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In the presence of significant quantities of carbon dioxide (CO,) and elevated temperatures in the atmosphere due to climate change,
cement-based materials are susceptible to carbonation. Blended cements are more prone to carbonation attack than Portland cement.
There is a need to evaluate the carbonation resistance of blended cements in a carbonation-prone environment. This paper presents
experimental findings obtained from an evaluation of carbonation resistance tests on Rice Husk Ash- (RHA-) blended cement. The
blended cement was made by intergrinding of Portland Cement (PC) and RHA to make the test cement (PC-RHA). The RHA dosage
in the PC-RHA was varied from 0 to 30% by mass of PC. Pozzolanicity, standard consistency, and setting time tests were conducted
on PC-RHA. Mortar prisms measuring 160 mm x 40 mm x 40 mm were separately cast at a water/cement ratio (w/c) of 0.50 and 0.60
and cured in water for 2, 7, 14, 28, and 90 days. Compressive strength tests were conducted on the mortar prisms at each of the testing
ages. The prepared mortars were also subjected to accelerated carbonation tests in two Relative Humidity (RH) curing regimes, one
maintained at an RH greater than 90% and the other between 50-60%. Carbonation resistance of the mixtures was evaluated in terms
of the changes in carbonation depth using a phenolphthalein test at the age of 7, 14, 28, and 56 days of curing in a continuous flow of
CO,. Compressive strength measurements were also taken during each of the carbonation testing ages. For comparison, similar tests
were conducted using commercial PC. The results showed that PC-RHA was pozzolanic while PC was nonpozzolanic. Higher water
demand and longer setting times were observed in PC-RHA than in PC. Moreover, there was increased strength development in
water-cured samples with increased curing duration. Carbonation results indicated that there was a marked increase in carbonation
depth with increased dosage of RHA in PC-RHA binders, increased duration of exposure to CO,, and decreased RH (RH between
50-60%). PC-RHA binders exhibited lower carbonation resistance than PC. In conclusion, for mortars at any w/c ratio, carbonation
resistance decreased with increase in RHA dosage and increased w/c ratio.

1. Introduction

Presently, there is an increase in greenhouse gas emissions,
mainly anthropogenic CO,, hence adversely affecting the
earth’s climate [1-3]. Recently, the global average surface air
temperature has been reported to have increased [4, 5].
Rising sea levels, decreased snowpacks, and increased glacial
melting increased heat waves and drought occurrences and
increased extreme precipitation events, leading to increased
flood risks in Africa and the rest of the world [6, 7]. As a
consequence, the risks of decreased global food production
potential for extinction of biodiversity are some of the

potential effects of climate change in the world. However,
limited attention has been paid to the effect of climate
change on cement-based structures [8, 9].

Cement-based structures represent the major compo-
nents of the built environment [10]. There is a growing need
to evaluate the impact of climate change on our cement-
based infrastructure. Reinforced concrete structures form an
essential part of our world. Climate change has the potential
to impact negatively on the durability of a cement-based
infrastructure [8, 11]. There is need to recognize the effects
that global climate change may have on a cement-based
infrastructure in order to develop resilient construction


mailto:jmarangu2011@gmail.com
https://orcid.org/0000-0003-4228-602X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5304745

materials [12]. Due to climate change, there is a prevalence of
significant quantities of carbon dioxide (CO,) and elevated
temperatures in the atmosphere, and under these conditions,
cement-based materials are susceptible to carbonation
[13, 14]. Carbonation of cementitious materials occurs due
to a reaction between atmospheric CO, and the hydrated
phases of cement, leading to a drop in its pH [15]. In
reinforced concrete, a drop in pH of pore water leads to the
depassivation of embedded rebar. Increased carbonation
rates of reinforced concrete structures are expected as a
result of increased temperatures and CO, concentrations,
with the enhanced risk of carbonation-induced corrosion
likely affecting the service life of cement-based structures.
Therefore climate change may alter the ambient construc-
tion environment, especially in the longer-term, causing
acceleration of carbonation-induced corrosion that leads to
cracking and spalling, which result in more costly and
disruptive repairs and maintenance activities, as well as
strength loss of concrete structures [16].

Portland Cement (PC) is the main binder used in
building and construction worldwide [17]. However, the
manufacture of PC is an intensive process both in terms of
raw material acquisition and energy. In the process, about
5% of carbon dioxide (CO,) is emitted into the atmosphere.
CO, is the main greenhouse gas mainly responsible for
global warming and climate change [2]. In addition, due to
the high energy demand associated with the production of
PC, the resultant cement is expensive, especially to low-
income earners. Blending of PC with pozzolanic materials
has been found to be an innovative strategy to lower the cost
of cement and reduce the amount clinker and, hence, lower
CO, emission [18-20]. However, blended cements have been
found to be susceptible to carbonation than PC due to lower
amounts of calcium hydroxide (CH) in their hydrated
phases [13, 21, 22]. Therefore, the performance of blended
cements must be properly investigated to validate their
application in carbonation-prone areas such as coastal and
offshore regions and in present atmospheric conditions
marked with increased CO, emission.

Increased demand for low-cost and environment-
friendly cement has increased the demand for supplemen-
tary cementitious materials [23]. Rice is an agricultural crop
produced in vast quantities globally [24]. Large amount of
Rice Husks (RH) generated in the world is mostly burnt in
open fields leading to environmental pollution, and the
resultant Rice Husk Ash (RHA) is not beneficial to the soil.
This is because the silica in RHA is in an unreactive and
nonabsorbable form. This results in the use of RHA in land
filling as a method of disposal. However, RHA has the
potential to meet the growing need for production and use of
sustainable construction materials in the world if used as a
pozzolana in the manufacture of blended cements [25-30].
The durability of cement-based structures is a global per-
vasive problem. In view of changing environmental con-
ditions due to climate change, there is a need to evaluate the
performance of blended cements in aggressive media such as
carbonation-prone environments [31, 32]. The carbonation-
induced corrosion is the major cause of degradation and
subsequent reduction in the service life of cement-based
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materials and increased maintenance-related costs more so
in structures located in coastal and offshore regions [33, 34].
Replacement of clinker with RHA is recently gaining the
world attention as a viable option to lower the cost of cement
and promote environmental conservation. However, in-
creased substitution of clinker in cement with RHA has the
potential to increase the susceptibility of the resulting ce-
ment-based structure to carbonation attack mostly due to
prevalence of high quantities of CO, and elevated tem-
peratures in the atmosphere due to climate change. It is,
therefore, important to evaluate the robustness of PC-RHA
cement blend under carbonation conditions to validate its
applicability in such aggressive media. In this study, car-
bonation resistance of blended cement by intergrinding of
Ordinary Portland Cement (PC) and Rice Husk Ash to make
the test cement (PC-RHA) was investigated. The study
aimed to evaluate the performance of a rice husk ash-based
cement under ambient and severe carbonation conditions.

2. Materials and Methods

2.1. Materials. Rice Husk (RH) was obtained from a rice
processing plant located at Mwea town, Kirinyaga County,
Kenya. The RH was incinerated at 600°C for 3 hours using a
Muftle furnace model number OSK 9540-MK-SP 38351 to
obtain RHA which was used as a pozzolana in the prepa-
ration of blended cement. Requisite amounts of RHA and
PC were mechanically mixed in an automatic mixer to make
PC-RHAs at 0, 10, 15, 25, and 30 percent substitution of PC
by mass. Commercial 42.5N Portland Cement (PC) was
supplied by East Africa Portland Cement, located in Athi
River, Machakos County, Kenya.

Brunauer-Emmett-Teller (BET) testing was used to
evaluate the surface area of RHA. In this test, Nitrogen
adsorption-desorption measurements were conducted at
77 K on a Micromeretics Tristar 3000 apparatus to determine
the Brunauer-Emmett-Teller (BET) surface area. Prior to
measurements being taken, samples were dried at 105°C and
kept in a desiccator until testing. In addition, the samples
were cooled with liquid nitrogen and analyzed by measuring
the volume of gas (N,) adsorbed at specific pressures. The
BET adsorption theory was used for the determination of
surface area, using the corresponding values of the relative
pressure between 5-35% of the adsorption curve assuming
that there was complete pore saturation.

The composition of RHA- and PC-RHA-blended ce-
ments used in this study is given in Table 1.

2.2. Methods

2.2.1. Pozzolanicity Test. A saturated lime test was used to
assess the pozzolanic activities of the test cements [35]. The
testing reagents were prepared by separately dissolving requisite
amounts of ethylenediaminetetraacetic acid disodium salt de-
hydrate (EDTA), concentrated HCl, and NaOH in water to
make 0.025M EDTA, 0.IM HCl, and 5M NaOH solutions,
respectively. The 0.025M EDTA solution was standardized
against dried calcium carbonate while 0.IM HCl was stan-
dardized against dried sodium carbonate. Murexide indicator
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TaBLE 1: Composition and physical properties of RHA and PC.

Composition RHA PC

SiO, 82.43 20.28
ALO; 1.35 4.98
Fe,05 1.28 342
CaO 1.22 62.97
MgO 1.97 2.65
SO, 0.18 2.75
K,O 2.51 0.28
Na,O 0.15 0.36
LOI 2.95 1.38
BET (m%/g) 51.4

Blaine surface area (mz/g) 2.31

Specific gravity 212 2.95

was prepared by intergrinding 0.5 g of murexide and 100 g of
dried potassium chloride using a pestle and mortar.

Curing of the test sample for the test was performed by
pipetting 100 ml of freshly boiled water into a 0.5 litre plastic
container and the sealed container placed in a thermostatic
enclosure at 40 + 0.2°C until equilibrium was reached in about
an hour. The container was removed from the thermostatic
enclosure, and 20.00 g of test cement was poured into it using a
wide funnel. The container was then immediately sealed and
shaken vigorously for about 20 seconds. A horizontal rotary
motion was adopted, thus preventing any sample or liquid from
being thrown up and remaining separated from the rest of the
solution. The container was then placed back in the thermostatic
enclosure. After a period of testing (3, 8, 21, or 28 days), the
container was removed from the enclosure and filtered im-
mediately under vacuum. A Butchner funnel, a vacuum flask,
and dry Whatmann filter paper were used for the filtration. The
flask was then sealed immediately to avoid carbonation. The
filtrate was allowed to cool to room temperature in about ten
minutes.

To determine the concentration of the OH™ ions, 50 ml of
the filtrate were pipetted into a 250 ml conical flask, and about
five drops methyl orange indicator was added. The resulting
solution was titrated against 0.1M HCIL. The OH™ concentration
in millimoles per litre was calculated using the following
equation:

1000 0.1 XV

[OH ] =

, (1)
where V is the volume of the 0.1M HCl used for the titration.

To determine the concentration of CaO, about 5ml of
5M NaOH and 50 mg of the murexide indicator were added
to a measured solution that remained after completion of
OH"™ determination. The resulting solution was titrated
against the 0.025 M EDTA solution. During titration, the pH
of the solution was maintained at 13 by the addition of the
NaOH solution. The pH was monitored using a pH meter.
The concentration of Ca(OH), was calculated using the
following equation:

1000 x .025 xV
[Ca01=#, (2)

where, in this case, V is the volume of the EDTA solution
used for the titration.

2.2.2. Standard Consistency. Standard consistency was de-
termined in accordance with the KS EAS 148-3:2000. In this
test, about 500 g of test cement was weighed and a known
quantity of water was added and mixed thoroughly for about
5 minutes on a nonporous surface using two trowels to avoid
loss of water or cement. The paste was transferred to the
Vicat apparatus, was placed on a lightly greased plane glass
base plate, and was filled to excess without compacting or
vibrating. The excess paste was removed by a gentle sawing
motion with a straight edge. The Vicat apparatus was then
calibrated with a plunger by lowering the plunger to rest on
the base plate which was used to adjust the pointer to read
zero on the scale. The plunger was later raised to the standby
position. The mould and the base plate were transferred to
the Vicat apparatus immediately after levelling the paste and
were positioned centrally under the plunger. The plunger
was then lowered gently until it came in contact with the
paste.

The plunger was allowed to pause in that position for
about two seconds so as to avoid initial velocity. The moving
parts were released quickly, and the plunger was allowed to
penetrate vertically into the centre of the paste. The scale was
read when penetration ceased. The recorded scale reading
indicated the distance between the bottom face of the plunger
and the base plate. The water content of the paste was
expressed as a percentage by mass of the various cement
categories. The plunger was cleaned, and the process was
repeated with pastes containing different water contents
determining to find the one that would produce a distance
between plunger and base plate of 6 + 2 mm; the water content
of this paste was calculated as a percentage by mass and was
recorded as water that was required for standard consistency.

2.2.3. Setting Time. The setting time of test cement was
determined in accordance with the KS EAS 148-3:2000. In
this method, the Vicat apparatus were used for the deter-
mination of both initial and final setting times of the
samples. For the determination of initial setting time, the
calibrated Vicat apparatus were used. The needle with a
diameter 1 mm (0.04 inch) was lowered to rest on the base
plate used, and the pointer was adjusted to read zero from
the scale. The needle was raised to a standby position which
was followed by filling the Vicat mould with the paste under
a prescribed standard consistency. The filled mould and
paste were placed in the curing room, and after 45 minutes,
they were transferred and positioned under the needle. The
point at which the needle penetrated to a point of 5 mm (0.2
inch) from the bottom of the mould after adding water to the
cement signalled that the initial set had occurred and was
taken as the initial setting time. KS EAS 18:2001 prescribes a
minimum initial setting time of 75 minutes for Portland
pozzolana cements.

Final setting time was determined using the replacement
needle with a hollow circular metal attachment of diameter
5mm and was set 0.5 mm behind the tip of the needle. The



filled mould and the base plate were placed in the room after
determination of the initial setting time. After 30 minutes, it
was transferred and positioned under the needle. The final
set occurred when the needle circular ring would fail to make
a mark on the paste, and the time was recorded from the zero
scale of the Vicat apparatus. KS EAS 18:2001 prescribes 600
minutes as the maximum final setting time for Portland
pozzolanic cement.

