing mechanism. In cement containing IBFC and the strain WH, the healing ratio reaches 100% after 15
d of treatment for samples 20% IBFC replacement (P20BW). Although complete crack sealing was observed in
PW (Fig. 6e) and P20BW (Fig. 6f), crack healing was incomplete in P30BW (Fig. 6g) and P40BW (Fig. 6h) even
after 60 d. The healing ratio of the P30BW and P40BW reaches only 85% and 75%, respectively (Fig. 7) at the
end of the treatment period (60 d). This is probably because there are more void spaces in these materials when
IBFC replacement rates are > 20%, resulting in insufficient precipitation products to cover the cracks. However,
due to visible crack healing, it can be assumed that the strain WH in the P30BW and the P40BW is still active.
The self-healing efficiency of the IBFC biocement pastes over the non-bacterial added cement paste suggests
that Lysinibacillus sp. WH is responsible for increasing cement quality by repairing cracks in cement replaced

Mineral composition (%)

Sample Portlandite (Ca(OH),) Calcite (CaCO3) Ettringite (3Ca0-Al,05-3CaS0,-32H,0) Gypsum (CaSO,-2H,0) SiO,

P 29.0+£2.0 45.0+2.0 19.0£0.8 6.8+0.5 0.4+0.1
PW 35.0+3.0 37.0+£4.0 18.3+£1.0 9.0+0.5 0.4+0.1
P20B 32.0+4.0 18.0+£3.0 21.0+1.0 8.2+0.6 20.0+2.0
P20BW 15.0£2.0 76.0+3.0 4.80+0.6 1.8+£0.2 29+04
P30B 15.0£1.0 25.0+3.0 26.0+£1.0 6.1+0.6 27.8+1.0
P30BW 8.8+1.0 27.5+0.9 39.0+£1.0 9.5+0.4 15.2+0.5
P40B 9.7+0.5 16.3+£0.6 29.2+0.9 10.8+0.4 34.0+0.7
P40BW 30.0£3.0 24.0+2.0 19.0+£1.0 4.1+0.3 24.0+1.0

Table 4. Rietveld Refinement analysis of mineral compositions in IBFC cement composites at 28 d of curing
age.
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Figure 7. Percentage of healing ratio (%) in biocement paste.

with IBFC, with the most effective IBFC replacement ratio for crack remediation using the strain WH at 20%
by weight of cement.

Chemical compositions in the crack-healing products

The chemical compounds in crack-healing products were identified in strain WH containing cement samples
(PW, P20BW, P30BW, P40BW) and those without strain WH (P30B) of IBFC cement pastes. Note that the other
samples of the did not contain strain WH (P, P20B, P40B) were not analyzed due to the absence of self-healing
products. Four XPS peaks are identified in PW, P20BW, P30BW, P40BW, and P30B biocement samples (Fig. 8),
confirming that all precipitation in those samples contain calcium oxide (CaO), calcium carbonate (CaCOs3),
and calcium hydroxide (Ca(OH),), in a decreasing order of binding energy (~ 354-344 eV). Obviously, the most
intense peak identified in all samples is calcium carbonate (CaCOs3). The presence of portlandite and calcium
oxide peaks in these samples could be attributed to the leaching process of these compounds from the cement
matrix (OPC) during crack healing treatment. Calcite peak is also discovered in P30B sample which did not
contain bacteria biocement paste sample (Fig. 8e) due to the carbonation reaction, as evidenced by the pres-
ence of portlandite (Ca(OH),) peak, which then reacts with carbon dioxide (CO,) in the cement environment
to form CaCO; precipitation. The presence of CaCOj in the bacterial series samples is presumably caused by
either the formation of biogenic CaCOj; by the strain WH or carbonation reaction of Portland cement or both.
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Figure 8. X-ray photoelectron spectroscopy (XPS) of the crack-healing product in biocement paste.

Note that although similar crack healing products can be obtained in a few samples of non-bacterial biocement
paste series, a considerably larger amount of such products obviously occur in all bacterial biocement paste
series (Fig. 6). This suggests that the incorporation of the strain WH played an important role in crack bridging
of IBFC cement composites.

Discussion

The addition of IBFC reduces the quality of biocement in terms of compressive strength, water absorption, and
pore space (%void). The strength of IBFC-containing cement declines with increases in IBFC replacement ratio.
This is in agreement with previous findings showing that the use of agro-industrial waste as cement replace-
ment reduces cement strength®*2-**. The percentage of void and water absorption increases with the percentage
of IBFC replacement in cement due to increased SiO, (Table 4), which is the main constituent of IBFC. Silica
substitutes the cement matrix without increasing the cement strength, resulting in performance degradation®.
The presence of biogenic CaCOj; and the strain WH in the IBFC cementitious composites (at IBFC replacement
ratios of 20%) compensates for the loss of mechanical strength and reduces pore space and water absorption to
a level close to the Portland cement (P).

