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Abstract

With lower calcination temperature, reactive magnesia cement (RMC) can be a potential
alternative to the Portland cement. However, RMC concrete requires accelerated carbonation
curing from external sources which greatly hinder the wider applications of RMC. This study
proposed a bacteria-based method for the strength gain of RMC through internal carbonation.
Sporosarcina pasteurii, urea, and yeast extract were used as a carbonation agent for internal
carbonation of RMC pastes. Results showed that the flowability of the fresh bio-RMC paste
increased by 20% while the initial setting time remained unchanged. Besides serving as the
COz provider, urea can also function as superplasticizer to reduce the water demand of the bio-
RMC pastes. The resulting bio-RMC pastes showed a continuous strength gain with time,
demonstrating the feasibility of bacteria-induced internal carbonation of RMC. Microstructure
analysis revealed abundant formation of hydrated magnesium carbonates in the bio-RMC

pastes, which is responsible for the strength gain of the bio-RMC pastes.

* Corresponding author. Address: N1-01b-56, 50 Nanyang Avenue, Singapore 639798. Tel.: +65 6790 5291, fax:
+65 6791 0676. E-mail address: ehyang@ntu.edu.sg (E.H. Yang)
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1. Introduction

Being the most widely used man-made material, Portland cement (PC) is globally produced at
an amount exceeding 4 billion tonnes a year [1]. The production of PC leads to the release of
large quantities of CO., taking up roughly 8% of global anthropogenic CO; emissions [2]. To
reduce the emissions from cement production, the use of alternative binding materials has been
proposed [3-5]. Reactive magnesia cement (RMC), which has lower calcination temperatures
than PC, i.e., 700-900°C vs. 1450°C [6], is one of the potential alternatives. Apart from the
typical dry route, i.e., calcination of magnesite, RMC can also be synthesized from magnesium-
rich sources such as reject brine [7]. Moreover, the strength gain of RMC involves hydration
and carbonation reactions, presenting a route for the permanent sequestration of CO within the

RMC matrix [8, 9].

During the strength gain process of RMC, MgO firstly hydrates to form brucite (Mg(OH)>),
which is porous and does not significantly contribute to strength development. Subsequently,
brucite reacts with CO; to form a range of hydrated magnesium carbonates (HMCs), such as
nesquehonite (MgCO3-3H20), hydromagnesite (4MgCO3-Mg(OH),-4H>0), and dypingite
(4MgCO3-Mg(OH)2-5H>0). Carbonation is the most crucial step for the strength gain of RMC
formulations as HMCs are the primary sources of strength within these mixes [8-10]. However,

the carbonation of RMC under ambient conditions is very limited due to the low atmospheric
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CO; concentration, i.e., 0.04% [11]. Therefore, accelerated carbonation is essential and
generally realized by providing CO; at elevated concentrations, i.e., 10% and higher. While
accelerated carbonation allows RMC to gain initial strength, the high concentration of CO»
provided externally can have adverse effects on long-term strength development [12]. Due to
the formation of a dense impermeable layer on the sample surface, further diffusion of CO;
from outside into the inner sections towards the sample core is hindered. As a result, a majority
of hydrated phases, e.g., brucite, remains uncarbonated within the sample, thereby limiting the
overall strength gain of RMC [13, 14]. To alleviate this issue, methods have been developed to
enhance CO; diffusion into the RMC matrix by introducing porosity via varying the particle

size distribution of aggregates [15].

The requirement of accelerated carbonation curing limits the applications of RMC to precast
elements only, because accelerated carbonation requires the use of enclosed chamber or
incubator with controlled CO; concentration, relative humidity (RH) and temperature. It is also
a challenge to carry out accelerated carbonation curing for large precast elements, such as
bridge girders, due to space constraint, low production efficiency and high cost. All of the

above greatly hinder the wider applications of RMC.

