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ARTICLE INFO ABSTRACT

Keywords: The electrochemical corrosive processes compromise the passivity of reinforcing steel, potentially
Encapsulation leading to structural integrity loss and, in extreme cases, concrete infrastructure failures. While
Biofilm

bio-inspired concretes show promise in mitigating strength degradation and enabling self-healing
of concrete flaws, their interaction with steel reinforcement remains underexplored. Thus, this
investigation aimed to establish a protective strategy by fostering biofilm growth on rebar sur-
faces. To achieve this, Bacillus subtilis and Escherichia coli bacteria were utilized as biofilm-forming
agents, aided by magnetic iron oxide and zeolite micro-nano particles. The study encompassed a
thorough assessment of split tensile strength, corrosion resistance of bio-treated embedded steel
bars, and a comprehensive biofilm characterization, along with a meticulous examination of the
microstructure at the steel-concrete interface. The findings underscored a significant improve-
ment in split tensile strength, demonstrating a remarkable 84.2 % increase when bacterial species
were combined with iron oxide nanoparticles, in contrast to the control specimens. Furthermore,
the bio-treated bars exhibited an impressive corrosion inhibition potential of 78.5 % relative to
their unaltered counterparts. These outcomes are attributed to the discernible refinement of
microstructural features surrounding the steel reinforcement and the heightened densification of
the inter-transitional zone between steel and concrete.

Corrosion inhibition
Microstructure refinement
Split tensile strength

1. Introduction

Concrete, a globally prevalent and cost-effective material, boasts a wide range of versatile mechanical properties [1-3]. However,
its vulnerability to flexural and tensile loading undermines its popularity. To address this, steel is incorporated into concrete as a
compatible material, enhancing its resistance to both flexural and tensile stresses [4,5]. During service life, concrete undergoes various
environmental influences, which lead to crack generation. These cracks provide pathways to harmful environmental ingredients like
moisture, carbon dioxide, chlorides, oxygen, and ammonia to jump into the concrete microstructure [6]. This aggressive medium
affects the alkalinity of concrete resulting in de-passivation of the protective layer on steel and causing corrosion [7-10].
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Table 1
Chemical composition of cement.
CaO SiO, Al,O3 Fey03 SO3 MgO K50
63.4 20.3 4.88 3.2 2.7 2.4 0.5
Table 2
Properties of aggregate [52].
Materials ID FM Specific gravity SSD Specific Gravity OD Apparent Specific Absorption (%)
Gravity
FA 2.713 2.6 2.532 2.717 2.7
CA - 2.683 2.664 2.715 0.7

Corrosion is an electrochemical process that involves the transfer of electrons from the anode to the cathode and deposits rust on
the steel surface [11]. This rust causes strength and durability loss of reinforced concrete structures [12]. 15-20 % corrosion of steel
triggers brittle failure of reinforced structures and the nature of failure becomes more or less catastrophic [13,14]. Service life of
structures significantly decreases due to corrosion as 20 % mass loss of steel in reinforced concrete could reduce 70 % of concrete age
and 80 % of strength [15]. Each year, the United States allocates over 20 billion USD, and the United Kingdom dedicates around 600
million USD for the maintenance of highways and bridges [16]. Remarkably, this accounts for a substantial 85 % of the total project
cost. Repair of corrosion structures is not possible leads to the demolition of structures [17-19]. 90 of the structures having corrosion
issues were demolished in the USA due to a risk of structure failure from the steel and concrete bond zone [12]. 12 % corrosion of steel
results in 70 % bond strength loss [14]. Corrosion is a more rapid phenomenon than other degradations of RC structures and a prime
reason for the detrimental destruction of RC structures [15].

Demolishing concrete structures produces concrete waste and new concrete construction is not a sustainable solution due to its
significant effect on climate changes [20,21]. USA demolished waste reaches 143 trillion metric tons annually which is only due to the
corrosion of reinforced concrete structures and new construction of concrete structures produces huge amounts of carbon dioxide and
causes global warming [22,23]. Corrosion of steel can be mitigated and prevented by chemical, physical, electrical, and biological
means [24,25]. However, chemical treatments and coatings on steel bars reduce the bond strength between steel and concrete [26].

However, several bacterial strains can survive on metal surfaces and produce a biofilm that is an environment-friendly layer and
preserve metal faces from environmental degradations [27]. Studies reported that Escherichia coli (E. coli) and Bacillus subtilis (B.
subtilis) are good biofilm forming bacteria and the growth of bacteria on the surface of pristine metal has long-term survivability
[28-30]. The performance of bacteria changes from species to species and according to the subjected environmental conditions
[31-34].