2.2.4. Compressive Strength. Compressive strength for the
mortars was determined in accordance to KS EAS 148-1:
2000. From each cement category, three mortar prisms
measuring 160 mm x 40 mm x 40 mm were separately cast at
a water/cement ratio (w/c) of 0.50 and 0.60 and cured in
water for 2, 7, 14, and 28 days. Compressive strength tests
were conducted on the mortar prisms at each of the testing
ages using the compressive machine. The prisms were tested
for compressive strength using a compressive strength
machine model number SSC-546 following the instructions
on the instrument manual. Average of triplicate measure-
ments was taken as the final compressive strength.

2.2.5. Carbonation Test. Accelerated carbonation tests were
performed on cement mortars prepared from each test
cement. For each type of cement, at a particular w/c ratio, six
mortar prisms measuring 40 mm x40 mm x 160 mm were
cast. The prisms were placed in a curing chamber maintained
at 23+ 1°C and a relative humidity greater than 90% for 24
hours. After 24 hours+30 minutes, the specimens were
demoulded and marked accordingly for identification
purposes. Half of the specimens were placed in the humidity
chamber maintained at 23 +1°C and 50-60% relative hu-
midity in a closet for 14 days. Another half of the specimens
was placed in the humidity chamber maintained at 23 +1°C
and relative humidity greater than 90% for 14 days as well.

After 14 days of curing, all specimens were introduced
into the closed box which had a continuous flow of CO,. At
the age of 7, 14, 28, and 56 days, the specimens were taken
out from the box and each specimen was broken longitu-
dinally into half. The weight and compressive strength
measurements were taken on each specimen. The depth of
carbonation was measured by taking measurements over
multiple points perpendicular to the edges of the split face
after application of a phenolphthalein indicator solution on
each half of the broken prism.

3. Results and Discussions

3.1. Pozzolanic Activity. The pozzolanic activity was used to
measure the degree of reaction between an RHA and
Ca(OH); in the presence of water at ambient temperature.
The quantity of Ca(OH), in the test cement solution was
evaluated in terms of the concentration of CaO and OH"™ at
different curing durations, as shown in Figures 1 and 2,
respectively. Generally, the lower the resulting quantity of
CaO and OH", the higher the pozzolanicity, and vice versa.

In both Figures 1 and 2, a progressive decrease in the
concentration of CaO and OH™ was observed in all the
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FiGure 2: Concentration of CaO in RHA-PC-blended cements.

RHA-PC-blended cements and decreased in PC with in-
creased curing duration. This can be attributed to the dif-
ferences in their cement hydration processes. During the
hydration process in PC, C;S and C,S undergo hydration
reactions to produce CH as shown in the following
equations:

2C,S + 6H — 3CSH + 3CH (3)

2C,S +4H — 2CSH + 2CH (4)

The CSH formed in equations (3) and (4) is mainly
responsible for strength development in the cement-based
structures. The increase in concentration of CaO and OH- in
PC can be attributed to the production of CH with continued
curing.

Conversely, the decrease in concentration of OH™ and
CaO can be attributed to the consumption of CH during the
pozzolanic reaction in RHA-blended cements. RHA con-
tains amorphous silica and alumina and, therefore, exhibits
pozzolanic properties. During the pozzolanic reaction, the
hydration of PC produces CH which reacts with silica and
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alumina present in RHA as shown in the following
equations:

3CH+S+H — CSH (5)

A+H+CH— CAH (6)

Increased curing period results in higher consumption of
CH in pozzolanic reactions and results in progressive de-
crease in the amount of CH in the hydrated RHA-blended
cement matrix.

It was observed that the concentration of OH™ and CaO
decreased with increase in the amount of RHA added. This
could be possibly due to the fact that increased amount of
RHA introduced more amorphous silica and alumina in
RHA-blended cement mixtures. Increased availability of
amorphous silica and alumina results in greater pozzolanic
activity. In conclusion, RHA was found to exhibit pozzolanic
properties.

3.2. Standard Consistency. The standard consistency as a
function of percentage replacement of RHA of the test
cements is presented in Figure 3.

It was observed that the standard consistency of RHA-
blended cements increases from 25.10 to 35.52 percent as
RHA replacement increased from 0 to 30 percent. Increase
in standard consistency with increase in RHA addition can
be attributed to the high fineness and surface area of RHA.
According to Raheem and Kareem [36], RHA is considered
hygroscopic; hence, more water is required for wetting the
particles as the total specific surface of the particle increases.

3.3. Setting Time. The initial and final setting time of RHA-
blended cements are presented in Figure 4.

PC (0% RHA) exhibited shorter initial and final setting
time than RHA-blended cements. This could be attributed
to higher content of clinker phases (CsS and C;A) in PC
(0%RHA) than in the other blended cements. C;S hardens
rapidly in the presence of water; hence, it is responsible for
the early setting of cement paste. Hydration of C;A pro-
duces significant amount of heat that increase the pre-
vailing setting temperature resulting to faster setting
behaviour of PC (0%RHA) compared with blended ce-
ments. The setting time of cement decreases with a rise in
temperature. Moreover, the slow pozzolana reactions that
take place in RHA-blended cements result in slow cement
hydration and, hence, increased setting times [37].

It was observed that both initial and final setting time
of RHA-blended cements were observed to increase with
increase in addition of RHA in the order% 0 RHA< 5%
RHA< 10% RHA <20% <25 RHA< 30% RHA. This is
could be attributed to the increased quantity of RHA
added at 0, 5, 10, 15, 20, 25, and 30 percent, respectively.
Increase in the content of RHA incorporated in the RHA-
blended cements resulted to longer initial and final set-
ting times, perhaps due to the fact that the increased
addition of RHA in RHA-blended cements progressively
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FiGure 3: Standard consistency as a function of percentage re-
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FIGURE 4: Setting time of RHA-blended cements at different re-
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reduced the amounts of C3S and C;A components
resulting in the slow setting of these cements.

In conclusion, the EAS 148-3:2000 prescribes that
blended cements should have setting times of between
180 + 10 minutes and 240 + 10 minutes while PC should be
between 100 + 10 minutes and 170+ 10 minutes for initial
and final setting times, respectively. All the test cements
conformed to this specification. Generally, for each cement
category, nonblended cement exhibited shorter setting time
than RHA-blended cements.

3.4. Compressive Strength. The compressive strength results
for various RHA-blended cements at different curing du-
ration and w/c are shown in Figure 5.

Compressive strength increased with increased duration
of curing for all the RHA-blended cements. This can be
attributed to the hydration reactions occurring in the hy-
drated cement matrix resulting in the formation of CSH, as
shown in equations (3) and (4). The reference nonblended
binder (0% RHA) exhibited higher compressive strength
than the other RHA-blended cements at all the w/c ratios.
This can be attributed to the fact that the 0% RHA contained
the highest proportion of PC; hence, the clinker phases (C;S
and C,S) which are mainly responsible for strength are
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relatively high in proportion compared to the RHA-blended
cements mixtures [23, 38]. Similarly, there was a progressive
decrease in compressive strength with increased substitution
of PC with RHA due to the progressive decrease in the
amount of PC in RHA-blended cements at all the w/c ratios.
This implied that the added RHA did not contribute to
strength development but was mainly a filler material in
mortar.

At each curing age, an increase in w/c ratio resulted in
decrease in compressive strength of all cements considered.
The strength decreased in the order w/c =0.50 > w/c =0.60.
w/c ratio is considered as the most important factor affecting
mortars/concrete strength. This is because it affects the
porosity of the hardened paste. Increased quantity as a result
of use of high w/c ratio also affects the flow or rheology of the
mixture, as well as cohesion between paste and aggregate.
High w/c increases the voids and reduces the cohesion in the
mortar matrix, and as a result, it reduces the overall strength
of the mortar [39].

In conclusion, the KS EAS 18:1-2001 requires that
blended cements should have a minimum compressive
strength of 32.5 MPa at 28 days of curing. The RHA-blended
cements satisfied this requirement up to 20 percent of re-
placement with RHA.

3.5. Carbonation

3.5.1. Depth of Carbonation. The carbonation depth ob-
tained from the phenolphthalein test profiles for various
RHA-blended cement mixtures at different humidity re-
gimes is given in Figure 6.

It was observed that carbonation depths in mortars
cured at 50-60 percent relative humidity was greater than
that found in mortars cured at 90 percent relative humidity.
The differences in relative humidity during curing explain
the difference in carbonation depths observed. In the
presence low relative humidity (50-60 percent), mortars
were relatively dry; hence, the penetration of carbon dioxide
in the mortar matrix is high resulting in greater depths of
carbonation than at high relative humidity (90 percent). At
low humidity, the hydration of cement is poor due to

insufficient moisture; hence, limited hydration of cement
occurs resulting in the formation of low amounts of CSH
and calcium hydroxide (CH) [13, 14, 40, 41]. CH binds the
ingressed carbon dioxide, preventing further penetration
into the mortar. Low quantities of CSH result in a very
porous hydrated mortar matrix which increases the per-
meability of hardened cement and allows greater depth of
CO, penetration. On the other hand, at high RH, the mortars
were relatively wet; hence, greater amount of CSH is formed,
thus reducing the porosity of the hydrated mortars. Low
porosity leads to low permeability of the hydrated mortars
and, hence, low CO, penetration [13, 42].

It was observed that the depth of carbonation also in-
creased with increase in the curing period for all the cement
categories considered. Increase in curing duration has been
found to effectively increase the extent of carbon dioxide
penetration in the mortars [43]. Similar observations were
made by Balayssac et al. [44] while studying the effects of
curing upon carbonation of concrete.

RHA-blended cement (5% RHA and 20% RHA) mortars
exhibited higher depth of carbonation than OPC mortars
(0% RHA-blends). This can be attributed to the fact that
blended cements contain lower quantities of Ca(OH), than
0%RHA mortars. The SiO, and AL,O; in the calcined clays
react with Ca(OH), resulting from the hydration of Portland
cement. As a consequence, the blended cement leads to a
lower Ca(OH), content in the hardened cement paste so that
a smaller amount of CO, is required to remove all the
Ca(OH), by producing CaCOj3 during carbonation [45-47].
Therefore, the depth of carbonation was observed to be
greater in blended cements since the amount of Ca(OH),
present was lower. It follows that the presence of RHA
resulted in a more rapid carbonation. In a related study [48],
it was observed that PC showed shorter depth of carbonation
than blended cements. The workers attributed this to the
differences in the content of Ca(OH), present in both PC
and blended cements.

There was a slight increase in the depth of carbonation
with increase in w/c. The depth of CO, penetration increased
in the order w/c =0.50 < w/c = 0.60. This can be attributed to
the fact that increased w/c results in increased permeability
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FIGURE 6: Depth of carbonation at different curing periods verses RHA-blends.

of the hydrated mortar matrix and, thus, higher penetration
of CO, [11, 41, 49-51].

3.5.2. Effects of Carbonation on Compressive Strength.
The compressive strength development for various RHA-
blended cement mortars exposed to different curing hu-
midity is shown in Figure 7.

Higher compressive strengths were observed in mortars
cured at 90 percent than their corresponding mortars cured at
60 percent relative humidity. This can be attributed to the
different curing humidity conditions that the mortars were
subjected to. Low humidity (60 percent) allows more ingress of
CO, than mortars cured at high humidity (90 percent) [41]. CH
which is one of the products formed during hydration of ce-
ment readily reacts with CO, resulting in precipitation of
sparingly soluble calcium carbonate (CaCO;) as shown in the
following equations [52-55]:

CO, + Ca(OH), —> CaCO, + H,0 )

CSH + CO, —> Si0, + 2CaCO; + H,0 (8)

Equation (7) represents the moderate carbonation
process that occurs on the surface layer of cement-based
materials leading to the formation of CaCO;. The CaCO;
formed is deposited on the pore network in the hydrated
cement matrix resulting in pore refinement of the carbon-
ated layer [56-60]. This is beneficial since pore refinement
subsequently results in increased strength, reduced porosity,
and improved durability of hydrated cement. This explains
why there was an increase in compressive strength of
mortars with continued curing when exposed to a CO,-
laden environment [60]. Conversely, equation (8) shows that
continued ingress of CO, attacks CSH resulting in its dis-
integration, and subsequent loss of strength in cement-based
structures mostly occurs if there is low RH. This explains
why mortars cured at 60% RH exhibited lower compressive
strength than those cured at 90% RH [13, 61].

During carbonation, OH™ present in CH is consumed
resulting in the decrease of pore solution pH. In case of
reinforced concrete, reduction in the pH value leads to the
destruction of the protective passive surface layer around steel

70 1

Compressive strength (MPa)

28 28

wlc=0.50 wlc=0.60
RHA-blends/curing duration (days)

= 0% RHA-60 = 0% RHA-90
= 5% RHA-60 = 5% RHA-90
= 20% RHA-60 = 20% RHA-90

FiGure 7: Compressive strength development at different curing
durations verses RHA-blends type.

reinforcement resulting in rebar corrosion [15, 61, 62]. In areas
with high concentration of dissolved CO,, for example, in
estuaries, the effects of carbonation are more deleterious since
carbonic water is more acidic in seawater than in fresh water
[63]. This can be worsened by the decaying organic matter
releasing CO, [63]. The carbonation-related chemical reactions
that result in the degradation of cement-based materials due to
dissolved CO, are presented as follows [13, 13]:

CO, + H,0 — H,CO; )
H,CO; + H,0 — HCO; + H;0" (10)
HCO; + H,0 — COY + H,0" (11)

H,CO; + Ca(OH), — CaCO; + 2H,0 (12)

CaCO, + H,CO, —> Ca(HCO,), (13)

Equation (9) represents the formation of carbonic acid
(H,COs3) from dissolved CO, present in the pore solution or



due to decaying organic matter or polluted water bodies. Based
on equations (10) and (11), H3O" produced results in significant
reduction in the pH of the pore solution in the hydrated cement
matrix [63]. Reduction in the alkalinity of the pore solution is
deleterious since it results in carbonation-induced corrosion of
rebars through dissolution of its passive surface layer. In ad-
dition, equations (12) and (13) show that significant penetration
of CO, results in the conversion of insoluble CaCOj; to soluble
Ca(HCO:3), which is easily leached out, thus decreasing porosity
and subsequent strength of hydrated cements [13]. This explains
why continued exposure of mortar prisms results in progressive
loss of strength.