One potential solution to overcome this bottleneck is to provide an internal source of CO2
within RMC matrix by using microorganisms. Accordingly, Sporosarcina pasteurii is a
moderately alkaliphilic bacteria with a high urease-producing performance [16-18]. Urease is
an enzyme that catalyses the hydrolysis of urea into CO2 and NHs. The hydrolysis rate of urea
under room temperature and pressure is very slow. With the help of urease, the hydrolysis of

urea is accelerated, as shown in Equation 1 [19].
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(NH2).CO (Urea) + H:0 —Y€&€ , CO, + NH; (1)

The external application of Sporosarcina pasteurii and urea on RMC samples for crack
repairing has been reported in an earlier study [20], where the formation of HMCs was observed
in the cracks. It is therefore plausible to incorporate bacteria directly into the RMC matrix to
engage such CO; producing mechanism as an internal source of CO> for internal carbonation
of RMC. Until now, the use of Sporosarcina pasteurii in cementitious materials is mainly
studied in PC-based systems [21-23], whereas the application of this method for internal
carbonation of RMC-based systems that purely rely on the carbonation process for strength

gain, has not been previously investigated.

In line with this gap in the literature, this study proposes a bacteria-based method to accelerate
and increase the carbonation degree of RMC. In order to provide CO; internally, Sporosarcina
pasteurii cells, urea and yeast extract (YE) were mixed directly into RMC pastes together as a
three-component carbonation agent. The RMC paste with this bacteria-based carbonation agent
is referred to as the bio-RMC paste. Among the carbonation agent, urea is the CO; precursor
and YE serves as the nutrient for bacteria which are responsible for releasing the enzyme
(urease). With all the components needed for the carbonation process incorporated in the matrix,
the enzyme released from the bacteria catalyses the hydrolysis of urea to generate CO2, which
is then used to accelerate the carbonation reaction. This proposed method presents two main
advantages. First, changing the source of CO; from external to internal fully eliminates
limitations associated with the diffusion of CO> within the sample depth. Second, this method

eliminates the need for any special curing environment such as those provided by
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incubators/carbonation chambers. This allows the RMC concrete to be cast in-situ and cured

on site which greatly increase the potential applications of RMC.

In this paper, the concept of bacteria-induced internal carbonation of RMC for strength gain
was demonstrated for the first time. Influence of the bacteria-based carbonation agent inclusion
on the fresh properties of RMC was assessed. The hardened properties and microstructure of
the resulting bio-RMC pastes were examined. To further optimize the performance of the bio-
RMC pastes, the dosage of urea was increased to provide more CO> for carbonation.
Meanwhile, water-to-RMC ratio was reduced due to urea can potentially work as a

superplasticizer.

2. Materials and methodology

2.1 Materials

Sporosarcina pasteurii (DSM33) used in the current study was purchased from Leibniz
Institute DSMZ. The liquid growth medium for the bacteria contained 1 L 0.13 M tris buffer,
20 g yeast extract, and 8.1 g NH4Cl. Before use, all ingredients were autoclaved separately.
The bacteria culture was aerobically incubated at 30°C on an orbital shaker with a rotational
speed of 200 rpm. After 20-24 hours of incubation, the bacteria culture obviously turned turbid,
indicating the growth of cells. Serial dilutions and spread plate technique were used to carry

out colony-forming unit (CFU) counting [24], and the bacteria culture was stored in 4°C fridge
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until use. Before using the bacteria culture for sample preparation and casting, the volume of

the culture needed was calculated according to Equation 2.

Vieed = (Cneed x WRMC)/ Choc (2)

where Vieed 1s the volume of the culture needed for casting, Cheed is the bacteria needed for 1 g
RMC, Wrwmc is the weight of RMC, and Cic is the concentration of the batch culture. The
bacteria cells were then harvested by centrifuging the culture at 5000 rpm for 10 minutes. The
supernatant was removed, and the cell pellets were kept and used for preparing the bio-RMC

pastes, as described in Section 2.2.1.

