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Abstract: Currently, the production of sustainable concrete with high strength, durability, and fewer
environmental problems has become a priority of concrete industries worldwide. Based on this
fact, the effective microorganism (EM) solution was included in the concrete mixtures to modify
the engineering properties. Concrete specimens prepared with 50% fly ash (FA) as an ordinary
Portland cement (OPC) replacement were considered as the control sample. The influence of EM
solution inclusion (at various contents of 0, 5, 10, 15, 20, and 25% weight) in the cement matrix as
water replacement was examined to determine the optimum ratio that can enhance the early and
late strength of the proposed bio-concrete. The compressive strength, porosity, carbonation depth,
resistance to sulphuric acid attack, and the environmental benefits of the prepared bio-concrete were
evaluated. The results showed that the mechanical properties and durability performance of the
bio-concrete were improved due to the addition of EM and FA. Furthermore, the inclusion of 10%
EM could increase the compressive strength of the bio-concrete at 3 (early) and 28 days by 42.5%
and 14.6%, respectively. The durability performance revealed a similar trend wherein the addition of
50% FA and 10% EM into the bio-concrete could improve its resistance against acid attack by 35.1%
compared to the control specimen. The concrete mix designed with 10% EM was discerned to be
optimum, with approximately 49.3% lower carbon dioxide emission compared to traditional cement.

Keywords: effective microorganism; bio-concrete; fly ash; acid resistance; sustainability

1. Introduction

In recent years, various types of effective microorganisms (EMs) have been used
to produce some innovative bio-concretes for construction applications [1–3]. For the
manufacturing of bio-concrete, several effective biological strategies and methods are
adopted to implement these EMs into the cement matrix [4,5]. Generally, such EMs in water,
soil, industrial wastewater effluent, oil reservoirs, and acidic hot springs are quite abundant.
Thus, the EMs can potentially be used in the mix design to make high-performance, durable,
and environmentally-friendly bio-concretes [6,7]. Construction industries worldwide have
classified the solutions of EMs into three main types based on bacteria, viruses, and fungi.
It was demonstrated that certain bacteria in the EM solution enable the precipitation of
different elements or chemical compounds, which are useful for the production of eco-
friendly and durable bio-concretes [8,9]. Diverse methods have been developed for the
successful incorporation of EM solution into the fresh concrete mixes, such as the direct
addition of microbial broth; the inclusion as spores, in the form of immobilized structures
into the silica gels or activated carbon, in the form of micro- and nano-encapsulation,
or using a chemical reaction-mediated vascular network with uniform/homogeneous
distributions of the microorganisms [4,10,11].
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Isa et al. [12] found that the inclusion of 3% EM solution weight into the cement can
improve its compressive strength (CS) by 14.1% at 28 days of curing age. The observed
enhancement in the CS was attributed to the higher hydration that filled the concrete pores
with C-(A)-S-H gels [13]. It was reported [14] that bacteria devoid of food/nutrients in the
EM solutions are unable to improve the CS performance of the concrete when included.
Sato et al. [15] showed that the use of EM solution could improve the CS compared to
the traditional cement-based control specimen. The inclusion of 5% EM in the concrete
matrix was shown to be optimal for achieving its elevated CS than the one devoid of EM
solution [16]. The CS of the concrete (43.2 MPa) prepared with 5% EM was about 42.9%
greater than the specimen devoid of EM solution. The concrete made with 5% EM attained
54% of its ultimate strength in 1 day, indicating the usefulness of EM solution in enhancing
the early strength desirably. The splitting tensile strength (STS) and flexural strength (FS) of
the concrete were also improved due to the addition of EM solution into the mixes. The EM
solution (5, 10, and 15% as water replacement) self-compacting concretes were designed by
Rizwan et al. [17] to determine their effects on the enhanced strength properties, plastic
viscosity, setting times, hydration kinetics, and volume stability together with decreased
water absorption of the proposed cement pastes in a hardened state. Many studies [18–22]
acknowledged that the addition of EM solution into the concrete matrix could improve its
resistance to corrosion attacks. Briefly, for structural purposes, the modified bio-concretes
containing EM solutions generated renewed interest in the construction industries because
of their excellent workability, mechanical, and durable performances.

Looking at the immense advantages of the EM solution-incorporated modified bio-
concretes, we proposed some eco-friendly high-performance concrete mixes containing
EM solution and FA that can withstand aggressive environments, including sulphuric acid
attacks. The optimum content of EM solution that can improve the early and late strength
performance of the FA-cement-modified bio-concrete was determined. The CS values of the
modified bio-concrete mixes were measured at various curing ages (3, 7, 28, and 56 days).
The benefits of FA/EM solution incorporation into the bio-concrete for enhancing their
durability properties in terms of the resistance against sulphuric acid attack, porosity, and
carbonation depth were analyzed. In addition, the environmental benefits of the proposed
eco-friendly sustainable bio-concretes containing FA/EM were evaluated to demonstrate
the reduction in CO2 emissions.