The incorporation of bacteria in concrete is showing promising outcomes in terms of durability and mechanical aspects. The self-
healing concrete studies show that the bacterial addition in concrete produces calcite and improves the confinement of concrete
microstructure [35-37]. For instance, bacteria like B. subtilis precipitated calcium carbonate in concrete cracks and fishers and
densified the microstructure [38-41]. Bacteria experience high alkalinity (pH > 12) and stresses during the mixing of concrete
therefore their survival can be compromised. Therefore, the incorporation of bacterial species with a protective carrier medium is very
common and essential too which could act as a host media for the bacteria in the harsh environment of concrete [41-46]. Whereas the
interaction of these bio-species with reinforcing bars is yet to be investigated.

Thus, in this study, the behavior of two biofilm-forming strains on the surface of steel bars has been explored. The surface of steel
bars was biologically treated by growing biofilms of E. coli and B. subtilis and then embedded in concrete. The micro-nano-sized
magnetic iron oxide particles and magnetic zeolite particles were selected as bacterial carrier medium. The corrosion inhibition
and improvement in inter transition zone (ITZ) of steel and concrete along with microstructural refinement of the specimens were
investigated as prime objectives of this study.

2. Materials and methods

The ASTM type 1, Ordinary Portland cement was used as binding material ASTM-C150 [47]. The composition of cement is listed in
Table 1. The particle size was less than 75 pm and passed from sieve no. 200. The percentage retained weight on sieve no. 200 was less
the 2 % that was within the allowable limits of ASTM C184 [48]. The initial and final setting times of cement were tested by vacate
apparatus following the testing procedure of ASTM C403 [49]. It was recorded as 47 and 195 min, respectively. The cement was tested
for LOI value for 15 min in the oven at 900°C and percentage loss was recorded at 1 % which is within the range of ASTM C114.

Locally available Lawrancepur sand was used as fine aggregates (FA). Sieve analysis according to ASTM C33 [50] was performed to
get particle size distribution and fineness modulus (FM). Water absorption was determined according to ASTM C128 [51] as given in
Table 2. Locally available Marghla crush was used as coarse aggregates (CA). The particle size of CA was determined by sieve analysis
according to ASTM C33. Water absorption value and specific gravity were also defined according to ASTM C127 [52] as presented in
Table 2.

Grade 40 deformed #3 steel bars were procured from “ITHAAD STEEL INDUSTRIES”. The physical properties were satisfying the
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Table 3

Properties of steel [53].
Nominal Cross Section Yield Tensile Strength Gauge Length Elongation
Diameter Area Load Stress Ultimate Load Stress Actual Increased Achieved
(inch) (in% (KN) (Psi) (KN) (Psi) (inch) (inch) (%)
3/8 0.11 26.1 53273 30.61 62560 8 1.47 18.37
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Fig. 1. X-ray fluorescence test for zeolite and iron nano-micro particles.

Table 4

Composition of zeolite and iron nano-micro particles.
Compounds SiO, Al,O3 Fe304 CaO MgO K0
/Oxides
INMPs 0.7 0.15 98.6 0.157 0.26 0.12
ZNMPs 46.8 33.96 4.95 4.2 0.75 3.21

ASTM-A615M [53]. A tensile strength test was performed on the rebars, the results of the test are listed in Table 3.

Iron-oxide nano-micro particles (INMPs) and Zeolite nano-micro particles (ZNMPs) were selected as carrier media for the study
based on the literature. Nanoparticles of iron are metallic nano inclusions that impart magnetic influence. Zeolite is a crystalline
hydrated solid and chemically contains aluminum and silicates. The chemical composition of both carrier media was investigated by
PANalytical B.V. CubiX XRF instrument shown in Fig. 1 by following ASTM E572 [54]. The results of oxide composition are given in
Table 4.

Particle size distribution confirmed that the average size of particles is 0.172 pm and 0.375 pm for ZNMPs and INMPs, respectively
as shown in Fig. 2. Iron oxide inspired researchers due to its magnetic properties. Nano/microparticles of iron oxide were magnetic in
nature and tested for magnetic properties. The arrangement was made according to ASTM A894 [55]. The polarity of the material was
investigated by the “E29 VSM instrument” and readings of magnetization hysteresis and remanence were obtained. For the VSM
apparatus 5g of INMPs and ZNMPs sample was put into charge jar and tested for magnetic saturation. Results are shown in Table 5.