The RMC used in this study was from International Scientific Pte. Ltd. The chemical
compositions and physical properties of RMC, as provided by the supplier, are shown in Table
1. The reactivity of the RMC is 12 seconds, which is obtained by the time needed for the

neutralization of 100 ml 0.13 M citric acid monohydrate by 5 g of RMC.

Table 1 Chemical composition and physical properties of RMC

Chemical composition (%) Physical properties

MgO CaO SiO2 FeoO3 ALOs; LOI Bulk density ~ Surface area
(kg/m?) (m*/g)

97.75 0.85 1.13 0.12 0.16 3.8 650 45

2.2 Methodology

2.2.1 Mix design and sample preparation
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The mix design in the current study is shown in Table 2. To study the influences of carbonation
agent on the fresh properties of RMC paste, individual component (i.e., bacteria, YE, urea) or
their combination was added into the RMC paste (mixes 1-8). To reveal the effects of bacteria-
based carbonation agent on the hardened properties of the resulting bio-RMC pastes, mixes 8-
10 were prepared together with the control mix (mix 1). The name code for each mix strictly
follows their mix design. In the code, the number behinds W denotes the water-to-RMC ratio,
the number behinds U denotes the weight percentage of urea with respect to RMC, Y denotes
the addition of 1.5 wt.% YE with respect to RMC, and B denotes the use of 1.5x10% CFU

bacteria per gram of RMC.

Table 2 RMC mix designs in the current study

S/N  Name RMC Water Urea YE ?glgg;;aRM 0
1 WO0.5 (control) 1 0.5 - - -

2 WO0.5-B 1 0.5 - - 1.5x108
3 WO0.5-Y 1 0.5 - 0.015 -

4 WO0.5-U5 1 0.5 005 - -

5 W0.5-U10 1 0.5 0.10 - -

6 W0.5-U15 1 0.5 0.15 - -

7 WO0.5-U5-Y 1 0.5 0.05 - -

8 W0.5-U5-Y-B 1 0.5 0.05 0.015 1.5x10%
9 W0.45-U10-Y-B 1 0.45 0.10 0.015 1.5x10%
10 W0.43-U15-Y-B 1 0.43 0.15 0.015 1.5x10%

To prepare the fresh mix, half of the water was used to dissolve urea, and another half was used
to dissolve YE and bacteria cell. Suspending bacteria with YE instead of urea was to prevent
the consumption of urea before casting. To prepare the bio-RMC pastes, the two solutions were

mixed and quickly stirred first for 20 seconds. After which, the solution was added into the
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RMC powder and mixed in a Kenwood KVL6100B mixer for 5-10 minutes until a homogenous

state was achieved.

Flowability and setting time of pastes 1-8 were evaluated first to study the influence of urea,
YE, and B and their combination on the fresh properties of the resulting pastes. Fresh pastes 1,
7-10 were cast into 50 mm cube moulds and all mixes were cured at the same laboratory air
conditions (28+2°C, 80+5% RH) to study the hardened properties of the resulting pastes. After
initial hardening for two days, samples were demoulded and cured in the same condition until

further tests.

2.2.2 Tests

Flow table model 63-L0040/A from Controls Group was used for the flowability test in

accordance with ASTM C1437 [25]. Accordingly, flowability is defined as the increased

percentage of the diameter of the paste, as shown in Equation 3.

Flowablllty = (Dafter - Dbefore) /Dbefore X 100% (3)

where Duefore 1s the original inside base diameter and Dafer is the diameter of the paste after the

test, which takes the average of four readings along the four lines scribed in the tabletop.

An automatic Vicat apparatus was used for the measurement of setting time in accordance with

ASTM 191 [26]. After mixing, the fresh paste was placed on the apparatus for 7 hours before
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the penetration test. The penetrating interval was 30 minutes over a duration of 18.5 hours. The

penetration depth was automatically recorded to monitor the setting process of the sample.