2. Materials and Methods
2.1. Materials and Mix Design

In this study, the EM solution (as a tap water replacement) activated bio-concretes
were prepared using high volume FA as OPC replacement. FA class F (low calcium content)
was obtained from a local power plant (Johor, Malaysia) and used without further chemical
or physical treatment. The chemical composition of FA (Table 1) was analyzed by X-ray
fluorescence spectroscopy (XRF) and was composed of silica oxide (SiO2) and aluminum
oxide (Al2O3), contributing more than 86% of the total weight. OPC was obtained from a
local supplier and used as the main resource for calcium oxide (CaO), which was mainly
composed of CaO and SiO2 (82%). In the bio-concrete mixes, 50% of OPC was replaced by
FA to reduce the CaO and increase the Al2O3 contents, thus improving the ratio of SiO2 to
Al2O3 and CaO to Al2O3.

Table 1. Chemical compositions of OPC and FA obtained from XRF analyses.

Raw
Materials

Elements (Weight%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOT

OPC 20.4 5.2 4.2 62.4 1.6 0.01 0.2 2.1 2.4
FA 57.2 28.8 3.7 5.2 1.5 0.9 0.1 0.1 0.1
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Table 2 shows the physical characteristics of OPC and FA, wherein FA displayed lower
specific gravity (2.2) compared to OPC (3.15), and the appearance of FA and OPC was grey
and dark grey, respectively. The percentage passing through a 45 µm (No. 325) wet sieve
for OPC and FA was, correspondingly, 90% and 100%, in accordance with ASTM C430.

Table 2. Physical traits of FA and OPC.

Properties FA OPC Permissible
Limits

Relevant
Standard

Specific gravity 2.20 3.15 3.10–3.25 ASTM C33
Color Grey Dark Grey - -

%Passing through 45 µm
wet sieve 100 90 ≥ 34 ASTM C430

In this study, 5 kg of type 1 EM (EM-1) was procured in a closed vessel (Johor,
Malaysia), and 5% of it was activated using 90% water and 5% blackstrap molasses as the
primary food source. As shown in Figure 1, the EM solution was comprised of Bacillus
subtilis and lactic acid bacteria. The activated solution was made (with a pH of less than 4)
using fermentation for 7–10 days without an oxygen supply. The existence of the EM in the
solution and its solubility in water were examined before implementation into the concrete
mixes. The color appearance of the produced bio-concrete (fresh and hardened phases)
was analyzed. Initially, EM showed a dark brown hue, then transformed to dark yellowish
after substituting with 10% of water, and finally became homogeneous light brown after
substituting with 25% of water. Similar findings regarding the EM solution colors were
reported elsewhere [23].

Figure 1. SEM image of the Bacillus subtilis and lactic acid bacteria in EM solutions.

Table 3 presents the compositions of the modified concrete. Later, these ratios were
altered to achieve the desired CS of 30 MPa at the curing age of 28 days. Next, 50% of
OPC was replaced by FA to determine the optimum EM solution content in enhancing
the early and late strength performance of the bio-concrete. For this purpose, 5, 10, 15, 20,
and 25% of EM were used to replace the tap water by weight percentage. The water to
cement ratio (w/c) was fixed at 0.55 for all mix designs. The OPC-FA-EM mixes were cast
at various ratios of the constituents wherein the fine and coarse aggregates were mixed
first for 3 min to achieve a homogenous mixture, and then the binders (OPC and FA) were
added followed by mixing for an extra 3 min. Afterward, the solution (water or water/EM)
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was included and mixed for 2 min. Then, the fresh concrete was poured into cubical and
cylindrical molds in two layers and subjected to a vibration table for 15 s to reduce the
air voids. The produced concrete specimens were cured for 7 days before assessing their
strength performance, thus determining the optimum EM content suitable for the batch
design of the proposed bio-concrete.

Table 3. Modified concrete mix design containing different amount of EM.

Mix
Binder, kg/m3 Solution, kg/m3 Aggregates, kg/m3

OPC FA CaO:SiO2 Water EM Sand Gravel

MC1-0-0 450 0 3.06 250 0 875 815

MC2-50-0 225 225 0.92 250 0 875 815

MC3-50-5 225 225 0.92 237.5 12.5 875 815

MC4-50-10 225 225 0.92 225 25 875 815

MC5-50-15 225 225 0.92 212.5 37.5 875 815

MC6-50-20 225 225 0.92 200 50 875 815

MC7-50-25 225 225 0.92 225 62.5 875 815

2.2. Test Procedure

Several tests were adopted to evaluate the sustainability performance of the suggested
bio-concrete, including the CS, porosity, carbonation depth (CD), resistance against sul-
phuric acid attack, and carbon dioxide emission. For the CS evaluation, cubic specimens
with size (100 mm × 100 mm × 100 mm) were made and recorded at various curing ages
(3, 7, 28, and 56 days). For each age, three specimens were tested to find the statistical
average. The CS test was conducted following the ASTM C109 and ASTM C150 stipula-
tions. Following the ASTM C642 standard, the porosity and total voids of the disc-shaped
specimens (100 mm diameter and 50 mm depth) were obtained. The BS 1881 standard was
followed to measure the CD of the cylindrical specimens (100 mm diameter and 200 mm
depth). Regarding the durability performance in an aggressive environment, modified
bio-concretes were immersed in H2SO4 solution (10% concentration), and the pH of the
acid solution was maintained for 2 months. The immersed specimens were tested after
180 and 365 days to measure their strength loss, weight loss, internal cracks, ultrasonic
pulse velocity (UPV) readings, visual appearance, and surface morphologies.