The magnetic saturation value of the materials lies in the range of magnetic materials which is highlighted by previous studies. The
hysteresis saturation value also pointed out that the material is magnetic in nature.

B. subtilis is a gram-positive, non-pathogenic, and rod-shaped bacterium. It is available in the soil and human body. It is alkaliphilic
in nature and possesses longtime survival. Whereas E. coli is a gram-negative and anaerobic bacterium that is shaped like a rod and
affected by a magnetic field. These two species are selected based on the biofilm forming abilities along with compatibility with the
carrier medium. It is of both pathogenic and non-pathogenic nature. Its non-pathogenic 5a is highly recommended for biotechnology.
The gram staining of bacteria confirmed the gram-positive and gram-negative nature of B. subtilis and E. coli, respectively. The tube-
shaped pink color membrane and rodlike shape and purple color membrane identified e. coli as gram-negative in Fig. 3 (a). B. subtilis as
gram-positive in Fig. 3 (b), respectively. The behavior of gram-positive and negative bacteria is different with magnetic materials. The
selection of two different types of strains was based on carrying the comparative studies of the bacterial performance and compatibility
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Fig. 2. Laser particle size analysis for zeolite and iron.

Table 5

Vibration Sample Magnetometer results for zeolite and iron.
Properties Upward Part Downward Part Average
INMPs
MS (emu) 374.57 —374.432 374.444
Hc Offset (Oe) 128.853 128.853 128.853
Hn (Oe) 5318.733 —5043.050 5180.891
Hs (Oe) 5717.221 —5545.613 5631.417
ZNMPs
MS (emu) 123.2 —119.32 120.26
Hc Offset (Oe) 152.912 152.912 152.912
Hn (Oe) 4977.351 —4263.225 4620.288
Hs (Oe) 5210.602 —5133.823 5172.213

(a) (b)

Fig. 3. Optical microscopy of (a) Escherichia coli (b) Bacillus subtilis.

with the magnetic carrier medium.

Bacteria were cultured on a Petri plate surface using nutrient agar as bacterial food. After successful growth on the plate bacteria is
then inoculated in nutrient broth media. The optical density (OD) of bacterial strains was observed by a UV spectrophotometer of a
well-homogenized solution of bacteria in distilled water. The reference medium selected for the OD was distilled water. For this
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Fig. 5. XRD of biofilm (a) Bacillus subtilis (b) Escherichia coli.

purpose, the standard procedure of ASTM D1500 (ASTM d1500 | Color | Oil n.d.) was followed. Two civets, one filled with bacterial
solution and one with reference solution were put in the unit after feeding the reference media values and the observed for the value of
optical density. OD for bacterial strains was maintained at 0.5 to perform comparable analysis on biofilms by two distinct microbes.
The compatibility of bacterial strains with INMPs and ZNMPs was tested by observing the successful growth of bacteria on petri plates
containing INMPs and ZNMPs along with nutrient agar.

Calcium Lactate Penta Hydrate (Ca (CHoCHOHCOO)2.5H20), was used as a feeding medium for bacteria in concrete. 5 % of refined
sodium chloride salt was used during corrosion testing; it was added to filtered water to prepare the electrolyte.
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Fig. 6a. FTIR results for zeolite.
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Fig. 6b. FTIR results for iron-oxide.
3. Experimental program

The experimental program along with flow of activities is shown in Fig. 4.

3.1. Bacterial biofilm

Bacterial biofilm was prepared on the surface of steel bar by placing it in a glass column filled with bacterial solution, set in a
shaking incubator for 72 h at 37°C and 200 rpm following the procedure reported in F. Zameer et al., 2010 studies[56-59]. Biofilm was
then investigated quantitatively and qualitatively. For the quality testing biofilm was removed from the surface of the steel bar by a
spatula and layers were dried at room temperature for three days and then ground into powdered form. XRD of the powder confirmed
that it contained B. subtilis shown in Fig. 5 (a) and E E. coli shown in Fig. 5 (b). Results were comparable with Afifudin et al., 2011 [60]
and K Deplanche et al., 2010 [61] respectively.