The compression test was carried out on cube samples at ages of 7, 14 and 28 days according
to ASTM C109/C109M-13 [27]. A Toni Technik Baustoffpriifsysteme machine was used to
determine the maximum load capacity of the sample under a constant loading rate of 55 kN/min.

Each set of test contains at least three cubes and the average of the three tests were reported.

Fractured samples from the compression test were collected and stored in isopropanol for 7
days to stop hydration, followed by vacuum drying for 1 day. After the treatment, fragments
were collected and coated with platinum using an auto fine coater (JEOL JFC1600) under 20
mA current for 40 seconds. Then the coated sample were studied through JEOL JSM-7600 F
equipment under SEI mode at 5.0 kV voltage. For the XRD scan, fragments were first crushed
using a mortar and then sieved through a 75 pm mesh. The XRD scan was conducted on
Panalytical Xpert Pro using Cu Ka radiation (40 kV, 30 mA) with a scanning rate of 0.017°

20/step from 5° to 80° 26.

3. Results and discussion

3.1 Flowability

Figure 1 compares the flowability of RMC pastes with the inclusion of individual component

of carbonation agent (i.e., bacteria, YE, urea) and their combination. The diameter of the flow
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table is 254 mm and the inner diameter of the flow mould is 101.6 mm. According to Equation
3, the maximum measurable flowability is 150%. As can be seen, the inclusion of individual
component of carbonation agent results in increased flowability of RMC paste. Among the
three components, urea addition leads to the most significant improvement of the flowability.
While both bacteria and YE brought minor increases less than 8%, the addition of 5% urea
results in a triply increase on the flowability of RMC paste from 14.4% to 44.2%. Furthermore,
at 10% urea inclusion, the flowability can reach 87.5%. And with 15% urea addition, the
flowability of the RMC paste was beyond the measurable limit of the flow table (i.e., 150%).
This may be attributed to the interaction between urea and water molecules in the solution,
where some water molecules are found “occupied” by urea. The occupied water molecule is
either strongly immobilized by one urea molecule through two hydrogen bonds or shared by
two urea molecules [28, 29]. When urea solution was applied to RMC, these occupied water
molecules were not able to immediately accessible by cement as shown in Figure 2. As a result,
they were able to flow freely in the fresh paste and act as “lubricant” to enhance the flowability
of MgO paste. In fact, similar results have also been observed in PC and geopolymer mixes

[30, 31].
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228  With the inclusion of the complete carbonation agent set (W0.5-U5-Y-B), the flowability
229  increased by 19% when compared to the control mix (W0.5). This shows the inclusion of
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bacteria-based carbonation agent in RMC paste is beneficial in terms of flowability. It is worth
noting that the flowability enhancement by adding the complete set of carbonation agent is
lower than that by including only the organic compounds (i.e., urea and YE). Comparing mix
8 (W0.5-U5-Y-B) with mix 7 (W0.5-U5-Y), the further addition of bacteria has decreased the
flowability more than 10%. This may be attributed to the metabolic activity of bacteria which

catalyses the hydrolysis of urea during sample preparation and testing.

3.2 Initial setting time

The initial setting time of RMC pastes 1-8 is shown in Figure 3. As can be seen, the inclusion
of individual component of carbonation agent results in increased initial setting time of fresh
RMC paste. Among the three components, urea addition leads to the most significant delay of
the initial setting time. While the addition of bacteria did not influence the setting and YE has
delayed the setting by 3 hours, inclusion of 5% urea in RMC paste has delay the initial setting
time from 7.5 hours to 15.5 hours. When the addition of urea increased to 15%, the initial
setting is further delayed to 24.5 hours. The significant delay of setting may be attributed to the
abrupt and drastic temperature reduction when urea dissolves in water [32]. The dissolution of
urea in water is an endothermic process [33]. Therefore, the inclusion of urea during mixing
and setting reduced the temperature of the pastes, prolonging the setting time. From the result
of mix 7 (W0.5-U5-Y) and control mix (WO0.5), it is known that the addition of organic
compounds (i.e., urea and YE) delays the initial setting by 11 hours. However, the addition of
the complete set of carbonation agent (W0.5-U5-Y-B) results in comparable initial setting time

around 7.5 hours to the control RMC mix (W0.5). This is again believed to be attributed to the