The environmental benefits of the FA and EM-incorporated bio-concretes were eval-
uated in terms of CO2 emission levels. For this assessment, each material (OPC, FA, and
EM) was considered over the entire life cycle, including the production, transport cost,
and other chemical treatments in the laboratory. The distance of transportation for FA and
OPC was 35 km and 5 km, respectively. Regarding the life cycle of each constituent of the
bio-concrete, the net CO2 release was calculated depending on the production, transport
distance, and fuel consumption to procure each component. For each ton of OPC, FA, and
EM, the corresponding net CO2 release was 0.904, 0.012, and 0.00001 ton/ton. For every
cubic meter of the constituent material, the net CO2 emission was calculated via:

YG =
n

∑
i=1

xi [(di × f i × zi)] (1)

where YG is the net CO2 release (ton/ton), xi is the mass of constituent i (ton/m3), di is the
transportation distance (km), fi is the diesel usage (liter/km), zi is the CO2 release (ton) for
1 L diesel burning.
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3. Results and Discussion
3.1. Microstructure Properties of FA and OPC

Figure 2 displays the XRD profile and SEM image of FA. The XRD profile of FA
(Figure 2a) was comprised of many sharp peaks corresponding to the mullite, quartz,
silica, and alumina crystalline structures. SEM image of FA (Figure 2b) revealed the
existence of spherical blobs (medium size of 10 µm smaller than OPC particles) with
smooth surface morphology.

Figure 2. Mineral properties of FA powder (a) XRD profile and (b) SEM micrograph.

Figure 3 illustrates the XRD profiles and SEM micrograph of OPC. The broad hunch
in the region (25◦ to 55◦) indicated the amorphous phase of OPC (Figure 3a). In addition,
the XRD pattern of OPC exhibited sharp crystalline peaks of Dicalcium Silicate (C2S) and
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Tricalcium Silicate (C3S). The non-crystalline silicate minerals in FA reacted with Ca(OH)2
to create the cement hydration products such as calcium silicate hydrate (C-S-H) gels. The
reduction in Ca(OH)2 and increase in C-S-H gel led to the enhanced strength performance
and durability of the bio-concrete. The SEM image analyses (Figure 3b) of OPC showed the
presence of irregularly shaped particles with a median particle size of 14.6 µm, which was
larger than the FA particles. This indicated that the reactivity of FA as a pozzolanic material
was higher compared to OPC due to their larger surface area with tinier particle size.

Figure 3. Mineral properties of OPC powder (a) XRD pattern and (b) SEM image.

3.2. Surface Tension, pH and Viscosity of EM Solution

The effect of EM solution replacement for water on the pH values of the produced
bio-concretes was measured (Table 4). The substitution of the tap water by 5 to 20% of the
EM solution caused a reduction in the water pH from 6.7 to 4.0, respectively. The pH of EM
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(3.5) significantly affected the pH of the prepared solution (water-EM). Isa et al. [12] and
Andrew et al. [16] observed a similar trend in the prepared solution PH variation where
the influence of EM on the pH was significant. The fresh EM solution pH was reported to
be more than 3.5 [24]. Cabrera et al. [25] reported the significant effects of high and low pH
water on the fresh and hardened properties of concretes. In this work, the results revealed
that pH level played a critical role in the process of hydration, early and late strength, as
well as durability performance of the concrete. The EM content (Table 4) also appreciably
affected the viscosity of the water-EM solution, which was increased from 0.95 to 1.25 mPa
with the increase in water substitution by EM from 0 to 25%, respectively. The highly
viscous nature of EM (1.44 mPa) could significantly affect the viscosity of the prepared
solution. In a study according to Wang and Li [26], the mixing water viscosity can affect the
fresh and hardened characteristics of the concretes. This can help to produce fluid concrete
with high cohesiveness to decrease the bleeding, segregations, and settlements. In addition,
the workability and durability performance of the concretes can be improved by regulating
the pH of the solution [27]. In the current study, the observed increase in the EM solution
viscosity could be ascribed to the inclusion of molasses during the mixture preparation.

Table 4. Prepared EM solution properties (pH, viscosity, and surface tension).