For the elemental detention of the carrier medium FTIR test was performed that confirmed the elemental purity of zeolite and iron
oxide. The results of FTIR are shown below in Fig. 6 (a) and 6 (b). When carrier medium was added, FTIR analysis was performed to
check deviations of the graph from the actual graph of iron-oxide and zeolite. The ALPHA I compact FT-IR spectrometer was used to
carry out this test. Plots of zeolite, zeolite with E. coli, and zeolite with B. subtilis are shown in Fig. 7 (a), and iron oxide, iron oxide with
E. coli and iron oxide with Bacillus subtilis Shown in Fig. 7 (b). Results showed that bacterial strains were successfully incorporated in
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Fig. 7b. FTIR results for iron oxide and bacterial additions.

carrier media and showed new patterns on the graph due to hydrocarbon-based bacteria as reported in a previous study of Frederick C.
Neidhardt. The pattern of results resembled previous studies by K Yang et al., 2010 [62] and R A Naikoo et al., 2016 [63].

N-acetylcysteine is used to remove the biofilm developed around the steel bar which is further sonicated to homogenize in buffered
peptone water used as a dilutant, 10x10"9 bacterial cell/ml following procedure reported in Ercole, C. et al., 2003 [64]. The thickness
of biofilm is quantified by the volumetric changes by the liquid displacement method. Steel rebar was put in a cylinder filled with water
up to a marked value. The value of volume recorded before and after the inserted rebar. The same procedure was then repeated for the
same rebar with biofilm on it and the thickness of the rebar was calculated by following the formula given in equation (1).

A = Volume of Water, L = Marked length
B = Volume of Water + Steel bar submerged in water up — to marked length

C = Volume of Water + Steel bar submerged in water up — to marked length + Biofilm formed up — to marked length

(C-B)

Thickness of Biofilm = m (€D)

Biofilm thickness of 0.02 mm,0.03 mm,0.025 mm, 0.03 mm,0.04 mm and 0.04 mm were reported for e. coli, e. coli with ZNMPs,
bacillus subtilis, e. coli with INMPs, bacillus subtilis with ZNMPs and bacillus subtilis with INMPs respectively.

A = Weight of steel Bar before biofilm, L. = Marked length
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Fig. 8a. Profile of biofilm plotted by profilometer.

Fig. 8b. Profile of biofilm plotted by atomic force microscopy.

B=wt. of steel bar after biofilm formation (Normal dried)
Weight of Biofilm = (B — A), Weight of Biofilm / Length = (B—A) /L (kg/ ft)

Percentage weight gain= ((B —A) / A) x 100 )

Weight gain of biofilm of e. coli, e. coli with ZNMPs, bacillus subtilis, e. coli with INMPs, bacillus subtilis with ZNMPs and bacillus
subtilis with INMPs were 2 %,3 %,4.67 %,4.8 %,5.92 % and 6 % respectively. Weight gain percentage was calculated by using equation
(2). The physical changes in the steel rebars were carried screw gauge and by volumetric assessment 24 pm average increase in
diameter was reported.

Surface profilometry was done by 2D Non-Contact Profilometer PS-50, NANOVEA to investigate the surface profile, roughness, and
thickness of biofilm. For this purpose, the first film was formed on the surface of steel metal plates by dipping them in a bacterial
solution of Bacillus s subtilis and E. coli. The surface profile developed by bacteria was rough and in micrometer variations. The average
and maximum thickness of biofilm were reported as 12 and 38 pm respectively for the CMFB which is reported maximum among all six
formulations. Results of profilometry are shown in Fig. 8 (a) taking the length of the specimen at the x-axis and biofilm thickness and
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Table 6

Mix Design.
Material CMO CMB CME CMZB CMZE CMFB CMFE
Cement (Kg/ms) 257 257 257 257 257 257 257
F.A (Kg/m3) 589 589 589 589 589 589 589
CA (Kg/ms) 643 643 643 643 643 643 643
BS (film on rebar) - Yes (amount) - yes - yes -
EC (film on rebar) - - yes - yes - yes
Calcium Lactate (g) - 12 12 12 12 12 12
Fe304 (film on rebar) - - - - - yes yes
Zeolite (film on rebar) - - - yes yes - -
S.P (L/m3) 0.8995 0.8995 0.8995 0.8995 0.8995 0.8995 0.8995

the y-axis. The results of roughness are close to those of V Gabe et al., 2019 studies [65].
(Length = 35 mm, Avg thickness = 12 pym, scale = 10 pm)

For the assessment of the surface texture and bonding of biofilm with the surface of pristine metal, the technique of atomic force
microscopy (AFM) is used. A steel coupon with a biofilm layer of Bacillus subtilis and Escherichia coli developed on its surface was dried
for 24 h in an incubator. Results of the AFM shown in Fig. 8 (b) depict that bacterial biofilm on the surface of steel was rough in texture
and firmly bonded.