4. Conclusions

The following conclusions can be drawn from the study:

(1) The RHA-blended cement was pozzolanic while PC
used was nonpozzolanic. This shows that the blended
RHA was reactive.

(2) RHA-blended cement satisfied the EAS 18:1-2001
standards for blended cements up to 20 percent
substitution with RHA. This implied that the RHA
was a potential pozzolanic material for the pro-
duction of blended cement.

(3) Nonblended cements (0% RHA) exhibited greater
resistance to carbonation at all the w/c ratios used
than RHA-blended cement. Therefore, one needs to
be cautious if the RHA-blended cements are con-
sidered for application in CO,-rich areas such as
estuaries or marine construction activities.

(4) all the mortars at any w/c ratio, carbonation resis-
tance decreased with increase in RHA dosage and
increased w/c ratio. This is mainly due to the de-
creased amount of calcium hydroxide in hydrated
mortars as a result of pozzolana reaction. Low
amount of calcium hydroxide effectively reduces the
buffering capacity of hydrated cements against
carbonation attack.
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Ice slurry is an advanced secondary refrigerant that has been attracting considerable attention for the past decade due to the
growing concerns regarding energy shortage and environmental protection. To stimulate the potential applications of ice slurry,
the corresponding pressure drop of this refrigerant must be comprehensively investigated. The flow of ice slurry is a complex
phenomenon that is affected by various parameters, including flow velocity, ice particle size, and ice mass fraction. To predict the
pressure drop of ice slurry flow in pipes, a mixture computational fluid dynamic model was adopted to simulate a two-phase flow
without considering ice melting. The numerical calculations were performed on a wide range of six ice particle sizes (0.1, 0.3, 0.5,
0.75, 1, and 1.2 mm) and ice mass fraction ranging within 5%-20% in the laminar range of ice slurry flow. The numerical model
was validated using experimental data. Results showed that the ice volumetric loading and flow velocity have a direct effect on
pressure drop; it increases with the increase in volumetric concentration and flow velocity. The findings also confirmed that for
constant ice mass fraction and flow velocity, the pressure drop is directly and inversely related to the particle and pipe diameters,
respectively. Moreover, the rise in pressure drop is more significant for large ice particle diameter in comparison to smaller size ice

particles at high values of ice concentration and flow velocity.

1. Introduction

The acceleration of global warming exerts a significant effect
on environmental sustainability and is directly linked with
increased greenhouse gas emissions and power consumption
[1]. The building sector, which is one of the main energy
consumption sectors, accounts for approximately 40% of the
total energy consumption and carbon dioxide emission. A
large portion of this percentage can be attributed to heating,
ventilation, air conditioning, and refrigeration (HVAC and
R) systems, which are designed for human comfort [2, 3].
Therefore, the development of sustainable and environ-
mental friendly materials is crucial to improve the energy
efficiency of HVAC and R systems [4]. Phase change ma-
terials (PCMs) are potential substitutes for such systems due

to their enhanced energy transport density and cold energy
storage medium [5-7].

Ice slurry, a type of PCM, is a mixture of ice particles
dispersed in aqueous solution. This material is considered as
an environmental friendly secondary refrigerant [8, 9]. The
size of ice particles ranges from 1 mm to 1.2 mm in diameter,
so it can be pumped through pipes or stored in tanks [10].
Owing to the combined effect of latent and sensible heats, ice
slurry possesses high energy density, excellent heat transfer
capabilities, and fast cooling rates [11, 12]. Consequently,
this refrigerant has become a promising alternative to the
traditional single-phase fluid used in cold energy storages
and cold chains.

However, the implementation of ice slurry in engi-
neering applications is not as straightforward as anticipated
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because of the numerous complexities involved [13, 14]. One
of the main problems is transporting the ice slurry in the
cooling network to fulfil the cold requirements. Ice con-
centration and particle size are the critical parameters that
significantly affect the ability to transport ice slurry through
piping without particle aggregation, pipe plugging, and large
pressure drop. If the values of above mentioned parameters
are optimised, ice slurry can be transported as a single-phase
flow (i.e., without any complication) in a wide range of
conditions.

The pressure drop in the two-phase flow of ice slurry is
an important consideration in engineering applications that
has been extensively studied by many researchers [15-18].
For ice slurry flow in pipes, the pressure drop initially in-
creases up to 10% due to flow velocity and ice mass fraction
and eventually increases because of the ice mass fraction
[19]. Bel et al. [20] obtained the same inference and stated
that the frictional pressure drop for narrow tubes increases
with the increase in ice concentration and the rate of
augmentation is high in the low Reynolds number (Re)
range [20]. Pressure drop increases due to the increase in
flow velocity and ice concentration [18, 21-23], and the
sensitivity of such drop to the variation in both factors is
strongly influenced by the flow regime [24]. On the contrary,
Knodal et al. [17] and Lieu et al. [25] reported that the
pressure drop in low velocity regions decreased with the
increase in ice concentration.

Related experiments rarely provided comprehensive
information on the velocity distribution, ice concentration
distribution, and particle size of ice slurry in pipes due to
technical difficulties. Given the advancement in the nu-
merical techniques and the complexity involved in experi-
mental setups, computational fluid dynamics (CFD) emerge
as an excellent tool for obtaining extensive knowledge on
two-phase flows, particularly ice slurry flow and accurate
pressure drop estimation in pipes. Some researchers de-
veloped numerical modelling approaches to simulate ice
slurry flow in pipes [26-29].

Wang et al. [30] adopted the Eulerian-Eulerian model to
evaluate the pressure drop of an isothermal ice slurry flow
under various pipe configurations (e.g., vertical, horizontal,
and elbow pipes). The results confirmed that the pressure
drop in all configuration increases with ice concentration
and flow velocity. Similarly, Tian et al. [31] investigated the
effect of ice concentration, pipe, and ice particle size on safe
transportation of ice slurry by using the Eulerian-Eulerian
multiphase model. The findings revealed that the safe
transportation of ice slurry in cooling systems can be
achieved at an ice concentration of up to 20% and ice particle
size of 100 ym [31].

Niezgoda-Zelasko and Zalewski [32] combined the
mixture multiphase and Eulerian-Eulerian models to in-
vestigate the pressure drop in the laminar flow range of a
horizontal pipe with a pipe diameter of 16 mm. The
Eulerian-Eulerian model underestimates the pressure drop,
whereas the former provides a reasonably correct descrip-
tion of the pressure drop with respect to experimental re-
sults. The maximum percentage error of the numerical
predictions obtained through the mixture multiphase model
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of pressure drop is approximately 15% of the experimental
results [33].

Within the available literature, however, there is not
much work that addresses the application of a numerical
model to describe the ice slurry flow [18]. Therefore, if ice
slurry is categorized as solid-liquid flow, the mixture mul-
tiphase CFD model is appropriate [34]. It is reported that the
mixture method has been extensively applied to ice slurry
horizontal slurry pipe flows and to water and kerosene
mixtures, which have density ratio nearly identical to ice
slurry for a wide range of particle sizes (ranging from 0.1 mm
to 2mm) [32, 35-38]. The mixture model is recommended
for multiphase flow with small differences in density be-
tween the phases [34]. Given that the particle relaxation time
is short, the mixture model formulation can also be suc-
cessfully applied to the two-phase flow with a significant
density difference [39].

Zhang and Shi [7] used the Eulerian-Eulerian model to
investigate the isothermal ice slurry flow under various ice
particle diameters (0.l mm and 0.27 mm). However, they
only considered the ice particle velocity and solid particle
distribution and disregarded the particle-dependent pres-
sure drop characteristics. Moreover, they did not investigate
the ice particle size-dependent flow characteristics of ice
slurry in different pipe diameters. Clarifying the influence of
ice particle diameter on pressure drop and flow structure is
important, especially for choosing a suitable ice generation
technique.

On the basis of the discussion above, the studies on the
particle size-dependent pressure drop characteristics are
lacking. Moreover, previous studies only considered limited
particle sizes and disregarded the particle-based pressure
drop characteristics of ice slurry flow. To demonstrate the
effect of ice particle diameter on pressure drop, the present
study aims to analyse the pressure drop estimation of iso-
thermal ice slurry flow based on pipe diameter and particle
size using an aqueous solution of 10.3% ethanol in hori-
zontal pipes with diameters of 9 mm and 23 mm. To the best
of the authors’ knowledge, no previous study has investi-
gated the particle size-dependent flow characteristics of
isothermal ice slurry within such dimeter range. The mixture
CFD model is applied to describe the pressure drop char-
acteristics of isothermal ice slurry flow without considering
ice melting. Simulations are performed considering the
laminar range of the ice slurry flow for six different particle
diameters (0.1-1.2 mm). The ice mass fraction for each
particle diameter ranges within 5%-20%.

2. Problem Description

This study aims to investigate the pressure drop and flow
characteristics of isothermal ice slurry flowing through
horizontal pipes with diameters of 9 mm and 23 mm by
using a mixture multiphase model. Ice slurry is a mixture of
ice and aqueous solution of the carrier liquid (10.3% etha-
nol-water). Simulations were performed for six different
particle diameters (0.1-1.2mm) in the laminar regime. An
ice mass fraction of 5%-20% was set for each particle di-
ameter. The effects of various parameters, including flow
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velocity, ice mass fraction, and ice particle diameter, on the
pressure drop characteristics of the isothermal ice slurry
were analysed using numerical calculations. The mathe-
matical modelling and property calculation correlations for
ice slurry are discussed in the following subsections.

2.1. Mathematical Modelling. The mixture multiphase
model is adopted to simulate the isothermal ice slurry flow.
This model is a simplified model that utilises mixture
properties to capture the two-phase flows, in which the
liquid and solid phases move at different velocities but as-
sume local equilibrium over short spatial length scales. An
algebraic slip formulation is used to describe the relative
velocity between the liquid and solid phases, and the nu-
merical solution is reduced to a set of equations for the
mixture phase, which comprises continuity, momentum,
and particle volume fraction equations for the secondary
phase. Given the small number of equations involved in the
mixture model, the stability and convergence of the nu-
merical solution are encouraging which greatly reduces the
computational efforts. The fundamental governing equa-
tions for the mixture model are given below. The continuity
equation for the mixture multiphase model is expressed as

d o
E(Pm)—" \E (Pmum) =0, (1)

where p,,, denotes the density of mixture, and u represents
the local velocity. The momentum equation for the mixture
model is written as

% (Pma)m) +V . (pma)ma)m)

= -Vp+V- [ym(V7m+V7mT)] +p, g +V (

2
- -
: Z“iPi”Di“Di >

i=1

2)

where subscript i denotes the phase i (i = (1(I)/2(s)) rep-
resents the liquid phase and solid phase, respectively), u,,
represents mixture viscosity, « is the ice volume fraction, and
up; is the drift velocity defined as the i™ phase velocity
relative to the mixture phase. The drift velocity is defined by
the relationship proposed by Taivassalo and Kallio [34].

2

e e xipi—
uDs_us_um_uls_Z U

-1 Pm

(3)

2
N = P —
uDl_ul_um__uls_Z si>

i-1 Pm

where 1 is the slip velocity, which is defined using an al-
gebraic slip formulation introduced by Schiller [40].

- = (pm_ps)d52 —’_auTn) (4)
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The drag function proposed by Schiller [40] is expressed

— —
Ui=1u

)
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Re, <1000,
Re, > 1000,

(5)

where d; denotes the particle diameter, and Re, represents
the Re of the particle.

Re, = pilus = ] (6)
H

The viscosity and mixture density in the mixture mul-
tiphase model are respectively defined as

2
o = ) ity

7 (7)
Pm = Z &P

i=1

From the continuity equation, the volume fraction
equation for dispersed phase is expressed as

0
a (asps) +V. (aspsﬁm) =-V. (aSPSa)DS)' (8)

The boundary conditions for the inlet, outlet, and pipe
walls in mixture and dispersed phases are as follows: (1)
uniform velocity is applied to the pipe inlet in the mixture
phase, and ice volume fraction is adopted for the dispersed
phase, (2) atmospheric boundary condition is adopted for
the outlet in mixture and dispersed phases, and (3) a no-slip
boundary condition is applied to the pipe wall in mixture
and dispersed phases. The influence of temperature change
on the flow is excluded due to the isothermal conditions
(Figure 1).

2.2. Physical Properties of the Ice Slurry. The corelations for
the determination of the physical properties of the ice slurry
are obtained from the handbook of ice slurry [41].

Pm =“sps+(1_“s)pl’ (9)

o = (1 + 2,50, + 10,050 +0.00273¢'*°%),  (10)

where a, and a,, respectively, denote the ice volume fraction
and density of the ice particles, p; and p,, are the densities of
the carrier liquid, and p,, and p; represent the viscosity of
the ice slurry and carrier liquid (10.3% ethanol-water so-
lution), respectively. Table 1 presents the physical properties
of the carrier liquid and ice particles calculated at a phase
equilibrium temperature of 268.65 K.