Properties EM Solution
Water Replacement by EM Solution (%)

0 5 10 15 20 25

pH 3.45 6.7 6.4 6.3 5.7 5.2 4.0

Viscosity, mPas 1.44 0.95 1.0 1.05 1.1 1.2 1.25

Surface tension,
mN/m 66 66 58.3 54.5 51.7 44.8 39.9

The fresh and hardened characteristics of the concrete were significantly influenced by
the surface tension of the mixed solution (Table 4), wherein the prepared solution surface
tension values were decreased with the increase in EM levels during water substitution.
With the increase in EM content from 0 to 25%, the corresponding surface tension values
dropped from 66 to 39.9 mN/m. This was mainly due to the considerable influence of the
low surface tension of EM (35.6 mN/m) on the surface tension of the prepared solution.
The liquid surface tension describes the attraction at the interfacial region between two
phases, such as liquid–solid or liquid–vapor or liquid–gas or liquid–air. The surface tension
characterizes the elastic trend of any fluid surface that allows it to achieve the lowest
possible surface area. This plays a crucial role in the capillary actions occurring during
the release of fluid that makes contact with the porous materials (rock or mineral). The
interfacial tension is roughly similar to the surface tension in terms of cohesive force
involvement. In this work, the surface tension of the solution was important to achieve the
superior characteristics of the proposed bio-concretes.

3.3. Compressive Strength

Figure 4 displays the effect of FA/EM on the CS performance of the concrete at early
and late ages, wherein the addition of a high volume of FA (50%) caused significant effects
on the development of the CS. At an early age (3 days), the replacement of cement by
50% of FA led to a drop in the CS value from 22.9 to 13.4 MPa with a loss in strength
above 41%. However, the loss of strength was decreased to 22.4 to 13.4% by increasing
the curing age from 7 to 56 days, respectively. Several studies [28–32] showed that the
replacement of cement by FA could increase the SiO2 and Al2O3 levels with a reduction in
CaO content, thus affecting the cement hydration process. The incorporation of FA into the
cement matrix caused significant effects on ion transport and gel formation, fluctuating the
electrochemical properties, as observed from the impedance analyses [33,34]. Meanwhile,
cement substitution with a high volume of FA reduced the hydration process, thus affecting
the net C-S-H gel formation and making the bio-concretes more porous with reduced
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CS performance. The reduction in the strength loss percentage of the bio-concretes by
increasing the curing ages from 3 to 56 days can be attributed to the improvement of the
hydration of alite (Ca3SiO5), belite (Ca2SiO4), and tricalcium aluminate (Ca3Al2O4) [35,36].
The observed enhancement in the CS values of the cement-FA specimens after 28 days
was mainly due to the formation of extra C-S-H gels originating from alite and belite [37],
together with the secondary to extra FA-mediated C-S-H gel formation [38,39]. Conversely,
the addition of the high volume FA in the bio-concrete could enhance the CS value after
28 days, mainly due to various hydration products resulting from the hydraulic reactions
with Ca(OH)2 that existed in the cement. However, the increased curing time enhanced the
CS value of the specimens; this increase was mainly due to the pozzolanic reactions that
enabled the C-S-H gel formation in contrast to the control specimen at 7 days [40–42].

Figure 4. Influence of EM solution on the CS development of bio-concrete.

The effect of the EM solution on the early and late CS development of the cement-FA
concretes was evaluated (Figure 3). The inclusion of the EM solution into the cement-
FA matrix significantly affected the strength and the CS values, which were increased
with increased curing age. At 3 days of age (early), the CS values of the bio-concrete were
increased from 13.4 to 19.1 MPa, with the corresponding increase in the EM solution content
from 0 to 10% as a water replacement. However, with the further increase in EM solution
from 15 to 25%, the corresponding CS values dropped from 15.3 to 12.8 MPa. At 28 days
(late age), the CS values were increased from 33.7 to 38.6 MPa, with the increase in the EM
solution content from 0 to 10%, respectively. Furthermore, the CS values were reduced
from 29.8 to 25.7 MPa, with an increase in the EM solution from 15 to 25%, respectively.
Irrespective of the curing ages (3 to 56 days), the concrete produced with 10% of EM solution
displayed the optimum CS development. These results agreed with the other findings on
early age CS development, which was mainly due to the reduction in the hydration process
and ineffective filling of pores by the molasses. The pH value of the original concrete
was below the control specimen, indicating the lower alkalinity of the concrete at early
ages. It was acknowledged that the hydration reaction could be negatively affected by the
reduction in both pores and fluid alkalinity, yielding a reduced CS of the concrete at early
ages [41]. In addition, the cement hydration process can be delayed because a low pH can
obstruct microstructure development in the cement pastes at early ages [43].