3.2. Design mix

The cement mix ratio for the specimen preparation was 1:2.2:2.4 for the cement, fine aggregate, and coarse aggregate respectively.
The water-to-cement ratio was maintained at 0.4 for the hydration reactions of cement. Superplasticizer “chemrite 303" was used to
attain good workability of concrete 100 mm x 200 mm sized plane and reinforced concrete cylindrical specimens were cast for this
study. A total of seven formulations were planned, starting from control to the modified. The first was a control mix (CMO0) without any
treatment of steel bars. In the second formulation, an e. coli biofilm-coated steel bar was embedded at the center of cylinders (CME), the
third was added with Bacillus subtilis biofilm (CMB), fourth was added with zeolite and e. coli biofilm (CMZE), the fifth was added with
zeolite and bacillus subtilis biofilm (CMZB), sixth was added with iron oxide and e. coli biofilm (CMFE) and seventh was added with
iron oxide and bacillus subtilis biofilm (CMFB) as shown in Table 6. Six plane concrete specimens were cast to check the target
properties of the concrete mix.

The above-mentioned seven formulations were reinforced with a #3 steel bar placed at the center of the specimen and biofilm was
developed on the surface of steel rebars by moving the bacterial solution 360° around the bars. Bacterial food was calcium lactate and
put on the bar as the envelope of calcium lactate around the biofilm placing it in a measuring cylinder for 4 min. Concrete components
were first dry mixed in a mixer and the wet mixing was done for 3-4 min and then placed in molds.

Molds of 100 mm x 200 mm were used, and the material was mixed in a mixer machine and then poured into molds and vibrated by
a vibrator. After 24 h, specimens were unmolded and cured for 28 days at 100 % humidity at 23 + 2°C.

The compressive strength of plane concrete samples was studied by following ASTM C39 [66] procedure at a loading rate of 0.25
MPa/s. Cylindrical concrete samples of size 100 mm x 200 mm were tested after 28 days of curing. The cylinders were taken out of the
curing tank and dried in air for 24 h before performing a compression test. In addition, the cylinder’s top surface was smoothened by
capping by “Plaster of Paris” to distribute the load equally on the top surface of the specimen. The average reported compressive
strength was 31.63 MPa. Ultrasonic pulse velocity test was performed following ASTM C597 [67], where the time of transit (mi-
croseconds) of a vibrational pulse through plane concrete cylinders was checked for verification of mix quality. The average reading
was 37 s, which was within the allowable limits.

The 28-day water-cured reinforced concrete samples were recurred in 5 % NaCl solution for 56 days to accelerate the corrosion
samples. The test was performed on a multi-chem Gamery 750 test series to get anodic and cathodic polarization curves. The elec-
trolyte was prepared with a 5 % NaCl solution in filtered water that provides a pathway for the migration of ions and electrons between
both electrodes (cathode and anode). Copper and graphite were used as reference and counter electrodes, respectively.

Particle size and shape, elemental composition, and surface morphology of concrete samples were determined by Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray (EDX) respectively. “TESCAN VEGA3” was used to perform SEM and EDX. Samples
from the different portions of concrete specimens were removed carefully from ITZ of steel and concrete and calcite precipitation by
the bacterial strains was studied by the SEM-EDX.

The compressive force was applied diametrically on cylindrical samples of reinforced concrete of size 100 mm x 200 mm along the
length of the samples. The test was performed before and after the corrosion of samples. Arrangements for the test were made following
ASTM C496 [68]. The tensile strength of the specimens was calculated by equation (3).

T=2P / 7LD 3
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where T is tensile Strength in MPa, P is the maximum applied load in Newtons, L is the length of specimens in mm, and D is the
diameter of specimens in mm. A pullout test was performed to assess the bond strength of the steel-concrete interfacial zone. Concrete
cylinders were added inside steel rebars at the center and a pull-out load was then applied. Steel rebars are bonded to some devel-
opment length as shown in Fig. 9 (a).

The development length used for the test was 10 times the bar diameter. An assembly of two steel plates and four steel rods was

used to hold the specimen and a pullout load was applied by a Universal testing machine (UTM) at the rate of 2.5 MPa/s. Bond strength
is then calculated by equation (4).