12



254  metabolic activity of bacteria which catalyses the hydrolysis of urea during setting where urea
255 and water were continuously consumed through the hydrolysis of urea. Furthermore, CO>
256  generated from the hydrolysis of urea leads to carbonation of brucite and formation of HMCs
257  resulting in comparable setting time to the control mix. This highlights the inclusion of

258  Dbacteria-based carbonation agent in RMC paste does not delay the initial setting time of the

259  RMC mix.
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264 3.3 Compressive strength

265

266  The compressive strength development of the control RMC (W0.5), nutritious RMC (W0.5-
267 US5-Y) and the bio-RMC (W0.5-U5-Y-B) pastes are shown in Figure 4. RMC pastes

268  demonstrated low strengths that remained stable at around 0.8 MPa throughout the entire 28
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days of curing. These constantly low strengths were due to the low CO; content, i.e., 0.04%, in
air and were in line with the findings of previous studies [1, 5]. After the addition of urea and
YE, although the compressive strength of group W0.5-U5-Y has a minor increase than group
WO0.5, the samples still present low strength around 1 MPa over the entire 28 days curing. An
alternative scenario was observed in bio-RMC samples, whose strength went up from 1 MPa
at 7 days to 2.4 MPa at 28 days. Since all three groups of samples (W0.5, W0.5-U5-Y, and
WO0.5-U5-Y-B) were cured under the same conditions thus underwent same external
carbonation from air, the steady strength development of bio-RMC pastes was an indication of
the role of bacteria-based carbonation agent in the internal carbonation process and associated
mechanical performance, resulting in strength that were three times that of the control RMC

sample, and more than twice of the nutritious RMC samples.
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Figure 4 Compressive strength of control RMC pastes (mix 1), nutritious RMC paste (mix

7), and bio-RMC paste (mix 8) at different ages
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Although PC pastes present a relatively harsh environment for bacteria due to their high
alkalinity that can inactivate bacteria [34], the lower pH of RMC pastes than those of PC pastes
could present an advantage for bacterial activity. Previous studies [5] have reported the pH of
the pore solution of RMC pastes without carbonation to range between 10.2 and 10.5.
Accordingly, Sporosarcina pasteurii was found to retain around 40% of its precipitation ability
at a pH of 10 [35]. Therefore, the lower pH environment presented by RMC could explain the
higher strengths of bio-RMC samples in line with the survival of some bacteria, for which the
presence of YE in the same environment acted as a nutrient. The urease released by bacteria
was also reported to retain ~80% of its activity at a pH of 10 [36]. Therefore, even if the bacteria
were not active, the enzyme still functioned in the system. However, the effectiveness of the
bacteria-based carbonation agent decreased over time, as revealed by the lower increasing rate
in strength from 14 to 28 days (0.04 MPa/day), when compared to the initial increase from 7
to 14 days (0.11 MPa/day). This reduction in strength development might be associated with
the number of viable bacteria cells, which decreased with time, leading to a reduction in the
urea decomposition rate. Another reason for the decline of carbonation efficiency was linked

with the consumption of urea and water over time, limiting their further access by bacteria.

3.4 Microstructure

The XRD patterns of RMC powder, control RMC (WO0.5), nutritious RMC (W0.5-U5-Y) and
bio-RMC (W0.5-U5-Y-B) pastes at 28 days are shown in Figure 5. Along with the main peaks
of periclase (at 43.0° 20), peaks of undecomposed magnesite (at 32.6° 20) and brucite (at 38.0°

20) were observed in the original RMC powder. The existence of magnesite was associated

15



308  with the incomplete decomposition of the original material during the decomposition process,
309  whereas the presence of brucite could be due to the partial hydration of RMC during storage