The early-age CS values of the modified concrete were directly influenced by the pH
of the solution. It was shown [44] that the absorption of water molecules in the interfacial
region comprising both water and solid could generate organic molecular films that, in turn,
lowered the interfacial energy of the cement particles and hydration products, hindering
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the progress of the hydration reactions and thereby affecting the CS development of the
concretes. As a result, both the alkali content and solution pH were lowered, thus delaying
the hydration process of the alite in the concrete. Another factor that caused the reduction
in the CS development at an early age was related to inadequate pore filling by the molasses
that decelerated the hydration reaction in the cement matrix. This delay in the hydration
reaction mechanism may be due to the molasses adsorption on the hydrated cement
particles and/or hydration product surfaces [45]. Additionally, the delay in the hydration
process can be ascribed to the increase in ion solubility aroused from the cement particles
and their successive adsorption by Ca(OH)2 and hydrated C–S–H gels, restricting their
expansion in the concrete network. Similar results were obtained by Ali et al. [46], who
showed an increase in the CS values at all ages (except at early ages) of the molasses-
incorporated concretes.

The acceleration of the hydration process enabled efficient pore filling by C-(A)-S-H
gels, thus achieving a better strength performance in the bio-concrete made with 5 and
10% EM than the control specimen. Moreover, the low value of the surface tension of
the mixed water was responsible for the better performance of the bio-concrete, wherein
very tiny pores were formed by the water when mixed in the concrete. It was inferred
that the interaction amid the capillary walls could be controlled by lowering the solution
surface tension because the capillary pores’ diameter is reduced to micro-scale during
drying [47]. In addition, the surface energy can be lowered by controlling the mixed water
surface tension adsorbed on the cement particles’ surface [48]. Thus, harmless voids/pores
are enhanced, and that leads to the creation of high-density network structures. The CS
values of the proposed bio-concretes were improved by 25–30% with the decrease in the
mixed water surface tension than the standard concrete [49]. A study showed that [50] the
performance of the admixtures can be improved by lowering the surface tension of the
water rather than adding excess mixing water.

The inclusion of EM at high amounts could reduce the solution surface tension,
thus reducing the CS values of the bio-concretes [48]. The flowability of the bio-concrete
prepared with 20% EM was reduced due to the inhomogeneity of the mixes and little
bleeding, achieving very poor hydration. Additionally, the particle separation generated
a small number of chemical bonds within the concrete matrix, producing lower pH and
CS values for the concrete containing 20% EM. Other factors responsible for the lower CS
values may be related to the high volume of molasses. Akar and Canbaz [51] showed that
lower CS at higher EM levels might be due to the late production of Ca3SiO4 from the
hydration reaction, which is vital for the CS development of the bio-concrete. However,
at higher molasses contents, the ettringite formation was accelerated, averting the second
hydration of the aluminates phase and delaying the hydration of the Ca3SiO4 [44].

3.4. Microstructure Properties

The resulting analysis of the XRD at 28 days of curing age for the modified concrete
with FA and EM compared to the control samples is presented in Figure 5. The results show
that the inclusion of a high volume of FA (50%) as a cement replacement negatively affects
the hydration process and restricts the total formulation of Ca(OH)2, CaCO3, and C-(A)-S-H
gels. The results show that the increasing content of FA resulted in more non-reacted silica,
as displayed by the peaks at 20.1, 39.8, 50, and 60.4◦. These consisted of sharp crystalline
peaks corresponding to the quartz (SiO2), portlandite (CaOH)2, calcite (CaCO3), ettringite
(Ca6Al2(SO4)3(OH)12·26H2O), and gypsum (CaSiO4) phases that resulted from the binary
blends (OPC and FA). It was found the intensity of the quartz peaks trend to increase with
the increasing FA level from 0 to 50% as an OPC replacement, wherein more quartz became
nonreactive at 50% of FA (MC2-50-0) compared to the control sample (MC1-0-0), which
resulted in lower strength. These products were generated from the reaction between the
amorphous SiO2 and Al2O3 from FA with highly crystalline C3S, C2S, and C3A from OPC
phases. Conversely, the concrete made without OPC showed portlandite and calcite peaks
around 18-65◦. However, by replacing OPC with 50% FA, the portlandite peaks in the
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range of 18–50◦ became lower. Unlike with the inclusion of 10% of EM in the OPC-FA
matrix modified concrete specimens (MC4-50-10), the quartz peak intensity was decreased
at the expense of the portlandite peak intensity as more silica dissolved and created the
C-(A)-S-H gels in the hydration process (Table 5). Briefly, the XRD results clearly revealed
the influence of the EM and FA on the generated C-S-H gel and the strength of the prepared
modified concretes.

Figure 5. Effect of FA and EM content on XRD of prepared concrete specimens.

Table 5. The XRD peak values for modified concrete with FA and EM, weight %.