BS=P/ adl )
X-ray diffraction tests on the concrete specimens were performed. The samples were selected from the concrete that stayed bound

with steel rebar after splitting the specimen by split cylinder test. The powder samples were prepared and tested by K- o 1

10
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diffractometer “Burker D8 advanced”. The angle range was selected from 10° to 90° with 2O feeding and high flux resolution.
Complexometric titration was performed on the specimens that were tested for X-ray diffraction to find out the percentage of
calcium carbonates in the specimens. The test was performed following the ASTM D2613 testing procedure.

4. Results and discussion
4.1. Split cylinder test

It is concluded from the test that bacterial samples gave maximum strength due to good bond strength between concrete and steel.
Specimens with bacterial strains hosted by carrier medium stayed almost unaffected by the corrosive environment. The results of split
tensile strength are shown in Fig. 9 (b). The bacterial strains develop biofilm around the rebars, and the bond zone of concrete and steel
is refined. A sticky layer of biofilm around the steel bars not only gives extra strength to the concrete steel bond but also enhances the
immunity of the steel against corrosion. Literature pointed out that B. subtilis and E. coli are biofilm-forming bacteria. It is because of
the metabolic activities of B. subtilis and E. coli which is the reason to produce biofilm products. Improvement in the split tensile
strength of concrete by biological additions was reported by Gandhimathi et al., 2015 [69]. CMFB and CMFE specimens showed
maximum tensile strength due to the highest concentration calcite deposit and proper packing and densification of the microstructure
of concrete internally. Iron oxide and bacterial strains remain more compatible and form a thicker layer of biofilm that further activates
more metabolic activities of bacteria and refines the internal structure of concrete.

CMZE and CMZB produced silicate products due to the presence of zeolite silicates and bacterial activity was also available by side.
Samples without carrier media (CMB, CME) gave positive results but remained intermediate due to the lower survival rate of bacteria
due to the harsh environment. Control samples remain consistent due to the corrosive environment provided to specimens to accelerate
corrosion.

4.2. Pullout test

The results of bond strength are shown in Fig. 9 (c). The bacterial strains developed a sticky layer of biofilm around the steel bars
giving extra strength to the concrete steel bond. The metabolic activities of B. subtilis and E. coli produced biofilm products. Maximum
bond strength was shown by the CMFB followed by CMFE specimens because of its denser microstructure by calcite deposition of the
microbial layers. Iron oxide and zeolite being carrier medium for the bacterial strains made the environment compatible for biofilm
durability. The bond strength of the reinforced concrete was improved by 69.8 % when B.subtilis was incorporated with iron oxide
followed by E.coli with iron oxide resulting in 5a 5.2 % improvement in bond strength.

4.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy

SEM micrographs were taken on different resolutions and magnifications and EDX results confirmed the formation of calcite. The
presence of calcite was confirmed by comparing the structure with already present literature. Nano and micro-size images taken by
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Fig. 10. (a) Concrete microstructure SEM Image (b) Calcite crystals rhombohedral (c)Nano-micro particles in concrete structure (d) Microbio-
logically deposited calcite (e) Nano-level view of calcite crystal.

SEM matched with R. Saddique et al., 2011. Further confirmation of the calcite and silicates was done by EDX which reported the
presence of calcium, oxygen, carbon, silicon, and other additives the percentages of elements are given in EDX resultant tables, and
their compositions showed a resemblance with construction building materials, 25 (2011) [70].

Elements like carbon, oxygen, and calcium confirm calcite, and calcium, silicon, and oxygen confirm the presence of calcium
silicate due to the presence of bacterial media and zeolite carrier media. Iron was present due to iron oxide being used as a carrier
medium. Microstructure refinement of concrete structure is clear from SEM images shown in Fig. 10 (a) and 10 (c), calcite crystals are
shown in Fig. 10 (b) and details of bacterial deposits can be seen in Fig. 10 (d) and 10 (e). A concrete chunk scratched from a steel bar
shows clear precipitation of calcite on its surface shown in Fig. 11 (a), (b), and (c). Needle-like products on the specimen taken from the
interfacial zone were captured, as shown in Fig. 11 (d) and 11 (e).

EDX results of concrete specimens showed a good percentage of calcium and elements like oxygen, carbon led to the final chemistry
of the product which is CaCO3 shown in Fig. 12 (a) and spectrum 1 and nano deposits have iron and silica-based deposits as well that
highlight concrete microstructure refinement by the nano media and the percentage composition is shown in Fig. 12 (b) and spectrum
2.