3. Numerical Details

The commercial CFD software ANSYS Fluent (version 13)
was used to investigate the pressure drop of the isothermal
ice slurry in a horizontal pipe with diameters of 9 mm and
23 mm. The pipe length was set according to the relation
L>100D to attain the fully developed flow. Variable den-
sity-based meshes were generated using the ICEM software;
meshes near the wall are finer than the far ones. A mesh
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FIGURE 1: Schematic of the pipe flow with relevant boundary conditions.
TaBLE 1: Physical properties of ice slurry [45].
Properties Expression Value
Aqueous solution (10.3%) Density p1 = 987.44108 — 2.45747 x (T~273.15/24.21577) 987 kg/m’
Viscosity ) = 0.70354 + 3.3244 x ¢~ (T-27315/16.63572) 5.032x107° Pa. s
Ice particles Density ps =917 - 0.13 x (T - 273.15) 917 kg/m’
independence study was performed to validate the high 3000
precision of the results using minimum computational re-
sources by considering three different levels of mesh re- f
finement and varying these levels by a factor of three (total El B e v
number of elements for D=23mm: Gl=67,155, £ 2000 4
G2 =188,889, and G3 = 284,138; for D=9 mm: G1 =109,020, & F : o : .
G2 =301,500, and G3 =603,980). The marginal difference in by ’
the numerical calculations of the pressure drop was evident 2 000 i
for all grid sizes. Therefore, grid size G2 was adopted in the g ¢
subsequent simulations to save computation time (Figures 2
and 3). S :
All governing equations were discretised using the 0 . i

finite volume approach, where the second-order upwind
and SIMPLEC schemes were used for convective diffusive
terms and pressure velocity coupling, respectively. The
convergence requirement for all variables was fixed to
107,

4. Results and Discussion

To confirm the accuracy of the mixture CFD model, the
numerical results are compared with the experimental re-
sults obtained by Grozdek et al. [21]. The validation is
conducted under a wide range of flow velocities and ice mass
fractions. The validation is conducted over laminar range of
ice slurry flow Re< =2190. For a two-phase flow of ice
slurry, the flow pattern transition from laminar to turbulent
can be observed within the range of Reynolds number from
2000 to 2300 depending upon the pipe diameter and ice mass
fraction [21, 32]. It should be noted that for constant flow
velocity and pipe diameter, the Reynolds number decreases

Gl G2 G3

No. of nodes
—o— dp =0.3mm
v dp =1.2mm

FIGURE 2: Grid sensitivity test at a pipe diameter of 9 mm, ice mass
fraction of 10%, and flow velocity of 0.4306 m/s.

as the ice mass fraction increases. Since viscosity increases
and mixture density decreases with the increase in ice mass
fraction. The flow behaviour was evaluated on the basis of
Reynolds number given by

UD

Rem - Pm_’ (11)

Bim
where Re,, is the Reynolds number of mixture, and the
mixture density is p,,, and the mixture viscosity yu,, was
calculated from equations (9) and (10).
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FIGURE 3: Grid sensitivity test at a pipe diameter of 23 mm, ice mass fraction of 10%, and flow velocity of 0.16851 m/s.

A pipe diameter of 9mm is considered to match the
experimental conditions in the study of Grozdek et al. [21].
As shown in Figures 4(a)-4(c), the mixture CFD model
provides a reasonable estimation of the pressure drop of
isothermal ice slurry flow. All numerical predictions by the
CFD model are in close agreement with the experimental
data, and the relative errors for all considered cases are
restricted to 15%. However, at high ice mass fraction of 10%
and specifically 15%, the general concavity of the graph is
different than those of at ice mass fraction of 5%. This could
be well explained by the phenomenon of laminarization. The
high concentration of ice delays the transition from laminar
to turbulent flow. As the concentration of ice rises, the
critical number of Reynolds where transition happens also
increases and can reach even higher values than Re, =2300.
These results are consistent with the other findings [32, 42].

4.1. Pressure Drop. The pressure drop for ice slurry flow is an
important characteristic because it reflects the pumping
power requirement. In this section, the influence of ice
particle diameter on the pressure drop characteristics of the
isothermal ice slurry flowing through a horizontal pipe with
diameters of 9 mm and 23 mm is discussed. The results have
been discussed in the laminar range of flow for both pipes
evaluated on the basis of bulk Reynold number. The max-
imum Reynolds number is 1798 and 1998 for pipe diameter
23 mm and 9 mm, respectively.

The results are presented in terms of pressure gradient as
a function of variable ice particle size for a wide range of flow
velocity and ice mass fraction. For a given ice concentration,
the pressure drop per unit length increases with the increase
in ice particle diameter for all flow velocities (Figure 4).
However, at a fixed ice concentration, the increase in
pressure drop is high for large ice particle diameters at high
flow velocity. For low velocities (velocities approximately
below 0.3592 m/s), the effect of ice particle diameter on the
pressure drop is small.

For small particle diameters (0.1-0.3 mm), the rise in the
pressure drop at low velocities is marginal. As the ice particle

size increases from 0.3 mm to 1.2 mm, the effect of particle
diameter on pressure drop becomes increasingly pro-
nounced (Figures 5(a)-5(d)). For instance, at fixed ice mass
fraction (5%) and flow velocity (0.1796 m/s), the percentage
increase in pressure drop as the particle diameter increases
from 0.lmm to 0.3mm is 10% (Figure 5(a)). When the
particle diameter is 1.2mm, the percentage increase in
pressure drop is 37%, which is approximately 3.5% of the
original value. For the same ice concentration and flow
velocity of 0.5389m/s, the percentage increase in pressure
drop when the particle diameter increases from 0.1 mm to
0.3 mm is 13%; the increment when the particle diameter is
1.2 mm is approximately 76%, which is almost 5.5% of the
pressure drop at 0.1 mm. Large ice particle size leads to a
larger drag force which causes larger relative velocity of ice
particles. Because of this, larger lift force will act on the ice
particle which will increase its flotation tendency. Conse-
quently, the heterogeneity of ice particles distribution will
increase with the increase in the size of the particle, thereby
resulting in additional frictional losses. Furthermore, the
effect of ice particle reinforcement becomes increasingly
evident when the particle diameter is large [30].

At a fixed velocity, the pressure drop of slurry with high
volume fraction is large. For instance, at a constant velocity
of 0.1796 m/s, the pressure drop increases by an average of
2%, 3%, and 4% for each additional 5% of ice concentration
as the particle size increases from 0.1 mm to 1.2 mm; the
increment at an ice concentration of 5% is 1% (Figures 5(a)-
5(d)). The reason for this phenomenon is that the addition of
more ice particles, i.e., increasing ice mass fraction, results in
an increased viscosity of ice slurry, which alters the density
of the mixture as well as the number of Reynolds (results in
decrease of the number of Reynolds, which leads to the
accumulation of ice particles in the walls, and raises the
potential of ice blockage, which increases resistance to flow)
[15, 43]. This affects the safe transport of ice slurry in pipes at
high ice concentrations.

The pressure drop per unit length is illustrated as a function
of ice particle diameter (pipe diameter=23mm) in
Figures 6(a)-6(d). Figure 6 demonstrates that the pressure
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Ficure 4: Comparison of the obtained results with the experimental results of Grozdek et al. (pipe diameter =9 mm) at constant ice mass
fractions of (a) 5%, (b) 10%, and (c) 15%.
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FIGURE 5: Variation of pressure drop per unit length as a function of ice particle diameter at a pipe diameter of 9 mm and ice mass fractions

of (a) 5%, (b) 10%, (c) 15%, and (d) 20%.

gradient increases with the increase in ice particle size.
However, the pressure drop at a pipe diameter of 23 mm is
lower than that at smaller ones. For a given velocity, the
pressure drop increases with the decreases in pipe diameter and
vice versa. Liu et al. [44] concluded that the ice particles in pipes
with large diameters provide a coherent structure to the fluid
and reduce the amount of energy dissipated by the viscous
frictions. On the basis of the results, the pressure drop asso-
ciated with ice slurry pipe flow is a function of particle size. Ice
slurry with large particle size that flows through pipes with
small diameters yields unwanted increments in pressure drop
and maximises the pumping power penalties.

4.2. Velocity Contours. Figures 7-9 show the contours of the
velocity distribution of the solid phase at the perpendicular
cross-section in the outlet of the 9mm pipe. The contours
correspond to varying inlet velocities (0.1796, 0.3592, and
0.5389 m/s) at different ice particle diameters (0.1, 0.75, and
1.2 mm) and constant ice mass fraction of 10%.

The velocity contours indicate that the local velocity
along the pipe wall is minimal and almost stagnant be-
cause viscous forces are dominating the vicinity of the
wall. Moreover, when the ice slurry flows in the low ve-
locity region with high ice concentration, the ice particles
cluster together at the walls, and the value of the velocity
increases towards the centre of the pipe. The Figures 7-9
depict that given a constant inlet velocity, the local ve-
locity value increases with the increase in ice particle size
towards the centre of the pipe. In addition, the velocity
distribution becomes increasingly homogeneous as the
inlet velocity increases when the volume fraction of ice is
constant [43]. Furthermore, no difference is observed in
the velocity distribution between the solid and liquid
phases of all cases.

4.3. Velocity and Concentration Profile. One way to assess the
flow patterns of ice slurry flow is to examine the velocity
distribution in the cross-section of the flow. The influence of
ice particle diameter on the mixture velocity distribution
profiles in the vertical diameter direction along the hori-
zontal cross-section of the pipe outlet is illustrated in Fig-
ures 10 and 11. The mixture velocity distributions of three
different particle diameters (0.1, 0.75, and 1.2 mm) at ice
mass fractions of 5% and 10% are plotted under different
inlet velocities (pipe diameter =9 mm).

Figures 10 and 11 show mixture velocity profile dis-
tribution in the cross-section of the flow at distance L=0.5
(mid-length) and at the outlet cross-section of the pipe. It
has been observed that at around 0.5 m distance from the
entrance of the pipe, the velocity profile is still developing.
However, after this length, the ice slurry flow is fully
developed, and the velocity profile is parabolic in nature.
Hence, the entrance length is around 0.5 m for the present
case, and the ice slurry flow is fully developed after this
distance (data after L =0.5m showed the fully developed
flow and are not included to avoid complexity). The ve-
locity fields for all particle size subjected to the present
study are symmetrical with respect to the vertical diam-
eter, and the extremes values of velocity occur on the
centre of diameter.

Similarly, the ice concentration distribution along the
vertical diameter for pipe diameter=9mm at constant ice
mass fraction of 10%, for different inlet velocities, and ice
particle diameter of 0.l mm, 0.75mm, and 1.2mm are
presented in Figure 12. It is clear from the figure that for
constant ice volume fraction, heterogeneity of ice slurry flow
increases with the increase in ice particle diameter and flow
velocity. The larger particles exert larger drag force, which in
turn results in the larger relative velocity and increases the
heterogeneity of ice particles.
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FIGURE 6: Variation of pressure drop per unit length as a function of ice particle diameter at a pipe diameter of 23 mm and ice mass fractions
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F1Gure 7: Contours of the solid velocity profile at a constant flow velocity of 0.1796 m/s and ice mass fraction of 10% at different ice particle

diameters (dp): (a) 0.1, (b) 0.75, and (c) 1.2 mm.
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F1Gure 8: Contours of the solid velocity profile at a constant flow velocity of 0.3592 m/s and ice mass fraction of 10% at different dp: (a) 0.1,
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F1cure 9: Contours of the solid velocity profile at a constant flow velocity of 0.5389 m/s and ice mass fraction of 10% at different dp: (a) 0.1,

(b) 0.75, and (c) 1.2 mm.
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Effect of ice particle size on the ice slurry velocity profile at D=9 mm, V' =0.5389 m/s, and (a) &« =5% and (b) « =10%.

FiGuRre 12: Effect of ice particle size on ice volume fraction distribution at D =9 mm, & = 10%, and (a) V = 0.1796 m/s and (b) V' =0.5389 m/s.

5. Conclusion

The study presented the CFD modelling of the two-phase
flow of isothermal ice slurry through horizontal pipes with

diameters of 9 mm and 23 mm within the laminar range. The
pressure drop characteristics are evaluated under six ice
particle sizes (0.1, 0.3, 0.5, 0.75, 1, and 1.2 mm) at an ice mass
fraction range of 5%-20%. The results of the present study
are validated by the experimental findings. The pressure

drop predictions are in excellent agreement with the ex-

perimental results obtained by Grozdek et al. [21] for a wide
range of inlet velocity and ice mass fraction under the
laminar regime. The following conclusions are derived from

the numerical calculations.

(i) The pressure drop per unit length significantly in-
creases with the increase in ice mass fraction and
flow velocity, and the pressure loss rapidly rises at

high ice concentration and flow velocity.

(ii) Pressure drop per unit length increases with the
increase in ice particle size and decreases with the

increase in pipe diameter.

(iii) The increase in the pressure drop per unit length of
ice particles with large diameters at high flow ve-
locity and ice concentration is significant. The rate
of increase for the particle with a diameter of
1.2 mm is approximately 3-5 times higher than that
of the particle with a diameter of 0.1 mm as the flow
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velocity increases from 0.1796m/s to 0.5381 m/s.
Moreover, the pressure drop increases by an average
of 2%, 3%, and 4% for every 5% increment in ice
concentration; the corresponding drop is only 1%
when the ice concentration is 5%.

(iv) The local velocity near the pipe wall is minimal and
almost stagnant due to the dominance of the viscous
forces near the wall region. This value, however,
increases towards the centre of the pipe.

Results suggest that pipes with small diameters are not
recommended to transport ice slurry because of their higher
pressure drop than those with large diameters. In addition,
given that a large particle size results in undesirable in-
crements in pressure drop, the size of the ice particle must be
kept small to reduce the pumping power penalties. In the
future, the effect of ice particle size on the performance of ice
slurry should be explored using various performance eval-
uation criteria.

Nomenclature

L: Pipe length, m
Re:  Reynolds number
d,,d,: Particle diameter, m

DI? Pipe diameter, m

U,V: Inlet velocity, m/s

g Gravitational acceleration, m/s’
T: Temperature, K

fp:  Drag force

uD;:  Drift velocity, m/s
w,:  Slip velocity, m/s
i Phase index

p: Pressure, Pa
Greek symbols

u: Viscosity, Pa-s
p: Density, kg/m’
a: Volume fraction

Subscripts

I: Liquid phase, aqueous solution

s: Solid phase, ice particles

m:  Mixture, ice slurry

sl,Is: Interaction between the solid and liquid phases
p:  Particle.
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In this study, fly ash (FA) and multiwalled carbon nanotubes (MWCNTs) were used to make environmentally friendly
nanocomposites, which have high fire retardant properties and high mechanical properties. Industrial waste such as fly ash has
become a major concern during the treatment of environmental pollution. MWCNTSs were used in this experiment to enhance the
flame retardant properties and mechanical properties of materials with fly ash additives. MWCNTs content (0.03, 0.04, and 0.05
wt.%) and fly ash content (30, 40, and 50 wt.%) were studied for three different levels. The flame retardancy of the material is
significantly improved by the addition of fly ash/MWCNTs at different rates, especially at 0.04 wt. % MWCNTs and 40 wt. % fly ash
with LOI at 26.8%. Regarding mechanical properties, tensile strength increases as fly ash/MWCNTs increase, up to a critical point.
On the other hand, the compressive strength of composite increases continuously as fly ash/ MWCNTs increase. Scanning electron
microscopy (SEM) was used to observe the morphology of fly ash and MWCNTSs as well as its distribution in the matrix. This will
help analyze the influence of the effectiveness of the combination of fly ash and MWCNTs to the flame retardancy and mechanical

properties of fly ash/MWCNTs/epoxy nanocomposites.