Index MC1-0-0 MC2-50-0 MC4-50-10

Ca(OH)2 13.9 8.4 18.4
SiO2 68.6 76.3 67.5

CaCO3 8.8 6.1 9.2
Ca6Al2(SO4)3(OH)12·26H2O 7.1 1.3 2.1

Figure 6 shows the SEM images of MC1-0-0, MC2-50-0, and MC4-50-10 specimens
at 28 days. The alteration in the surface morphology of the bio-concrete clearly showed
the impact of the FA and EM inclusion in the cement matrix. Compared to the control
specimens (Figure 6a), the FA and EM-based concretes (Figure 6b,c) led to improved
hydration processes and produced extra C-(A)-S-H gels, thus enhancing the CS values
of the concretes. Generally, the concrete containing FA (Figure 6b) showed less dense
microstructures than the cement-FA-EM concrete, which was due to the lack of C–S–H
gel formulation. The bio-concrete designed with 10% EM and 50% FA showed dense
microstructures with enhanced morphology (Figure 6c). In addition, the morphologies
of the bio-concretes revealed the presence of a small number of unreacted particles. The
enhanced EM solution-mediated hydration reaction and aluminum content were mainly
responsible for the improvement to the CS of the bio-concrete, which led to the formulation
of more (C-(A)-S-H) gels compared to the specimen designed only with cement and FA [23].
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Figure 6. SEM images of (a) MC1-0-0, (b) MC2-50-0 and (c) MC4-50-10 at 28 days.
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3.5. Porosity

Figure 7 displays the effect of the EM dosage on the porosity of the modified cement
(cement-FA). For all concretes, the porosity percentage was decreased with the increase
in the curing ages from 7 to 56 days. At 7 days (early age), the inclusion of 50% FA as the
cement replacement was found to increase the porosity from 4.7 to 5.8%. However, with
the increased curing ages of 28 and 56 days, the porosity of the bio-concretes dropped to
4.6% and 3.5%, respectively. The EM-activated bio-concretes showed much lower porosity.
At 7 days, the replacement of tap water by 5 and 10% of EM could reduce the porosity of
the bio-concrete from 5.8 to 5.1%, respectively. However, with the increase in the tap water
replacement by EM from 15 to 25%, the porosity of the bio-concrete was slightly increased
from 6.1% to 7.2%, respectively. Similar trends were observed after 28 and 56 days of
curing age, wherein the increase in the EM dosage up to 10% could negatively affect the
surface morphology of the bio-concrete, leading to an increase in porosity. At 28 days
(late age), the bio-concrete with 10% EM as the replacement for the tap water achieved
the optimum porosity, thus enhancing the surface morphology and reducing the total
number of pores. The specimens prepared with 10% of EM displayed porosity readings of
3.6% and 3.2% compared to 4.6% and 3.5% at 28 and 56 days of age, respectively. The EM
solution-incorporated mixes showed improved hydration reactions, indicating a decreased
number of unreacted and partially-reacted particles with denser structures [52]. Regarding
the enhanced surface morphology and the reduced density of the pores of the bio-concrete,
an inverse relationship between the porosity (P) and CS was ascertained (Figure 8) with
R2 = 0.97, indicating good confidence for the correlation obtained via:

P = −0.1686 CS + 10.155 (2)

Figure 7. FA/EM contents-dependent porosity variation of the bio-concrete formulations.

3.6. Carbonation Depth

Figure 9 displays the EM solution content-dependent CD of the bio-concretes, indi-
cating the significant effect of FA and EM solution on the CD values at 28 days of age.
The replacement of the cement with 50% FA was found to adversely affect the surface
morphology of the prepared bio-concrete, increasing the number of pores and, thus, the
CD from 8.2 to 8.9 mm. However, the inclusion of EM solution into the cement-FA matrix
positively affected the surface morphology of the prepared bio-concrete, reducing the CD.
The addition of 5% and 10% of the EM solution as a replacement for the tap water was
observed to reduce the CD from 8.7 to 8.2 mm, respectively. However, the further increase
in the EM solution from 15% to 25% was shown to negatively influence the surface mor-
phology of the prepared bio-concrete, increasing the CD from 9.1 to 9.6 mm, respectively. It
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was asserted that the inclusion of 10% EM solution in the concrete as a replacement for tap
water significantly improved the durability performance of the bio-concrete by appreciably
reducing the CD. It was also reported [45,52,53] that the number of void spaces can be
lowered with the addition of an optimal quantity of pozzolanic materials as a cement
substitution, which can be ascribed to the dense C-A-S-H gel formulation in the concrete
matrix. In short, the reduction in the number of voids can positively reduce the porosity of
the bio-concrete, thus lowering their CD.

Figure 8. Porosity as a function of CS of bio-concretes at 7, 28 and 56 days of curing age.

Figure 9. EM solution content-dependent CD of the bio-concrete formulations.