310 since Singapore has an average daily humidity of ~81% [37].
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312 Figure 5 XRD patterns of RMC powder, control RMC paste (mix 1), nutritious RMC paste
313 (mix 7), and bio-RMC paste (mix 8) at 28 days

314

315  Accordingly, these peaks were also reflected in the control RMC (W0.5), nutritious RMC
316 (WO0.5-U5-Y) and bio-RMC (W0.5-U5-Y-B) pastes. The main carbonate phases observed

317  within these samples were dypingite and hydromagnesite, with main peaks at 8.3° and 15.5°

318 20, respectively. While the intensities of the magnesite and periclase peaks present within each
319  sample were comparable, the bio-RMC sample revealed a brucite peak with a lower intensity

320 than that observed in the control and nutritious RMC sample. This lower brucite peak could be

16



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

an indication that more brucite in the bio-RMC sample has been carbonated due to the

introduction of carbonation agent for internal carbonation.

The microstructures of the control RMC (W0.5), nutritious RMC (W0.5-U5-Y) and bio-RMC
(W0.5-U5-Y-B) pastes at 28 days are shown in Figures 6(a), (b) and (c), respectively. In line
with the XRD results, all samples revealed the presence of carbonation products resembling
the rosette-like morphology of dypingite/hydromagnesite. These phases were surrounded by
brucite and unreacted MgO particles, explaining the relatively low strength performance

demonstrated by both samples.

The main difference observed amongst the three groups of samples was the more widespread
and denser formation of carbonate phases within the bio-RMC sample, in comparison to the
sparse distribution of a few crystals of carbonates in the RMC sample and nutritious RMC
sample, as indicated on Figure 6(a) to (c). The higher degree of formation of
dypingite/hydromagnesite within the bio-RMC sample was in line with the strength and XRD
results, indicating the active role the carbonate agent played in the internal carbonation of RMC
samples. Furthermore, the presence of bacteria-like particles could also be observed in the bio-
paste, as shown in Figure 6(d). The validity of this observation could be verified via a

comparison of this particle with the actual morphology of the bacteria shown in Figure 6(e).
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(e)

Figure 6 SEM image of (a) the control RMC paste (mix 1) at 28 days, (b) the nutritious RMC

paste (mix 7), (¢) the bio-RMC paste (mix 8) at 28 days, (d) bacteria-like phase in bio-RMC

paste (mix 8), and (e) morphology of the bacteria used in this study

3.5 Discussion and outlook

In the above feasibility study, although the comparison of bio-RMC pastes with bacteria-free
pastes shows the active role of carbonation agent, the compressive strength of bio-RMC paste
still needs further improvement to be used as structure components. The low strength of above
bio-RMC paste (W0.5-U5-Y-B) is associate with the low dosage of urea (i.e., 5%). Urea is the
direct source of CO> in this study, the amount of urea determines the amount of CO, that
potentially available to carbonation, which determines the final strength of RMC. In order to

improve the performance of bio-RMC, the dosage of urea should be increased. However, above
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results have revealed that increasing urea significantly brought up the flowability and
prolonged the initial setting of the paste. As a result, water-to-RMC ratio should be adjusted
accordingly to prevent that fresh pastes cannot be properly casted or hardened when urea
dosage is elevated. It is worth noting that elevated urea dosage will lead to higher NH3 emission,
which can be oxidized to form nitrous oxide (N2O) and may arouse environmental impact
concern. However, the oxidation reaction of ammonia to N2O requires the presence of catalyser
such as Pt, Mn-Bi-O/a-Al.O3, and manganese-bismuth oxide [38-42]. In some cases,
temperature over 100°C is also required [41, 42]. Therefore, the ammonia released from the

internal carbonation can hardly convert to N2O under ambient conditions.