1. Introduction

Epoxy resins have high adhesion characteristics with many
reinforcements, good chemical resistance and corrosion
resistance, and superior electrical properties; they are widely
used in various industrial fields such as coatings, bearing
structures, adhesives, and composite materials. However,
one of the main disadvantages of epoxy resin is its inherent
flammability, which has limited its application in many areas
because the safety is considered. So this is an important issue
to improve flame retardant of epoxy resin.

Fly ash (FA) is an industrial solid waste produced by coal
power plants. The disposal of fly ash waste by landfill at
landfills has polluted the environment, which is a major
concern about environmental pollution [1]. FA is one of the
additives used in composites, making applications of ma-
terials in different fields. In recent times, fly ash has been
studied by many scientists around the world as an additive
for polymers. In order to expand the application of fly ash

and diversify products [2], Sroka et al. studied the use of fly
ash in the manufacture of thermal insulating materials [3].
Sroka et al. also studied fly ash denaturation by [3- (2-
aminoethylamino) propyl] trimethoxysilane. The results
show that the mechanical properties have been significantly
improved compared to the unmodified fly ash. The work has
demonstrated the use of modified fly ash as an additive to
make epoxy composite materials that can be applied in the
field of civil electricity [4]. Research on the effect of fly ash on
the mechanical properties of epoxy composites shows that
increasing the mass of fly ash results in reduced tensile
strength and increased flexural and compressive strength
[5]. In particular, the recent studies published by scientists
are about the use of fly ash in manufacturing materials with
high fire resistance and, at the same time, the mechanical
properties remain stable; the content of fly ash used for the
study was 5, 10, and 20 wt.% [6]. V. C. Divya and his
colleagues have conducted research on making composite
materials based on polyethylene based plastic using fly ash
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and MWCNTs. The results showed that with 0.2 wt. %
MWCNTs, 20 wt. % fly ash gave the best fire resistance [7]. M.
Soyama et al. also studied the flame retardant properties of
polycarbonate composites with 25 wt.% resulting in samples
with a high flame retardant [8]. Sim et al. [9] studied fly ash at
levels of 10, 30, and 50 wt.%, showing that the compressive
strength increases with increasing fly ash content. Several other
studies are about the effects of aging on the mechanical
properties of epoxy composites with 20 wt.% [10]. In addition,
fly ash is also used to make epoxy composites with insulating
properties, studied by Pham Thi Huong [11]. Fly ash is also
used to make geopolymer; however, to improve some me-
chanical properties such as tensile strength and bending
strength, some scientists have added nanoadditives such as
MWCNTs to enhance some of the degraded durability in the
desired green concrete production [12-14]. This is the study on
flame retardant properties and mechanical properties of epoxy
nanocomposites materials in the presence of fly ash additives
and reinforced by MWCNTs. During the study of using fly ash
additives to make composites, some mechanical strength was
reduced, hence, this research sought to overcome the above
limitation by adding nanoadditives, namely, MWCNTs.

(i) Curing agent: epoxy resin is converted into solid
and insoluble three-dimensional networks by cur-
ing with cross-linkers. This study collected amine
function curing agent diethylenetriamine of Dow
Chemical Company to research. Diethylenetri-
amine: HzN(CHz)zNH(CHz)zNHZ (DETA), density
0.953 g/cm3 at 20°C, boiling point 207°C, Mw:
103.2 gmol ', and epoxy curing reaction with DETA
(see Figure 1).

(ii) HCIl, NaOH of Dow Chemicals (USA).

(iii) Fly ash is supplied from Song Da 12- Cao Cuong
Joint Stock Company (Vietnam). This is real; the
product is extracted from waste ash and ash from
Pha Lai Thermal Power Plant (Vietnam). It consists
of a solid mixture and the spherical particles have
different sizes (from 1um to 100 ym, average size:
28 ym).

(iv) Multiwall carbon nanotubes (MWCNTs) of Showa
Denko (Japan) are synthesized by catalyst deposi-
tion method. MWCNTs have an average diameter of
40-45nm, an average length of 3 ym, and a density
of 0.08 g/cm’.

2. Materials and Methods

2.1. Materials

(i) Epoxy Epikote 240 (EP) resin of Shell Chemicals
(USA) (see Table 1)

2.2. Methods

2.2.1. Sample Preparation. The Fly ash was prepared
according to Table 2. Fly ash (30, 40, and 50 wt%) and
MWCNT (0.03, 0.04, and 0.05 wt%) were dispersed in
epoxy Epikote 240 resin, stirred at 3000 rpm for 8h

Journal of Chemistry

(HS-100T, WiseStir, Korea). In order to break up the
MWCNT bundles and disperse the additives, the ultra-
sonic vibration uses an ultrasonic bath (Elmasonic S300
H, 37kHz, Germany) for 6h, 65°C. After the mixtures
were homogenously mixed, the curing agent DETA
(amount of curing agent was calculated by epoxy content
of epoxy resin and stirred for 15 min at 200 rpm/min) was
added and the mixtures were moulded for curing. The
mould was coated with a uniform thin film of silicone, a
releasing agent for easy removal of cured specimen. The
samples were cured at room temperature for about 24 h
and further cured at 80°C in the laboratory oven for 3 h.
Then, the samples were removed from the mould and,
after 7 days, the mixture was analyzed and mechanical
properties were measured.

2.2.2. Characterizations

(1) Mechanical Properties

(i) Tensile strength is determined according to ISO
527-1993 on INSTRON 5582-100kN (United
States) with a pulling speed of 5mm/min, tem-
perature of 25°C, and humidity of 75%.

(ii) Flexural strength is determined according to ISO
178-1993 standard on INSTRON 5582-100kN
(United States) with bending speed of 5 mm/min,
temperature of 25°C, and of humidity 75%.

(iii) Compressive strength is determined according to
ISO 604-1993 on INSTRON 5582-100 kN (United
States), compression speed of 5mm/min, and
temperature of 25°C.

(iv) Izod impact resistance is determined according to
ASTM D265 on Tinius Olsen (USA), measured at
Polymer Materials Research Center, Hanoi Uni-
versity of Science & Technology (HUST).

(2) Flame Retardants Properties

(i) Limit oxygen index (LOI) according to ASTM
D2863-12 and JIS K720 (Japan): the bars used for
the test are 150 X 6.5 x 3 mm”.

(ii) Horizontal combustion tests (UL-94HB): the test
piece of the standard bar must be 125 + 5 mm long,
13.0+0.5mm wide, and supplied in minimum
thickness and thickness of 3.0 (-0.0+0.2) mm
(ASTM D635-12).

(iii) Fire resistance: equipment, specially designed for
fire and flame retardant of thermoplastic, thermo-
setting, hard, and thin laminates, designed and
engineered to meet the following standards: ASTM
D 757; specimen size of 3.17 x 12.7 x 121 mm?; and
maximum temperature of 950°C, measured at
Polymer Materials Research Center, Hanoi Uni-
versity of Science & Technology (HUST).

(3) Method of Determining the Structural Morphology of
Materials
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FiGure 1: Images of fly ash particles alternating

TaBLE 1: Specification of epoxy Epikote 240 resin.

Property Test method Unit Value
Epoxy group content SMS 2026 mmol/kg  5100-5400
Epoxy molar mass* g 185-196
Viscosity at 25°C ASTM D445 Pa.s** 0.7-1.1
Colour ASTM D1209 Pt-Co 200 max
Density at 25°C ASTM D4052 kg/L 1.12

*Number of grams of resin containing 1g equivalent of epoxide (weight per
equivalent, (WPE) is an alternative term). **1 Pa.s = 10 poise.

TasLE 2: Taguchi orthogonal array of designed experiments based
on the coded levels.

Trial Fly ash (wt%) MWCNTs content (wt%) Sample code
1 0 0.03 FAO1
2 30 0 FAO02
3 30 0.03 FAST1
4 40 0.03 FAST2
5 50 0.03 FAST3
6 30 0.04 FAST4
7 40 0.04 FASTS5
8 50 0.04 FAST6
9 30 0.05 FAST7
10 40 0.05 FAST8
11 50 0.05 FAST9

(i) The morphology of the samples was carried out by
scanning electron microscope (SEM, S4800-NIHE,
10.0kV, Japan).

SCH—CH
Ty

OH

CH—CH;
S\S | 2

OH

between epoxy molecules after plastic curing [15].

3. Results and Discussion

3.1. Morphology of Nanocomposites. The fractured surface
morphology of epoxy and composites is shown in Figure 2,
with 40 wt.%

Images show a separation between fly ash particles (orbs)
and epoxy resin. This phenomenon shows a poor com-
munication link between epoxy and fly ash.

Mechanical stirring method combined with ultrasonic
vibration was selected to conduct mixing in the fabrication
of samples. The degree distribution observed by SEM image
is shown in Figure 3. Figure 3 shows the uniformly dis-
tributed fly ash particles and clearly shows good wetting and
bonding well with epoxy substrates. The evidence is that after
the material is broken, the fly ash particles are still retained
on the broken surface and the epoxy resin surrounds the
particle.

The structural morphology image (Figure 4(a)) shows
that fly ash particles are strongly bonded with the epoxy
resin. However, there are still small (small) gaps around the
fly ash element.

On the other hand, from another perspective, when there
is external force, a part of fly ash is broken (red arrow), but it
has not been removed from the substrate (Figure 4(b)).

In that gas, MWCNTs are also distributed evenly (the
position of the arrows), there is no phenomenon of clus-
tering and agglomeration, showing the good compatibility of
MWCNTs-fly ash-epoxy combination. From the results of
SEM image, fly ash was dispersed quite well and wet well,
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FIGURE 2: SEM image of epoxy composite material/fly ash: fly ash 40 wt.% ((a), (b)).

FIGURE 4: SEM images of nanocomposites: 40 wt.% fly ash/0.04 wt.% MWCNTs/epoxy ((a), (b)).

there were no holes and fly ash particles adhered well to The scanning electron microscope was used to observe
epoxy E 240, broken surface of smooth material (see  the dispersion/fracture morphology of the MWCNT/epoxy
Figure 5). resin/fly ash composites with higher resolution. SEM
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(d)

F1GURE 5: SEM images of nanocomposites fly ash/MWCNTs/epoxy: (a) 30 wt.% fly ash/0.03 wt.% MWCNTs/epoxy; (b) 40 wt.% fly ash/0.03
wt.% MWCNTs/epoxy; (c) 40 wt.% fly ash/0.04 wt.% MWCNTs/epoxy; and (d) 40 wt.% fly ash/0.05 wt.% MWCNTs/epoxy.

micrograph shows the dispersion (Figures 6(a) and 6(b)) and
agglomeration (Figure 6(c)) of MWCNT in epoxy resin.

Meanwhile, the MWCNTs are evenly distributed and
crept into the area interspersed with fly ash; there is no
clustering and agglomeration phenomenon, which shows
the good compatibility of the MWCNTs-fly ash-epoxy E240
combination, especially at manufacturing rates: 0.04%
MWCNTs/40% fly ash (see Figures 7(a) and 7(b)).

This can be explained that at the mixing level of 40% by
weight of fly ash and 0.04% by weight of MWCNTs, the
material achieves high compatibility, the condensed
structure is suitable for mechanical properties and fire
resistance.

3.2. Mechanical Properties. The fractured surface is very
rough which proves that the material has a high strength, so
the destruction is difficult. MWCNTs play an important role
in limiting the development of fractures (Table 3) and re-
quire great force.

The mechanical strength of nanocomposite materials
(tensile strength, flexural strength, compressive strength,
and Izod impact resistance) is shown in Table 3.

The mechanical strength of the sample has been im-
proved at the mixing ratio of 40% by weight of fly ash and

0.04% by weight of MWCNTs. In other proportions, the
mechanical properties tend to decrease, possibly due to the
limited dispersion ability, thus reducing the mechanical
strength.

From the research, the results show that tensile strength,
flexural strength, and impact strength tend to decrease as fly
ash content increases while compressive strength increases.
However, when adding nanoadditive MWCNTs, the me-
chanical strength above has been significantly improved. The
research results show that at the rate of 40 wt.% fly ash
combined with 0.04 wt.% MWCNTSs, the mechanical du-
rability is at a high level suitable to meet the needs of
manufacturing applied products. This can be explained as
follows: at the content of 40 wt.% fly ash, 0.04 wt.%
MWCNTs achieved the best compatibility, when increasing
the content of fly ash and MWCNTs, the viscosity increased
sharply and, hence, the properties of the material were re-
duced, resulting in insufficient base resin to cover the fly ash
particles. Therefore, a part of fly ash additive does not absorb
enough plastic, causing defects in the material to reduce
durability.

Under the effect of stress, the epoxy material will show
cracks in the most critical areas and those cracks will grow,
in the presence of MWCNTs which are dispersed evenly
with nanometer size in epoxy; cracks can be effectively
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FIGURE 6: SEM images of nanocomposites fly ash/MWCNTs/epoxy: (a) 40 wt.% fly ash/0.04 wt.% MW CNTs/epoxy; (b) 40 wt.% fly ash/0.03
wt.% MWCNTs/epoxy; and (c) 40 wt.% fly ash/0.05 wt.% MWCNTs/epoxy.

FIGURE 7: SEM images of nanocomposites fly ash/MWCNTs/epoxy: 40 wt.% fly ash/0.04 wt.%/epoxy.

prevented, and cracks change direction when they pass over
the point where MWCNTs are present. As a result, cracks
begin to become difficult to develop.