3.7. Sulphuric Acid Resistance

Figure 10 illustrates the influence of FA and EM on the CS loss of the bio-concretes
exposed to 10% H2SO4 solution. It is important to mention that the benefits of using FA and
EM in the bio-concrete to enhance the durability were evaluated in terms of their resistance
against sulphuric acid attacks. The durability of the proposed bio-concretes was measured
in terms of the residual CS, weight loss, internal crack formation using ultrasonic pulse



Biomimetics 2022, 7, 65 14 of 21

velocity (UPV), virtual appearance, and microstructure properties. The loss in strength
increased with the increase in the acid-exposure period (Figure 10). Bio-concrete exposed
to the acid solution for a year showed lower performance compared to the one immersed
for 180 days. The FA and EM-incorporated specimens displayed enhanced durability. The
bio-concrete exposed to the acid solution for 180 days showed a strength decrease from
43.7 and 38.9% when prepared with 50% FA and 10% EM, respectively. Similar results were
obtained after one year of acid solution exposure, wherein the strength decreased from
93.7% to 65.2% and 60.8% due to the corresponding addition of the FA and EM solution in
the cement matrix. The enhanced durability of the modified bio-concrete can be attributed
to the pozzolanic reactions of FA (50%) that led to the formation of Ca(OH)2 through the
hydration reaction of the cement pastes producing excess hydrated products, such as C-S-H
gels. Accordingly, both CS and the durability of the bio-concretes were enhanced because
of the hardened specimen’s densification. Moreover, the constituents of FA, such as silicates
and aluminates, were easily dissolved inside the concretes’ core due to its high alkalinity,
inducing further pozzolanic reaction with the existing Ca in the cement matrix [2,4].

Figure 10. Influence of FA and EM on CS loss of the bio-concretes exposed to 10% of H2SO4 solution.

Figure 11 depicts the influence of FA and EM on the weight loss of the bio-concretes
exposed to 10% H2SO4 solution. The weight loss of the bio-concretes was evaluated after
180- and 365-days of exposure to the acid solution. The results revealed that with the
increase in the immersion period, the durability of proposed bio-concretes was reduced,
which was mainly due to the formation of more internal cracks (Figure 11) and increased
deterioration. However, the FA- and EM-included concrete showed reduced weight loss
and improved durability. After 180 days, the FA- and EM-incorporated specimens showed
a significant drop in the weight loss percentage from 20.1 and 19.3%, respectively. Similar
trends were observed after 365 days of immersion in the acid solution, wherein the concretes
designed using FA or FA and EM revealed better performance, with corresponding drops
in weight loss from 45.4 and 43.1%, which were better than the control specimen. It was
affirmed that the inclusion of FA and EM could lower the CaO content in the cement matrix,
thus restricting the formulation of more Ca(OH)2 and gypsum. The gypsum formulation
can generate extra internal stress and strain, leading to the development of more cracks
and weight loss in the concrete [23].
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Figure 11. Influence of FA and EM on weight loss of the bio-concretes exposed to 10% of
H2SO4 solution.

Figure 12 shows the UPV readings of the modified concrete containing FA and EM
under 10% H2SO4 exposure for 180 days and one year. The interior and outside corrosion
of all concretes were increased with increased exposure times. After 180 days of immersion,
the concrete containing FA and EM showed fewer inner cracks, increasing the UPV reading
from 1504.8 m/s to 3326.2 m/s. Similar results were observed after 365 days of immersion,
wherein the specimen made from FA and EM showed an increase in the UPV reading from
1259.3 m/s to 2112.8 m/s. The lower UPV reading for the specimen exposed to acid for one
year compared to the one exposed for 180 days was mainly due to the generation of more
inner cracks that led to higher porosity, thus producing lower durability after prolonged
exposure to the acid solution. In general, when FA and EM were included, the specimen
showed fewer inner cracks and the formation of more stable gels in the acidic solution
than in the pure OPC matrix. When the bio-concrete was subjected to the acid solution,
the Ca(OH)2 reacted with the SO4

−2 ion and produced CaSO4·2H2O. Consequently, the
concrete networks were expanded and contained more inner cracks. This observation was
consistent with the other findings [54–57], wherein it was demonstrated that more stable
(C-(A)-S-H) gel forms due to an improvement in the aluminosilicates; these reductions,
in turn, reduced the Ca(OH)2 and gypsum (Ca2SO4·2H2O) levels. The recorded loss in
concrete mass and strength can be ascribed to acid molecule diffusion into the cement
network matrix and subsequent gel damage. In addition, the soft and soluble gypsum
strongly reacted with Ca(OH)2 and generated ettringite (3CaO·Al2O3·3CaSO4·32H2O).
Nevertheless, the existence of FA and EM in the concrete matrix led to a reduction in
unstable calcium, restricting the formation of gypsum and thus lowering the concrete
spalling and deterioration [52,58,59].

Figure 13 shows the visual appearance of bio-concretes containing FA and EM solution
after one year of 10% H2SO4 solution exposure. The resistance of the modified concrete to
sulphuric acid attack was enhanced, as shown by the reduced external cracks, edges, and
surface deterioration. The specimen devoid of FA and EM (control sample) showed the
formation of larger cracks compared to the bio-concrete containing both FA (50%) and EM
solution (10%). The bio-concrete corrosion was significantly decreased with the increased
FA and EM levels of 50% and 10%, respectively. The inclusion of FA and EM into the
concrete mixes could reduce the gypsum formulation as well as enabling the generation of
more stable gels, improving the bio-concrete resistance and preventing deterioration.
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Figure 12. Influence of FA and EM on UPV readings of bio-concrete exposed to 10% of
H2SO4 solution.