The increases in the mechanical strength of cement containing the strain WH is due to the bacteria. The
strain WH forms CaCO; which accelerates the hydration process by acting as a nucleation site for the forma-
tion of cement hydration products (e.g., C-S-H gel), resulting in an improved cement compactness (Table 3 and
Figs. 4b,d,fh and 5)%. Furthermore, CaCOj has a substantial effect on the hydration of tricalcium silicate (C3S),
the primary cement component that contributes to strength development. CaCOj; particles act as nucleation
sites, speeding up the precipitation of hydration products like calcium silicate hydrate (C-S-H) gel from C,S. A
prior study found that CaCOj; particles promote early nucleation of the C-S—H phase, resulting in rapid densi-
fication of the cement paste microstructure. As cement hydration progresses, the amount of unreacted calcium
carbonate (CaCOs;) decreases, showing its role in cement reactions. The decrease in unreacted CaCOj; indicates
that it undergoes chemical transformations or reactions inside the cement mixture®”*. This explains why the
amount of calcite in the cement paste incorporated with bacteria and its biogenic CaCO; (PW) decreased, while
the C-S-H value increased when compared to the control sample (P), as seen in Table 3.

In addition, the mechanical performance improvements in the strain WH containing cement can be attributed
to bacterial binding ability, as bacterial cells have a negative surface charge, as well as to the chemical interac-
tions between the cells and the dissolved ions of the cement clinker®. Because both the SiO, particles in IBFC
and the bacteria have negatively charged surfaces, aggregation or other consequences are prevented. Therefore,
both IBFC and bacteria are able to work well together. Another possibility is that SiO, particles are not harmful
to cells and do not interfere with cellular metabolism?’. Furthermore, dead bacteria cells by the hard conditions
during cement setting and hardening can act as organic fibers inside the cementitious matrix, contributing to
the early strength of the cement material*'. With the presence of strain WH and its biogenic CaCO; in other
samples containing bacteria (P20BW and P30BW), there is a rise in C-S-H and less CH formation, which might
be related to the chemical composition of the bacteria itself and its chemical interactions with cement. Bacteria,
specifically Gram-positive bacteria, can enhance the strength of cement-based material samples by promoting the
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formation of additional silicate hydrates within the cementitious matrix. These silicate hydrates fill micropores,
thereby increasing the material strength. This effect has been attributed to a silica-leaching bacterial protein**-*4.
The high calcite content in the 20% IBFC + WH (P20BW) replacement (Table 3) indicates that biogenic CaCO,
from bacteria plays an important role in cement compactness for these samples by clogging and filling the pores
and thus developing the mechanical properties of a cement-based material®®. The ettringite content decreases
in PW and P20BW confirming the presence of additional C-S-H in these cement samples. C-S-H and calcite,
which are induced by the presence of strain WH, are mainly responsible for the strength and compactness of
these samples. The increased biocement strength is due to the dual effects of SiO, in the IBFC which form an
additional C-S-H gel (Eq. (4))*. The effects of increasing cement compactness and strength are apparent only
when IBFC is used up to 20% by cement weight, but not with the samples containing IBFC > 30%. This suggests
that the IBFC replacement ratio of 20% is optimal for the production of IBFC cement composite with a desirable
mechanical property of the hardened material. The compressive strength value of the 20% IBFC replacement
sample in P20BW was found to be ~ 10% greater than the 10% IBFC replacement sample in a previous study'.

Si — OH + Ca(OH), - C—S—H 4)

It is clearly evident that the addition of MICP bacteria (Lysinibacillus sp. WH) to PW and P20BW could induce
the formation of additional C-S-H, resulting in increased strength and decreased pore volume in the materials.
The variation of mass fraction percentage in portlandite and CaCOj; content in the sample replaced with 30%-
IBFC (P30BW) can be attributed to the carbonation reaction between atmospheric CO, and dissolved calcium
hydroxide (Ca(OH),) in cement paste during the cement hydration process. As a result, precipitation of calcium
carbonate occurs (Eq. (5)), as does the biomineralization of C-S-H into calcite facilitated by bacteria, which
causes an increase in certain cementitious material properties*”*®. Furthermore, the higher portlandite content
found in the 40%-IBFC biocement sample (P40BW) may be related to the decalcification of C-S-H gel during
biomineralization induced by bacteria, which results in more portlandite formation inside the cement matrix*.
Although an increase of ettringite is found in P30BW and P40BW compared to their corresponding controls
(P30B and P40B), the ettringite content cannot improve mechanical properties of these samples. Again, it is
confirmed that C-S-H and calcite play a more important role in enhancing strength of IBFC-cement composite.