From the table of results of mechanical properties, the
tensile strength compared with the results of Sroka et al.
published was almost similar. In the work of Sroka et al.
[3, 4], fly ash was modified, while in this work, the in-
terwoven structure of nano additives (MWCNTs) increased
material sustainable cooporation and had reinforcing role
for materials. The mechanical properties have been im-
proved and still ensure the tensile strength is kept at the
prescribed level.

3.3. Fire Retardant Properties. If alayer of ash can be formed
during the combustion of polymers, it can act as an insu-
lating sheet, limiting heat transfer from the source to the
polymers. Therefore, the number and texture of ash layers is
important to limit the combustion of polymers.

Fly ash flame retardants and MWCNTs are dispersed in
epoxy resins to enhance the flame retardant properties of
epoxy resins. The results of fire resistance assessment of the fly
ash/MWCNTs combination for epoxy are shown in Table 4.

From Table 4, it was found that the best results were a
combination of 0.04% by weight of MWCNTs and 40% by
weight of fly ash, LOI index of 26.8%, combustion rate of



Journal of Chemistry

TaBLE 3: Optimum mechanical properties of epoxy/fly ash/MWNT nanocomposites from fine tuning experiments.

Trial Sample  Fly ash content MWCNTs content Tensile strength Flexural strength Compressive strength Impact strzength
code (Wt%) (Wt%) (MPa) (MPa) (MPa) (kJ/m®)
1 Epoxy 0.00 0.00 55.90 86.75 156.08 7.11
2 FAO1 0.00 0.03 65.89 91.37 189.39 10.07
3 FA02 30 0.00 39.47 60.08 165.12 5.90
4 FAST1 30 0.03 52.50 77.09 170.00 6.50
5 FAST2 40 0.03 50.04 72.10 173.25 7.90
6 FAST3 50 0.03 44.44 68.25 175.05 8.80
7 FAST4 30 0.04 59.03 78.55 188.89 10.75
8 FASTS5 40 0.04 58.79 79.39 225.09 16.09
9 FAST6 50 0.04 47.02 71.19 220.21 14.68
10 FAST7 30 0.05 56.15 76.97 218.09 14.87
11 FAST8 40 0.05 54.12 73.60 223.09 16.37
12 FAST9 50 0.05 49.60 71.77 229.88 15.76

The bold values indicate that at the fabrication rate of 40 percent by weight of fly ash combined with 0.04 percent by weight of MWCNTs, the mechanical

properties of the material are improved more than the others.

TaBLE 4: Results for flammability tests (reaction to small flame) oxygen index (OI) and UL 94 for fly ash/MWCNTs/epoxy nanocomposites.

Trial Material Fly ash content (wt%) MWCNTs content

LOI (vol% O2+20) Combustion rate (mm/min) UL94 HB (mm/min)

(Wt%)
1 Epoxy 0.00 0.00 20.6 28.41 Not rated (NR)
2 FAO1 0.00 0.03 21.9 24.90 21.76 (HB)
3 FA02 30 0.00 21.5 26.12 22.08 (HB)
4 FAST1 30 0.03 23.7 25.21 20.87 (HB)
5 FAST2 40 0.03 24.1 22.05 18.55 (HB)
6 FAST3 50 0.03 25.0 21.44 17.71 (HB)
7 FAST4 30 0.04 25.4 18.45 16.45 (HB)
8 FAST5 40 0.04 26.8 16.05 15.67 (HB)
9 FAST6 50 0.04 26.3 15.34 15.05 (HB)
10 FAST7 30 0.05 26.3 17.32 17.67 (HB)
11 FASTS 40 0.05 26.8 16.47 16.79 (HB)
12 FAST9 50 0.05 26.3 27.81 18.09 (HB)

The bold values indicate that at the manufacturing rate of 40 percent by weight of fly ash combined with 0.04 percent by weight of MWCNTS, the flame

retardant properties of the material are improved more than other rates.

16.05 mm/minute, and combustion rate with UL. 94HB
reaches 15.67 mm/minute.

A layer of coal (ash) is spread evenly keeping the sample
without the drip and improved the flame resistance of epoxy.
The combination of fire protection mechanisms has im-
proved the fire resistance of the material.

When MWCNTs are well dispersed in the substrate, the
created coal layer will cover more evenly on the surface. And this
shield will minimize the ability ignition as well as exposure to air
oxygen. At the same time, it reduces the tendency to catch fire
again, making the fire unable to spread and extinguish. It can be
seen that the more uniform the distribution of fire retardant
additives in the substrate, the greater the fire resistance and
mechanical properties of nanocomposite are improved.

A layer of residue generated from MWCNTs and fly ash
on the sample surface during combustion is very important,
acting as a heat shield and preventing heat spread. It may
delay the transfer of heat from the flame, resulting in a
slower increase in temperature. It can be said that MWCNTs
and fly ash have synergized to increase the high fire resis-
tance of composites; these are environmentally friendly
flame retardants that promise great applicability in life.

This was confirmed by the qualitative investigation by FE-
SEM, which revealed the presence and dispersion of some

relatively large MWCNT agglomerates, as shown in Figure 7.
The fracture surface shows a typical brittle failure in between
the nanotubes and epoxy resin. This indicates that the strong
adhesion takes place in between MWCNT-epoxy resin and
fractured in different planes. When the loading increases, the
cracks will form in the weak area of the MWCNT network.

The multiwalled carbon nanotubes play an important
role in pinning crack (Figure 8(b)) and carry more external
force (the crack (red arrow) is blocked by nanoparticles).
They have a firm connection and strong interaction with the
matrix. So, the carbon nanotubes, effectively, prevent the
expansion of microcracks resulting from the stress con-
centration and improve the strength of composites.

Multiwalled carbon nanotube increases the performance
of pure epoxy resin because of resisting the deformation of
matrix. However, uniform dispersion and perfect adhesion
of MWCNTs in the epoxy resin is the main reason to in-
crease the mechanical properties of epoxy resin. Therefore,
the mechanical properties and flame retardant of nano-
composite materials (40% by weight of fly ash, 0.04% by
weight of MWCNTs) achieved better value than the other
samples.

When increasing the percentage of fly ash to 50 parts by
weight, the fire retardation tends to decrease. At this ratio the
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FIGUre 9: FE-SEM images of nanocomposites: (a) fly ash/MWCNTs/epoxy: 50 wt.% fly ash/0.03 wt.% MWCNTs/epoxy and (b) fly ash/

MWCNTs/epoxy: 50 wt.% fly ash/0.05 wt.% MWCNTs/epoxy.

FIGURE 10: SEM morphologies of the residua of nanocomposites fly ash/MWCNTs/epoxy: 40 wt.% fly ash/0.04 wt.% from ignition by

alcohol burner (UL 94HB).

compatibility between fly ash and MWCNTs decreases,
because then the viscosity of the mixture increases due to fly
ash. Therefore, the dispersion ability of MWCNTs will be
more difficult. The agglomeration as well as poor dispersion
ability of MWCNTs will seriously affect the fireproof
properties as well as the mechanical properties (see
Figures 9(a) and 9(b)).

Extraordinarily, the residual char of nanocomposite
(Figure 10) was very dense and continuous; no holes could

be found. This was determined by the dispersion states of
CNTs in the residues. In the char of nanocomposite (Fig-
ure 10), a lot of MWCNTs aggregates could be found. This
implies that MWCNTs reaggregated during combustion.
From the results of Table 4, the role of nanoadditives
(MWCNTs) in the fire resistance of materials is clearly
recognized . Compared to the results published by Divya
et al. [7], the trend is the same rule despite different
background studies. Divya et al. published that 0.2 wt.%
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MWCNTs combined with 20 wt.% fly ash is the optimal
value. In this work, meanwhile, the optimal ratio is 0.04 wt.%
MWCNTs combined with 40 wt.% fly ash.

4. Conclusions

We found that fly ash, which is a byproduct of thermal
power plants, greatly enhanced the fire resistance of epoxy
and thus reduced the amount of energy needed to produce
flame retardant epoxy. Adding a large amount of fly ash (40
wt.%) reduces the mechanical properties and molding ca-
pabilities of the material. However, the fire retardation is
enhanced and the mechanical properties are significantly
improved due to the presence of MWCNTs with 0.04 wt.%.
The results of structural morphology (SEM) showed that fly
ash mixed with epoxy at high content (30, 40, and 50 wt.%)
had good compatibility with the substrate even in the
presence of nanoadditives (MWCNTs), thus promising the
future environmentally friendly green composites with
many practical applications.

In this work, the surface of fly ash has not been modified
so the compatibility with the base resin is not strong
compared with what has been observed in previous works
[2, 3]. However, due to the synergies between unmodified fly
ash and multiwalled carbon nanotubes (MWCNTs) at an
appropriate fabrication rate, the manufacturing materials
ensure mechanical properties and fire retardation at the
prescribed level. Nanocomposite materials can be applied in
industrial consumer electronics and construction materials
with high fire resistance.
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The concrete/mortar durability performance depends mainly on the environmental conditions, the microstructures, and its
chemistry. Cement structures are subject to deterioration by the ingress of aggressive media. This study focused on the effects of
Bacillus megaterium and Lysinibacillus sphaericus on flexural strength and chloride ingress in mortar prisms. Microbial
solutions with a concentration of 1.0 x 107 cells/ml were mixed with ordinary Portland cement (OPC 42.5N) to make mortar
prisms at a water/cement ratio of 0.5. Four mortar categories were obtained from each bacterium based on mix and curing
solution. Mortar prisms of 160 mm x 40 mm x 40 mm were used in this study. Flexural strength across all mortar categories was
determined at the 14, 28", and 56™ day of curing. Mortars prepared and cured using bacterial solution across all curing ages
exhibited the highest flexural strength as well as the highest percent flexural strength gain. Lysinibacillus sphaericus mortars
across all mortar categories showed higher flexural strength and percent flexural strength gain than Bacillus megaterium
mortars. The highest percent flexural strength gain of 33.3% and 37.0% was exhibited by the 28" and 56™ day of curing,
respectively. The mortars were subjected to laboratory prepared 3.5% by mass of sodium chloride solution under the
accelerated ion migration test method for thirty-six hours using a 12V Direct Current power source after their 28" day of
curing. After subjecting the mortar cubes to Cl media, their core powder was analyzed for Cl content. From these results, the
apparent diffusion coefficient, D,,, was approximated from solutions to Fick’s 2" Law using the error function. Bacillus
megaterium mortars across all mortar categories showed lower apparent diffusion coefficient values with the lowest being
2.6456 x107'° while the highest value for Lysinibacillus sphaericus mortars was 2.8005 x 107, Both of the test bacteria lowered
the ordinary Portland cement Cl-ingress but Bacillus megaterium was significantly more effective than Lysinibacillus sphaericus
in inhibition.

1. Introduction

The durability of concrete/mortar is related to the charac-
teristics of its pore structure [1]. Furthermore, permeability
of concrete/mortar is dependent on the porosity and the
connectivity of the pores [2, 3]. The degradation mecha-
nisms often depend on the way potentially aggressive
substances can penetrate the cement-based material,

possibly causing damage [4]. The more open the pore
structure and connectivity of the pores, the more vulnerable
it is to degradation caused by penetrating substances [5, 6].

One of the predominant causes of the corrosion of steel
in cement-based structures is chloride attack [7-9]. Chloride
ions may be present in a cementitious material either as a
result of aggressive ions ingress or incorporation of the
aggressive jons during concrete/mortar preparation.
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Chloride ions may also penetrate from external sources such
as seawater or deicing salts. In the marine environment, the
ingress of chloride is the most important problem [10, 11].

Chloride is bound if it has reacted with cement and is
free if it is available in pore solution [10]. Several chemical
interactions between chloride and the cement constituents
do affect the chloride penetration into the concrete/mortar
bulk [5, 12]. The chemical reactions of chlorides with cement
paste start with calcium hydroxide and calcium aluminate
hydrate, depending on the cations in solution [13].

Chloride ingress in cement-based materials is mainly
through capillary absorption, permeation, and diffusion
[14]. However, it may also occur through a multiple of the
aforementioned mechanisms. Diffusion is the most preva-
lent process [15]. The ingress of chlorides/sulphates due to
the various transport mechanisms obeys different laws [16].
Fick’s second law of diffusion is commonly applied to
quantify the aggressive ion ingress due to the multiple
transport phenomena.

Chlorides react with C;A and the C,AF present in Portland
cement to produce Friedel’s salt, CagAl,04CaCl,-10H,O, or
calcium chloroferrite, CagFe,OgCaCl, 10H,0, respectively
[5, 14]. No deleterious effect is associated with these
products. The reaction between the C;A phase and free
chlorides in hydrated cement leads to a reduction of CI~
from the pore solution [17]. This lowers the risk of rebar
corrosion [18]. Solutions with high concentrations of
CaCl, or MgCl, may cause chemical attack which may
lead to a drop in pore water pH and disruption of the
cement matrix [19]. This is due to the consumption of the
sparingly soluble Ca(OH),. MgCl, reacts with portlandite
as shown in

MgCl, (aq) + Ca(OH), (s) + 2H,0 (1) — CaCl, - 2H,0(aq)
+ Mg (OH), (s)
(1)

Biocementation in OPC lowers chloride ingress and
permeability into the cement matrix [20]. This is due to the
refinement of the pore structure [5]. Chloride ions penetrate
a pore system and form chloride salts which may crystallize
within the pores inducing internal cracks [21]. The cracks
affect the mechanical and durability properties of concrete/
mortar [20, 22, 23].

The high alkalinity of the concrete/mortar introduced
during the bacteria MICP prevents the breakup of the
passive film [25, 24]. Its carbonation accompanied by the
presence of chloride ions lowers the alkalinity of pore water.
Rasheeduzafar et al. [18], Dousti et al. [21], and Rao and
Meena [26] observed the amount of free chloride decrease
with increasing C3A and the amount of bound chloride
decreased with increasing OH-concentration from the ce-
ment. Given this, the high corrosion of rebars exposed to
chloride media can be assumed to be due to the low alka-
linity of pore solution [21, 22, 27].