Above mention SEM micrographs give the needle-like structure of ettringite and plates of calcite in all bacterial samples including
CME, CMB, CMZE, CMZB, CMFE, and CMFB. CMFB showed the most refined internal microstructure. The refinement and calcite
production order in specimens is

CMO < CME < CMB < CMZE < CMZB < CMFE < CMFB

EDX results represented that calcite produced by the specimens having iron oxide in them had more percentages of calcium car-
bonate and specimens which were having zeolite as carrier medium had a percentage of calcium silicate. Specimens with bacteria had
calcite and the least amount of calcium carbonate was reported in CMO samples.

4.4. X-ray diffraction (XRD)

The test was performed to check elemental composition, nature of structure (crystalline or amorphous), micro-strained, and
dislocation densities with authenticity. All the peaks of diffraction were identified by the expert high scope and the peaks were labeled
accordingly. Calcite is the most intensive peak for all the above plots which support the SEM and EDX results. The availability of
silicate in zeolite-containing specimens and the presence of iron in iron oxide-containing specimens is also confirmed and the avail-
ability of carbon is due to the availability of bacterial cells. Peaks of calcite and quartz were reported in XRD graphs which were closely
matched with the JCPDs 5-586 [71] shown in Fig. 13(a)-(g). High-intensity calcite products is reported for the CMFB and CMZB.
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Fig. 11. (a) SEM Images of calcite deposited by microbes (b) SEM Images of microbial products (c) SEM Images of calcite crystals (d) Microstructure
refinements images at nano level (e) Bacterial rod shape deposits around steel surface.

CMFE and CMZE remained the second intensive formulation and then intensity decreased from CMB, CME, and CMO specimens,
respectively. The order of intensities is given below.

CMO < CME < CMB < CMZE < CMFE < CMZB < CMFB

4.5. Complexometric Titration

Specimens were scraped out from the interfacial zone and then ground to powder, and the suspension was formed with distilled
water and put in the rotatory drive for 24 h. EDTA, buffer solution with pH 10 range, and Eriochrome black T were used as titrant and
indicator, respectively the arrangement for the test is shown in Fig. 14 following the standard procedure reported by M. Cecilia Yappert
et al., 1997 [72]. Complexometric titration for finding the percentage of calcium carbonate is reported in the results of calcium
carbonate percentage was reported maximum for CMFB sample which 31.3 % and were 29.6 %, 24.7 %, 22.8 %, 20.1 %, 20.4 % and
17.9 % for CMFE, CMZB, CMZE, CMB, CME and CMO respectively. The calculation for the percentage of calcium carbonate in concrete
powder was done by following formulae.

Quantity of Calcium by Titration

100
Weight of Powder Mixed x

Percentage of calcium carbonate =

A XxXB

mg of calcium carbonate = ml of Sample

where,
A =ml of EDTA used for sample — ml of EDTA used blank
B = mg of CaCOs equivalent to 1 ml EDTA titrant
4.6. Tafel polarization
Specimens after curing in the corrosive environment for 56 days were tested for corrosion. Tafel plots were obtained as output in
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Element | Weight% Atomic%
C 13.97 22.29

(0] 50.97 61.06

Si 0.61 0.42

Ca 32.63 15.60

Fe 1.82 0.62
Totals 100.00

Element | Weight%  Atomic%

C 12.19 20.39
O 48.97 61.49
Ca 29.30 14.69
Fe 9.54 3.43

Totals 100.00

o = a s
Ful Scale 1099 cts Cursor: 0.000 ke

Fig. 12. (a) EDX results of concrete specimen (b) EDX results of nano deposits.

which current density and polarization voltage were piloted on the x and y axis respectively as shown in Fig. 15. The resultant pe-
rimeters were obtained from the cathodic and anodic curves like corrosion rate (CR), corrosion resistance (Rp), and corrosion inhi-
bition efficiency (n). Equations (5) and (6) are used for the calculations.

PX Be

R ()= 5. X2.303K iy

6]

AR icorr(CM) - icorr
n (%) i (D) X100 6)

The values of anodic and cathodic Tafel slopes were found by fitting the Tafel plots on the origin pro by placing a horizontal line a
trisection point was selected and I and slopes values were determined. Results of the corrosion rate (CR), corrosion resistance (Rp),
and corrosion inhibition efficiency () are listed in Table 7.