Figure 13. Visual appearance of modified concrete exposed H2SO4 after 365 days of immersion period.

Figure 14 presents SEM images of the modified concretes under 10% H2SO4 solution
exposure for one year. Specimens containing FA or FA and EM solution showed a decreased
quantity of gypsum and presented with a lower deterioration compared to the cement-
based concrete (control sample). The concrete specimens prepared with cement only
(Figure 14a) displayed more gypsum and ettringite compared to the bio-concrete made
with FA (50%) and EM solution (10%). The achieved homogeneous and dense structures of
the EM solution-activated concrete clearly verified the existence of unreacted and partially
reacted silica (Figure 14b,c). The SEM results (Figure 14a) revealed the formation of
many rod-shaped CaSO4·H2O crystals (gypsum) [60,61]. Generally, the bio-concrete made
from FA and EM solution showed lower gypsum and ettringite levels than the pure
OPC-based concrete. The inclusion of FA and EM solution into the cement matrix could
appreciably improve the bio-concrete resistance against the acid attack. The lower Ca(OH)2
level in the bio-concrete was responsible for the improved acid attack resistance and
enhanced durability.
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Figure 14. Effect of sulphuric acid solution on surface morphology of modified concrete specimen
after 364 days of exposure (a) MC1-0-0 (b) MC2-50-0 and (c) MC4-50-10.

3.8. Reduction of Carbon Dioxide Emission

The environmental benefits of the FA and EM solution-incorporated bio-concrete were
evaluated in terms of the predicted lowering of carbon dioxide emissions. Figure 15 displays
the effect of FA and EM content on the CO2 emissions of the modified concrete. Table 6
shows the transportation distance and fuel consumed by every material that was used in
the analysis. The inclusion of 50% FA into the cement matrix was found to significantly
reduce the total CO2 emissions, achieving substantial environmental benefits. The inclusion
of FA and EM solution into the cement matrix was found to reduce the CO2 emissions
from 0.4068 kg/m3 to 0.2067 kg/m3. The proposed concrete achieved much lower carbon
emissions (above 49.3%) compared to the pure OPC-based control specimen. Conversely,
the inclusion of 50% FA as a cement replacement in the high-performance bio-concrete was
shown to reduce the demand for natural resources as well landfill problems related to the
disposal of hazardous waste materials.

Figure 15. Effect of FA and EM content on CO2 emission of the modified concretes.
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Table 6. OPC, FA and EM materials carbon dioxide emission different components of the life cycle.

Transportation Cost Parameters

Speed, km/h Diesel consumption,
liter/km Truck volume, m3 CO2 emission for 1 L

diesel, ton

80 0.09 12 0.0027

Materials CO2 emission, energy consumption and cost.

Materials Manufacturing (CO2,
t/t)

Transportation (CO2,
t/t) Total (CO2, t/t)

OPC 0.9023 0.0017 0.904

FA 0 0.012 0.012

EM 0 0 0

4. Conclusions

In this work, the possibility of producing sustainable bio-concrete using FA and EM
with improved strength and durability performance was explored. From the obtained
results, the following conclusions were derived:

i. The replacement of tap water with the EM solution led to a reduced pH and surface
tension. However, the viscosity of EM solution was increased with the increase in
the EM level. The fresh and hardened properties of bio-concrete were significantly
influenced by the inclusion of the EM solution.

ii. The inclusion of 50% FA as an OPC replacement could directly affect the early and
late strength development of the proposed bio-concrete.

iii. The inclusion of 5% and 10% EM in the cement-FA matrix improved the CS at early
and late ages.

iv. The highest CS was achieved for the bio-concrete prepared with 10% EM. The EM
solution improved the hydration process and led to the formulation of denser gels,
thus yielding a better performance compared to other dosages of EMs.

v. The SEM results showed that the replacement of tap water with 10% EM solution
could improve the surface morphology of the bio-concrete and reduce the number
of pores. This, in turn, increased the strength and reduced the porosity of the bio-
concrete. An inverse relationship was observed between strength and porosity of
modified concretes.

vi. The reduction in the porosity and total number of pores in the modified concrete
prepared with 10% EM could contribute to the improvement of their durability by
reducing the carbonation depth.

vii. The inclusion of FA and EM in the cement matrix led to an increase in the concrete
resistance during sulphuric acid attack in terms of the reduced strength loss, weight
loss, internal cracks, and deterioration of both the surface and edges.

viii. Overall, the FA and EM solution-incorporated concrete showed a great potential for
construction applications. It is asserted that such bio-concretes may offer a possible
solution to reduce the reliance on standard OPC-based concretes that contribute appre-
ciably to pollution, promoting the development of materials of greater sustainability
and thus minimizing the negative effect on the environment.
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