OPC based structures are well known for achieving high
early compressive and flexural strength due to large content
and early hydration of C5S [15, 28, 29]. Despite the various
OPC concrete/mortar advantages, it has a more open pore
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structure than blended cement structures [3, 15, 30]. OPC-
made structures also have a high tendency to form cracks
during and after curing allowing aggressive substances to
penetrate the structure. Permeability or cracks are one of the
main causes of deterioration of these structures and decrease
in durability. Treatment of cracks and pores are generally
divided into passive and active treatments. Passive treat-
ments can only heal the surface cracks, while active treat-
ments can heal both interior and exterior cracks [22, 25].
Microbial concrete/mortar biologically produce calcium
carbonate (limestone) to seal pores that appear within its
matrix or seal/repair cracks that appear on the structure’s
surface [25, 31]. These microbial deposits could also establish
nucleation sites that enhance the early cement hydration
process leading to improved compressive and flexural
strengths. Microbial precipitation of calcium carbonate
mainly occurs by hydrolyzing urea. Urea hydrolysis is a
chemical reaction in which urea reacts with water and
produces ionic products as shown in the following equation:

CO(NH,), + 2H,0 Urease CO;>” +NH,'* ()

When this reaction occurs in the presence of Ca®*,
CaCO;s (solid) is formed as shown in the following equation:

Ca** + CO;>” — CaCO, (3)

When this reaction occurs inside a cementitious porous
material, after settling, it produces sediment, a coating, and a
bridge is formed sequentially around and between the
particles and increases interparticle linkage [31].

Specific types of the bacteria genus such as Bacillus along
with a calcium-based nutrient, such as calcium lactate, or
calcium nitrate could be added to the ingredients of the
concrete/mortar when it is being mixed [21]. The soluble
calcium-containing nutrient is converted to insoluble cal-
cium carbonate [22, 32]. The calcium carbonate solidifies on
the cracked surface, thereby sealing it up.

The densification of cementitious material due to mi-
crobial reaction is important in reducing the permeability of
aggressive ions. This paper reports on findings of the flexural
strength gain of MICP-containing Kenyan-made OPC and
lowered diffusivity of chloride in such laboratory-made
mortars.

2. Materials and Methods

2.1. Cement Chemical Analysis. In this study, the ordinary
Portland cement (OPC 42.5N), KS EAS 18-1:2017 [33], and
standard sand, ISO 679:1989 [34], were used. Flexural
strength tests were carried out in accordance to ASTM C293:
1990 [35]. 100g sample of the test cement sample was
prepared and analyzed in the usual manner following KS
EAS 18-1:2017 [33]. Loss on ignition was done following
ASTM D7348: 2013 [37]. The results are given in Table 1.

Using Bogues formula [36], the average phase compo-
sition for the test OPC is 65.115 + 0.854%, 14.485 +0.913%,
3.899 +0.013%, and 10.355 + 0.018% for C5S, C,S, C3A, and
C4AF, respectively.
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2.2. Microbial Culturing Nutrients. Analytical grade chem-
icals were used in the preparation of the culture media.
Calcium lactate, CsH;(OsCa, peptone from casein and other
animal proteins, meat extract, agar, sodium hydrogen car-
bonate (NaHCO3), anhydrous sodium carbonate (Na,CO;),
and distilled water among other nutrients were purchased
from Chem-Labs Limited, Nairobi, Kenya. Lysinibacillus
sphaericus bacteria (DSM 28) and Bacillus megaterium
(DSM 32) were purchased from Leibniz-Institut DSMZ-
Deutsche Sammlung von, Germany.

2.2.1. Lysinibacillus sphaericus Microbial Culturing. The
Lysinibacillus sphaericus microbial solution was cultured
using nutrients as per the supplier manual. The liquid
medium chosen for culturing the bacteria consisted of 5.00 g
of peptone added to 3.00g of meat extract and 3.95g of
calcium acetate per liter of distilled water was mixed to
obtain liquid medium per stock culture. Initially, this
mixture was sterilized for 20 minutes at a temperature of
121°C by autoclaving. This mixture was then cooled to room
temperature. After cooling, a 1 M Na-sesquicarbonate so-
lution (1.0 ml in 10.0 ml) prepared by mixing 4.2 g NaHCO;
with 5.3 g anhydrous Na,CO; and made up to 1 liter using
distilled water was added to the stock culture to achieve a pH
of 9.7. The Lysinibacillus sphaericus spore powder sample
was added to this mixture in a laminar flow chamber. These
cultures were then incubated on a shaker incubator at 130
shakes per minute maintained at 30°C for 72 hours. An
optical density test was conducted using a spectropho-
tometer for determining the quantity of culture solution
required to mix. This test was conducted in bacteria growing
medium which was considered as blank. This solution was
also taken to be the reference, for experimentation of optical
density of the microbial solution. Separately, 0.5 mL of blank
and bacteria solution of 0.5mL were placed in the spec-
trophotometer at a wavelength of 600 nm and the machine
was set to read. The microbial concentration was observed to
be 1.0x10” cells/mL using the spectrophotometer. This
microbial culture concentration was maintained throughout
the mortar samples preparation as well as in prism curing
solution.

2.2.2. Bacillus megaterium Microbial Culturing. The Bacillus
megaterium microbial solution was cultured using nutrients
as per the supplier manual. The same procedure and nu-
trients as used in preparing the Lysinibacillus sphaericus
microbial solution were used in preparing the Bacillus
megaterium microbial solution. The Bacillus megaterium
spore powder sample was added instead of Lysinibacillus
sphaericus.

Figure 1 shows (a) OPC mortar prepared and being
cured in distilled water, (b) OPC mortar prepared using
Bacillus megaterium solution but being cured in distilled
water, (¢) OPC mortar prepared using distilled water but
being cured in Bacillus megaterium solution and (d) OPC
mortar prepared and being cured in Bacillus megaterium
solution.
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2.3. Mortar Prism Molding and Flexural Strength Testing.
Mortar mix prisms were fabricated according to KS EAS
18-1:2017 [33]. 450 g of OPC was placed in the mixing basin
of an automatic programmable mixer model number JJ-5.
225.0 ml of distilled water was then added. The mix basin
and its contents were clamped onto the automatic pro-
grammable mixer and allowed to run for three minutes.
1350 £ 5 g of the standard sand was placed in an automatic
pour-trough and allowed to add automatically, until all
1350+ 5g sample was added while the mixer was still
running at a speed of 30 vibrations per minute. The ma-
chine was let to run for ten minutes. The mortar prepared
had w/c ratio of 0.5 and was sufficient to prepare three
mortar prisms. Once the mortar was mixed, it was poured
into steel molds of 40 mm x40 mm x 160 mm. Using a
trowel, the mortar paste was scooped from the automatic
programmable mixing basin and placed in a compaction
mold of a jolting compaction machine with 60 rpm vi-
brations. Leveling of the paste was done with a mold trowel
in each of the three chambers of the mold after every jolting
cycle until a good finish was achieved at the surface. The
mold with the mortar paste was then placed in a humid
chamber maintained at 95% humidity and 27.0°C for 24
hours. The mortar was then removed from the molds after
24 hours to obtain the usual OPC mortar. The distilled-
water prepared mortars were categorized into two cate-
gories depending on their curing regime. The first category
was cured in distilled water (labeled as OPC-H,O [H,O]).
The second category was cured in microbial solution (la-
beled as OPC-H,O [LB] for Lysinibacillus sphaericus and
OPC-H,O [BM] for Bacillus megaterium). The above
procedure was repeated but this time using 225 ml of the
microbial solution as mix media instead of distilled water
which resulted in two more mortar categories (referred to
as the third and fourth category): the third category was the
OPC mortar prepared using the microbial solution and
cured in distilled water (labeled as OPC-LB [H,O] Lysi-
nibacillus sphaericus and OPC-BM [H,0] for Bacillus
megaterium), while the fourth category was the OPC
mortar prepared using the microbial solution and cured in
microbial solution (labeled as OPC-LB [LB] for Lysini-
bacillus sphaericus and OPC-BM [BM] for Bacillus meg-
aterium). The mortars were placed in requisite water or
microbial solution for curing in a chamber maintained at
27+ 1°C for curing. The flexural strength tests were con-
ducted at the 2™, 7, 14, 28", and 56" day of curing.
Flexural strength tests in this study were performed on
three samples per category for obtaining average results.

2.4. Scanning Electron Microscopy (SEM) Sample Preparation
and Analysis. SEM analysis was determined for each set of
test mortars after the 28" day of curing. The SEM model
used was Zeiss Ultra Plug FEG-SEM. The test mortar was
prepared for SEM analysis as described in Scrivener et al.’s
[38] guide for microstructural analysis of cementitious
materials as summarized in Figure 2. Isopropanol alcohol
was used to stop the hydration process while resin ERL-4206
was used to impregnate the hardened cement mortar.



Journal of Chemistry

FIGUre 1: Cement mortar curing in varied regimes. (a) OPC-H,O [H,O]. (b) OPC-BM [H,O]. (c¢) OPC-H,O [BM]. (d) OPC-BM [BM].

Sample Sample Sample Sample
cleaning stabilizing rinsing dehydration
Ad
SEM sample Sample Sample Sample
analysis coating mounting drying (CPD)

FIGURE 2: SEM sample preparation.

2.5. X-Ray Diffraction (XRD) Analysis. XRD analysis was
determined for each set of test mortars after the 28™ day of
curing. The mineralogy of the newly formed cement hy-
dration/bacterial material was determined using an X-Ray
Diffraction (XRD) Instrument PW1710 Phillips. Before
running the XRD analysis samples were oven-dried at 100°C
and powdered with an electronic grinder. They were then
placed in a zero-background silicon sample holder. The
goniometer was calibrated using a silicon standard. Samples
were analyzed using PANalytical software, with goniometer
start and end angles at 5.00 and 80.002°Theta, step size of
0.0202°Theta, and scan step time of 0.5 seconds at an ad-
justed current and voltage of 40 mA and 35 kV. respectively.

2.6. Chloride Ingress. For each category of mortar, three
prisms, cured for 28 days, were subjected to chloride pro-
filing using the method prescribed in ASTM C 1552 [39].
After the NaCl solution exposure, a mortar prism was
polished on the 40 mm x 40 mm face using sandpaper. The
prism was drilled through the core center up to 10 mm

interval along the length using a 15 mm radius drill bit up to
80 mm per mortar category. The powder was dried to a
constant mass in an oven at 105°C. The dried powder was
pulverized. Between each pulverization, the pulverizer was
thoroughly cleaned to avoid cross-sample contamination.
The ground samples were kept in individual-sample sealed
reagent bottles awaiting chloride analysis.

2.6.1. Chloride Profiling. The chlorides at each depth of
penetration were analyzed using Mohr titration procedure
in all the mortar categories. The estimation of apparent
chloride diffusion coefficients was achieved under non-
steady state conditions assuming boundary conditions
Cup=0at t=0, 0< x<00, C,y=C, at x=0, 0<t< 00,
constant effects of coexisting ions, linear chloride binding,
and one-dimensional diffusion into semi-infinite solid [16].
Crank’s solution to Fick’s second law of diffusion is given

by

X
Cipn=Cyil-erf[ ———— | 1, (4)
(x,t) (s)
t ((4D t)(1/2)>

app

where C,, is the concentration of Cl™ at any depth x in the
mortar bulk at time ¢, C; is the surface concentration, and
D,pp is the apparent diffusion coefficient. The error cor-
rection function, erf, is the Gaussian error function obtained
from computer spreadsheets. The chloride profiles were
obtained by fitting equation (4) to experimentally



determined chloride profile concentrations, thus deter-
mining the values of Dy, and C; mathematically.

By using the accelerated migration diffusion coeflicient
Dpnig determined graphically, D,,, can be determined by
using the following equation [40]:

2
app = g mi In_t’ (5)

ziF ™8 AQ
where R is the Gas constant, F is the Faraday constant, T is
the temperature of the electrolyte in K, zi is the valency of the
ion i, AQ is the Effective Applied Voltage in V, and ¢ is the
duration of the test/exposure in seconds.

3. Results and Discussion

3.1. Scanning Electron Microscope (SEM) Analysis.
Figures 3(a)-4(c) show SEM analysis for both control and
microbial mortar prisms after the 28" day of curing. The
SEM images display the formation of calcium-silicate-hy-
drate, C-S-H, calcium carbonate precipitation, CaCOs,
needle type ettringite, and presence of portlandite/calcium
hydroxide, CH.

As SEM images in Figure 3(a) illustrate, the OPC-H,0
(H,O) mortar had no visible calcium carbonate deposits.
However, the SEM images in Figures 3(b)-3(d) as well in
Figures 4(a)-4(c), the microbial mortars OPC-H,O (LB),
OPC-H,0 (BM), OPC-LB (H,0), OPC-BM (H,0), OPC-LB
(LB), and OPC-BM (BM) showed significant calcium car-
bonate precipitates. This is attributed to the MICP deposits
from both Lysinibacillus sphaericus and Bacillus megaterium
either present in mix media or present in the cultured curing
solution [1, 41]. The morphology of C-S-H densifies from
Figure 3(b) through Figures 3(c)-3(d) as well as from
Figure 4(a) through Figures 4(b)-4(c). This is attributed to
the calcium carbonate precipitation by the two bacteria
under study. Image (c) from Figure 3, clearly shows bio-
deposition over ettringite needles resulting in the formation
of biofilms on their surface and plugging of the pores on the
mortar structure.

3.2. X-Ray Diffraction Analysis (XRD). Table 2 shows XRD
analysis results for both control and microbial mortar prisms
after the 28" day of curing. The results show formation of a
new hydration compound, Bavenite in both bacterial
mortars.