Results declared that the CMFB formulation was the most efficient and showed 78.5 % corrosion inhibition and showed maximum
polarization resistance of 1478.6 Q. CMFE formulation was the second-best formulation and provided 72.7 % corrosion inhibition and
showed 1298.42 Ohm polarization resistance. Bacteria with zeolite provided more efficient results than the plan bacterial formulations
and their results were 61.3 %, 56.8 %, 31.2 %, and 29.4 % corrosion inhibition for CMZB, CMZE, CMB, and CME respectively. The
polarization resistance values were 1020.5, 909.85, 591.4, and 494.1 Ohms for CMZB, CMZE, CMB, and CME respectively. Maximum
60 % corrosion inhibition efficiency reported in studies Ali A. et al., 2017 [73] which showed that this study has acceptable results.
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Fig. 13. XRD results of (a) Control mix (b) E. coli biofilm-coated steel bar (c) Bacillus subtilis biofilm-coated steel bar (d) Zeolite plus e. coli biofilm
(e) Zeolite and bacillus subtilis (f) Iron oxide and e. coli (g) Iron oxide and bacillus subtilis.
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Fig. 14. Arrangement for complexometric titration.
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Fig. 15. Tafel polarization anodic and cathodic slopes calculations.

Table 7

Results of Tafel polarization perimeters.
Sample ID Ecorr (MV) Teorr (HA) By X € ~3 (V/decayed) e x e ~3 (V/decayed) CR x e 3 (mpy) Rp max (Q) n (%)
CMO0 —483 68.20 387.4 223.9 495.2 386.7 0
CME —326.5 53.80 337.9 210.6 402.5 494.1 29.4
CMB —236 44.9 307.6 198.8 296.7 591.4 31.2
CMZE —198.5 42.3 331.4 298.5 189.5 909.85 56.8
CMZB —178.4 35.8 375.4 296.7 176.8 1020.5 61.3
CMFE —156.2 55.3 272.5 217.4 153.4 1298.42 72.7
CMFB —49.7 40.20 254.7 245.3 117.2 1478.6 78.5

4.7. Rp/Ec test

According to the resultant plot polarization resistance of CMFB composition was 998 Q which was the maximum among all for-
mulations. CMFE showed 920.7 Q polarization resistance, and other formulations like CMZB, CMZE, CMB, CME, and CMO showed
854.2 Q, 747.6 Q, 458.3 Q, 362.7 Q and 347.8 Q polarization resistance respectively as shown in Fig. 16 (a).

According to the resultant plot of corrosion rate of CMFB composition was 9.3 (mpy) which was the minimum among all
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Fig. 16. (a) Results of polarization resistance (b) Results of corrosion rate.

formulations. CMFE showed 9.9 (mpy) corrosion rate, and other formulations like CMZB, CMZE, CMB, CME, and CMO showed 12.7
(mpy), 13.2 (mpy), 15.1(mpy), 15.1(mpy), and 23.4 (mpy) corrosion rate respectively as shown in Fig. 12 (b). A corrosion rate of 16.3
(mpy) was reported by Ghafari et al., 2013.

5.

Conclusion
It is concluded from this study that concrete microstructure refinement and biofilm around the steel bar led to the following results:

Biofilm with an average thickness of 12 pm was successfully developed on steel rebar to act as the passive protective layer against
corrosion for bacillus subtilis with iron oxide, least biofilm was developed by the e.coli without any carrier medium which was 7 pm
on average which is more than P. aeruginosa resulted in 6 pm biofilm development previously by SV Oopath et al., 2022.
Biologically encapsulated steel-embedded concrete provided 78.5 % corrosion inhibition efficiency and 998 Q polarization
resistance which is 159 % more than the control. The corrosion rate was reduced by 60.25 % due to the protective biofilm layer and
refinement of the concrete microstructure e.coli without carrier medium showed the least corrosion resistance of 29.4 % owing to
the thin protective layer.

Split tensile strength was successfully improved by 84.2 % due to the roughness of biofilm and bacteria calcite precipitation in the
interfacial bond zone, e.coli without carrier medium resulted in the least improvement of 19.4 %.

Bond strength of steel-embedded concrete specimens was enhanced by 59.8 % at maximum when bacillus subtilis with iron oxide
was used as a protective layer around steel rebars, followed by the E.coli with iron oxide showed a 55.2 % improvement in bond
strength than the control mix.

. Limitation and recommendation

This study is limited to normal bacterial strains which are not strained in any chemical environment. It is recommended that genetic

modification and biologically trained bacteria be incorporated into concrete to obtain targeted properties of concrete. Biochemical
mimicry can also be implemented to attain good results.
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