Ca(OH), + CO, — CaCO; + H,0 (5)

Crack healing products are composed of CaCO;, CaO, and Ca(OH),, in agreement with previous findings.
This suggests that not only calcium carbonate but also other crystalline phases occur inside the crack healing
material®®. The inclusion of the strain WH in IBFC-biocement results in the complete healing of microcracks
within 15 d. The presence of CaCOj in the healing product of IBFC-biocement, but not in the cement without
bacterial addition, implies that the bacteria still survive and are active within the cement matrix. During biomin-
eralization process, these bacteria can produce metabolic byproduct (CO,*") which subsequently react with Ca**
derived from portlandite in cement environment as a calcium source. This results in deposition of biogenic-calcite
mineral precipitation (Egs. (6) and (7))!*##-51. The existence of calcium oxide and portlandite compounds in
healing products of these samples indicates that these samples began to experience not only self-healing caused
by bacteria (autonomous healing), but also autogenous healing in which secondary hydration of unhydrated
cement particles and precipitation of calcium carbonate also occurs. Furthermore, the swelling of the hydration
products contributes to the decreased size of the crack area®.

Ca>t + Cell — Cell — Ca** (6)

Cell — Ca®t + CO3;™ — Cell — CaCOs | 7)

The presence of a small amount of precipitation product in IBFC-biocement without the addition of strain
WH, P30B (Fig. 6), indicates autogenous healing occurred in these samples. CaCOj; crystals formed on the crack
surfaces as a result of the reaction between Ca(OH), leaching from the crack and CO, (Eq. (5)), as well as the
continued hydration of partially hydrated cement grains®>. Despite the appearance of some autogenous healing
and the chemical compositions of the healing products produced by the strain WH being similar to those of the
autogenous products, the number of precipitates produced due to the presence of the strain WH is much greater
than that of the autogenous ones (Fig. 6). This suggests that Lysinibacillus sp. WH is important in the healing
of cement cracks. Even after 60 d of observation, it is clear that, without the addition of Lysinibacillus sp. WH,
complete crack healing is not possible.

A few studies on the self-healing ability of cement composites have been published, in which calcium carbon-
ate is produced by precipitation in a self-healing process aided by bacteria®*~°. The discovery of other crystal-
line phases in crack healing products besides calcite (CaCO;) suggests that the effect of autonomous healing in
biocement cannot be negligible, which has never been discussed before. The presence of cement carbonaceous
products (CaO and Ca(OH),) in the self-healing precipitates could imply that the bacteria might also induce
additional autogenous healing in cement, while producing CaCOj; as a by-product of their biocalcification.
Further investigation on detailed mechanism regarding how the calcifying bacteria affects the formation of
autogenous healing of cement is yet to be elucidated. This study demonstrates that the strain WH provides self-
healing properties to the IBFC cement composites.
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Conclusion

This study investigated the effects of incinerated black filter cake (IBFC) as a cement replacement and the effects
of Lysinibacillus sp. WH (20-40% by weight) on the mechanical properties of biocement. Overall, the replace-
ment of cement with IBFC decreases the compressive strength and other mechanical properties of the IBFC-
cement composite compared to those of Portland cement at all curing ages. The addition of the strain WH and
its biogenic CaCO; compensates for the loss of mechanical strength caused by IBFC replacement while reducing
water absorption and void of cementitious composites in the biocement paste containing 20% IBFC. Together,
the IBFC replacement and the strain WH synergistically accelerate the hydration of the biocement composites
by increasing the formation of C-S-H and AFm ettringite phases in the cement composites. The differences in
calcite and portlandite contents in biocement containing>20% IBFC replacement are probably caused by the
biomineralization process of C-S-H gel into CaCOj; in cement facilitated by bacteria. The strain WH can be
used as a healing agent in the IBFC-cement composites, in which the microcracks are completely sealed within
two weeks of formation. The findings of this study demonstrate that MICP technology using the strain WH is
effective in improving the physical properties of biocement containing IBFC. Lysinibacillus sp. WH and IBFC
incorporation into cement can be adapted to design and build energy-efficient structural applications.
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