The XRD analysis of the OPC mortars confirms that
microbial biocementation introduces a new cementitious
product, Bavenite, Al,Be,Ca,H,0,4Siy, which is absent in
the control mortar, OPC-H,O (H,O), but present in the
microbial mortars, OPC-LB (LB) and OPC-BM (BM) at
2.53% and 1.33%, respectively. Calcite, CaCOs, is signifi-
cantly more in OPC-BM (BM) and OPC-LB (LB) at 10.27%
and 10.23%, respectively, as compared with 0.64% in OPC-
H,0 (H,O). This relates with improved calcite (CaCO3)
deposits and depleted Portlandite, Ca(OH),, in microbial
mortars as seen in SEM morphological images in Figures 3
and 4. XRD diffractograms also confirmed the same as
depicted in Figures 5(a)-5(c). The depleted Ca(OH), in
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microbial mortars compared to that in control mortars
could be attributed to the binding of Ca** with the microbial
precipitated CO;*.

More densification of C-S-H in microbial mortars than
in control mortar is observed in SEM micrographs due to
the high percentage of both Bavenite, Al,Be,CaH,0,4Sio,
and Dellaite, CagH,0;3Si3, either individually or as
combined in OPC-BM (BM) and OPC-LB (LB) compared
to in OPC-H,0 (H,0) as depicted in Figures 5(a)-5(c)
and summarized in Table 2. The XRD quantifications
confirm the presence of calcite as well as more C-S-H in
microbial mortars. These depositions in the pores maxi-
mized the packing density of cement mortar consequently
improving the mortar’s physicochemical and mechanical
properties.

3.3. Flexural Strength Gain. The percent gain flexural
strength results obtained at 14", 28", and 56 day of curing
are given in Figure 6.

Table 3 summarizes the significant difference in flexural
strength gain between the control and microbial mortars across
27, 70 14 28" and 56™ day of curing,

Across all mortar categories, for both Lysinibacillus
sphaericus and Bacillus megaterium there was no signif-
icant difference (T.,=0.5, p=0.05) in their flexural
strengths at 2"¢ and 7" day of curing. The flexural strength
across all mortar categories for both bacteria under study
increased with an increase in curing age as depicted in
Figure 6. Considering the control and the microbial
mortars across all the test bacteria mortars, the flexural
strength increase was higher and more statistically sig-
nificant between the 14™ and 28™ day than between the
28" and 56" day of curing as demonstrated by the results
in Table 3. However, among the microbial mortars,
flexural strength appears to be influenced more by the type
of the bacteria as well as the preparation or curing regime
than the curing age.

There was a statistically significant difference in flexural
strength across all microbial mortar categories between
different days of curing, as well as between the Lysiniba-
cillus sphaericus mortars and Bacillus megaterium mortars
as depicted in Table 3. This could imply the fact that the
formation of C-S-H increases with curing age and that
introduction of the microbial solution, either during
preparation of mortars or as the curing regime enhances
the formation of C-S-H results in improved flexural
strength.

The flexural strength improvement for mortars of both
bacteria under study was more pronounced when the
microbial solution was used as the mix water than as the
curing regime. Across all curing ages, OPC-LB (LB)
exhibited the highest percentage gain in flexural strength
than the other mortar categories. The highest percent
flexural strength gain was observed at the 56 day of
curing at 37.0%. There was observed a statistically sig-
nificant difference in percent flexural strength gain both
from one curing age to another as well from one microbial
mortar category to another for all microbial mortar
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FIGURE 4: SEM analysis for (a) OPC-H,0 (BM), (b) OPC-BM (H,0), and (c) OPC-BM (BM).
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TaBLE 2: XRD (% w/w + SD values) summary for hydrated OPC microbial mortars prepared and cured in respective bacteria against control

OPC mortar after 28" day of curing.

Hydration compound

Mortar category (% w/w + SD)

OPC-H,0 (H,0) OPC-LB (LB) OPC-BM (BM)
BaVenite, A12B82Ca4H20285i9
Sample 1 — 2.55 1.36
Sample 2 — 2.52 1.33
Sample 3 — 2.51 1.29
Average — 2.53 1.33
Std. dev. — +0.02 +0.03
% Average + SD — 2.53+0.02 1.33+0.03
Dellaite, CagH,0,5Si3
Sample 1 83.89 83.49 84.21
Sample 2 83.95 83.47 84.18
Sample 3 83.94 83.45 84.16
Average 83.93 83.47 84.18
Std. dev. +0.03 +0.02 +0.02
% Average + SD 83.93+0.03 83.47+£0.02 84.18 £0.02
Calcite, CaCOs;
Sample 1 0.67 10.26 10.24
Sample 2 0.63 10.22 10.29
Sample 3 0.61 10.21 10.27
Average 0.64 10.23 10.27
Std. dev. +0.02 +0.02 +0.02
% Average + SD 0.64 +0.02 10.23 £ 0.02 10.27 £0.02
Portlandite, CaH,0,
Sample 1 15.43 3.86 4.21
Sample 2 15.48 3.82 4.17
Sample 3 15.49 3.84 4.19
Average 15.47 3.84 4.19
Std. dev. +0.03 +0.02 +0.02
% Average + SD 15.47 +0.03 3.84+0.02 4.19+0.02
OPC H,0
(coupled twotheta/theta)
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FiGgure 5: Continued.
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FIGURE 5: (a) Diffractograms for OPC-H,0O (H,O). (b) Diffractograms for OPC-LB (LB). (c) Diffractograms for OPC-BM (BM).

categories as shown in Table 3 and Figure 7, respectively.  responsible for strength development. The added Ca**
The increase in flexural strength is attributed to the  together with calcium acetate, in presence of the microbial
materials precipitated by the Lysinibacillus sphaericus  cell-wall as the nucleation site readily combine with the
being involved in the hydration process forming C-S-H  precipitated CO;*" and crystallizes out as CaCO3 which
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Percent gain flexural strength of test mortars at 14, 28", and 56" day of curing.

TaBLE 3: Ty values summary for microbial mortars against control mortar and among varied microbial mortar categories flexural strength
across 2", 7", 14™ 28", and 56™ day of curing (T = 0.5, p = 0.05).

T.a1e- values

Mortar categories 2" day 7™ day 14™ day 28" day 56" day
Teate X 107" Teae 107" Teale X 107° Teae 1072 Trale X 1072
OPC-H,0 (H,0) vs. OPC-H,O (LB) 5.0 5.0 13.7908 6.8664 0.4725
OPC-H,0 (H,0) vs. OPC-LB (H,0) 5.0 5.0 46.4869 4.9426 1.2694
OPC-H,0 (H,0) vs. OPC-LB (LB) 5.0 5.0 26.6329 6.1408 2.4344
OPC-H,0 (H,0) vs. OPC-H,O (BM) 5.0 5.0 4.9845 3.7064 3.9136
OPC-H20 (H,0) vs.OPC-BM (H,0) 5.0 5.0 67.1730 9.4017 1.0106
OPC-H,0 (H,0) vs. OPC-BM (BM) 5.0 5.0 1.2815 1.2371 0.6787
OPC-H,O (BM) vs. OPC-H,0 (LB) 5.0 5.0 302.5298 302.5298 133.2461
OPC-BM (H,0) vs. OPC-LB (H,0) 5.0 5.0 535.0033 38.8954 133.2461
OPC-BM (BM) vs. OPC-LB (LB) 5.0 5.0 22.3619 402.4947 436.5515

stimulate and accelerate the
[31, 32, 42].

In this study, it has been found that Bacillus megaterium
and the Lysinibacillus sphaericus biomineralization process
enhance the flexural strength. The enhanced MICP process
could also be ascribed to the metabolic conversion of the
organic acetate added as a microbial feed in form of calcium
acetate which was aerobically oxidized under improved
alkaline conditions by these ureolytic alkaliphilic Bacillus
spp. Lysinibacillus sphaericus MICP precipitate is more
crystalline while that from Bacillus megaterium is more
amorphous as shown in Figures 3 and 4’s SEM images,
respectively. Perhaps, the more the crystalline MICP de-
posits, the more and the better the C-S-H bonding resulting
in enhanced flexural strength gain by Lysinibacillus

hydration of C-S-H

sphaericus which deposits relatively more crystalline pre-
cipitate than Bacillus megaterium which deposits more
amorphous precipitates [3, 4, 31, 42]. The amorphous MICP
deposition serves as a barrier as it fills any pore/pathway
reducing porosity and thus improves impermeability and
ingress resistance. Perhaps, this difference in MICP crys-
tallinity and the quantity between the two test bacteria
explain why Lysinibacillus sphaericus is a better flexural
strength enhancer while Bacillus megaterium improves
impermeability thus a better chloride ingress inhibitor.
Similar observations have been made by other researchers,
Azadi et al. [6], Chahal et al. [31], Abo-El-Enein et al. [43],
and Kim et al. [44] though using other bacteria species. The
MICP precipitation occurs according to the following
equation [1, 32]:
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CH,COO'” +20, — 2C0O, + OH"” + H,0
CO, + OH" — HCO,""
HCO,"” + OH'" — CO,* +H,0
Bacterial Cell — Ca** + CO,*>” — Cell - CaCO,
(6)

Bacillus megaterium and Lysinibacillus sphaericus bac-
teria cause densification of the mortar due to increased
cement products, CaCO;, CSH, and ettringite.

3.4. Chloride Ingress

3.4.1. Chloride Profiling. Results for chloride ingress into the
test microbial OPC mortars determined at the varied depth
of cover within the mortar are presented in Figures 7 and 8
for Lysinibacillus sphaericus and Bacillus megaterium,
respectively.

In all cases, the bacterial presence affected the
presence of the CI™. As observed, the Cl™ ingress was
sharper across all penetration depths in OPC-H,0 (H,O)
than in all microbial mortars up to the 60 mm and 40 mm
along the penetration depths, respectively. Perhaps this is
due to the lower chloride binding capacity in OPC-H,O
(H,O) than in microbial mortars [1]. This could be at-
tributed to the increased content of C-S-H and CAH gels
that seal the microbial mortar pore connectivity as ob-
served from SEM results above. The reduction in chloride
ion in microbial mortars prepared and cured using
microbial solution was higher than in the ones either
prepared or cured in microbial solutions. This could also
be attributed to more MICP precipitates in mortar hy-
drates, further decreasing the permeability. The trend
correlates with that observed by Mutitu et al. [1], Chahal
et al. [31], and Nosouhian et al. [45], although involving
other types of Bacillus spp bacteria. The authors at-
tributed higher chloride ingress in OPC-H,0 (H,O) than
in microbial mortars to continuous and interlinked voids
through which the ions ingress.

3.4.2. Chloride Apparent Diffusivity Coefficients. The results
obtained from the chloride error function fitting curve for
selected mortars OPC-H,O (H,0), OPC-BM (BM), and
OPC-LB (LB) are summarized in Table 4 showing D,,, and
Dhy,ig with corresponding chloride surface concentration (C;)
and * values of the test mortars from the two bacteria under
study using 3.5% by mass sodium chloride solution.
OPC-BM (BM) and OPC-LB (LB) mortars exhibited the
lowest apparent diffusion coefficient (D,,,) compared to the
other microbial mortars in both BM and LB mortar cate-
gories. With low chloride ingress, low D, values were
observed. OPC-H,0 (H,0) mortar had the highest D,
value. Lower chloride D,,, values were demonstrated by
Bacillus megaterium across all mortar categories than
Lysinibacillus sphaericus mortars. Perhaps Bacillus mega-
terium could be a suitable internal and external crack healing
bacterium than Lysinibacillus sphaericus bacteria. This could

11

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04

0.02 \\\

0.00 —

10 20 30 40 50 60 70 80 90
Penetration depth (mm)

[CI7] % x 107® g/g cement mortar

—eo— OPCH,0 (H,0)
OPC LB (LB)

OPC LB (H,0)
OPC H,0 (LB)

Ficure 7: Chloride ion concentration at different depth of pene-
tration for control OPC and varied Lysinibacillus sphaericus mi-
crobial mortars.
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FiGgure 8: Chloride ion concentration at different depth of pene-
tration for control OPC and varied Bacillus megaterium microbial
mortars.

be attributed to the MICP deposits present in the microbial
mortars which upon reacting with hydration cement
products results in additional cementitious material that
makes the mortar denser with increased resistivity to Cl™
ingress and lower chloride diffusivity.

4. Conclusions

(1) Both  Bacillus megaterium and Lysinibacillus
sphaericus have the ability to precipitate calcium
carbonate that improves both flexural strength as
well as the pore structure and thus lowering chloride
ingress.

(2) Flexural strength of the mortar has a positive cor-
relation with CaCOj; precipitation, for both Bacillus
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TABLE 4: Cg, Dpig, Dapp, and r*~values for different microbial mortars in NaCl.

Journal of Chemistry

Mortar type C, Dpyig X107° (m?/s) Dypp x 107" (m?/s) r

OPC-H,0 (H,0) 0.2255 5.6052 2.8430 0.9730
OPC-BM (BM) 0.1997 5.2161 2.6456 0.9655
OPC-BM (H,0) 0.1965 5.3982 2.7380 0.9523
OPC-H,0 (BM) 0.2000 5.4596 2.7691 0.9555
OPC-LB (LB) 0.2016 5.2764 2.6762 0.9510
OPC-LB (H,O) 0.2033 5.4801 2.7796 0.9552
OPC-H,0 (LB) 0.2099 5.5213 2.8005 0.9531

megaterium and Lysinibacillus sphaericus bacteria.
This was exhibited by the higher strengths in mi-
crobial mortars cured in cultured solutions than
those cured in distilled water.

(3) Lower chloride ingress was observed in both Bacillus
megaterium and Lysinibacillus sphaericus bacteria
microbial mortars prepared and cured using cul-
tured solutions than those cured in distilled water.
This was exhibited by the lower D,, values in mi-
crobial mortars cured in cultured solutions than
those cured in distilled water. Bacillus megaterium
bacteria improved the chloride ingress resistivity
more than the Lysinibacillus sphaericus bacteria.

(4) Lysinibacillus sphaericus bacteria improved flexural
strength more than the Bacillus megaterium bacteria.
This was demonstrated by the higher flexural
strength as well as higher percent flexural strength
gain across all mortar curing ages across all mortar
categories than Bacillus megaterium mortars. Per-
haps Lysinibacillus sphaericus could be a better
flexural strength enhancer than Bacillus megaterium
bacteria.
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