Based on above discussion, increasing urea dosage while reducing the water-to-RMC ratio is
adopted to improve the strength of bio-RMC paste. Through this method, urea not only serve
as a CO; provider, but also work as a superplasticizer in RMC. Mix 9 (W0.45-U10-Y-B) with
w/RMC = 0.45 and 10% urea and mix 10 (W0.43-U15-Y-B) with w/RMC = 0.43 and 15%
urea were prepared to evaluate the performance of the resulting bio-RMC pastes. Figure 7
compares the compressive strength of the three bio-RMC pastes (mixes 8-10) at different ages.
As can be seen, both mixes 9 and 10 have shown higher strength than mix 8 with w/RMC =
0.5 and 5% urea. The results indicate urea not only can serve as CO2 provider for internal
carbonation of brucite but also can function as water reducer to lower water demand. Both help

to reduce porosity and to enhance strength of RMC pastes.
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Figure 7 Compressive strength of bio-RMC pastes (mixes 8-10) at different ages

Specifically, mix 9 (W0.45-U10-Y-B) presented the highest compressive strength in the current
study while the w/RMC ratio of mix 9 is higher than that of mix 10. This may be understood
by the role and function of water in the bio-RMC paste system. Water is necessary for the
hydration of MgO and the hydrolysis of urea. It is plausible mix 10 with the lowest w/RMC
ratio and the highest amount of urea did not have sufficient water for MgO hydration and urea
hydrolysis. While lower w/RMC ratio in mix 10 reduced the initial porosity in the system,
insufficient water led to low degree of hydration and carbonation resulting in lower strength
when compared to a more balanced system of mix 9. Further studies are necessary to further

optimize the performance of the bio-RMC pastes.

4 Conclusions
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This study proposed a bacteria-based method for the strength gain of RMC through internal
carbonation for the first time. Sporosarcina pasteurii, urea, and YE were used as a bacteria-
based carbonation agent and mixed directly into RMC pastes. The inclusion of bacteria-based
carbonation agent resulted in a 20% improvement in the paste flowability while no noticeable
change in the initial setting time. Urea not only can serve as the CO» provider but also can
potentially function as a superplasticizer to reduce the water demand in the bio-RMC pastes.
The resulting bio-RMC pastes showed a continuous strength gain with time which
demonstrated the feasibility of bacteria-induced internal carbonation of RMC. Microstructure
analysis revealed abundant formation of dypingite/hydromagnesite with less brucite in the bio-
RMC pastes, which is responsible for the strength gain of the bio-RMC pastes due to bacteria-

induced internal carbonation.

Acknowledgements

The authors acknowledge the financial support from the Singapore MOE Academic Research

Fund Tier 2 (MOE2017-T2-1-087 (S)).

Reference

[1] N. Dung, C. Unluer, Sequestration of CO in reactive MgO cement-based mixes with
enhanced hydration mechanisms, Construction and Building Materials 143 (2017) 71-82.

23



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

[2] J.G. Olivier, G. Janssens-Maenhout, M. Muntean, J.A. Peters, Trends in Global CO;
Emissions: 2015 Report, PBL Netherlands Environmental Assessment Agency, The Hague,
2015, p. 78.

[3] M. Juenger, F. Winnefeld, J.L. Provis, J. Ideker, Advances in alternative cementitious
binders, Cement and concrete research 41(12) (2011) 1232-1243.

[4] E. Gartner, T. Sui, Alternative cement clinkers, cement and concrete research 114 (2018)
27-39.

[5] R. Hay, K. Celik, Hydration, carbonation, strength development and corrosion resistance
of reactive MgO cement-based composites, Cement and Concrete Research 128 (2020) 105941.
[6] V. Birchal, S. Rocha, V. Ciminelli, The effect of magnesite calcination conditions on
magnesia hydration, Minerals Engineering 13(14-15) (2000) 1629-1633.

[7] H. Dong, C. Unluer, E.H. Yang, A. Al-Tabbaa, Synthesis of reactive MgO from reject brine
via the addition of NH4sOH, Hydrometallurgy 169 (2017) 165-172.

[8] M. Liska, A. Al-Tabbaa, Ultra-green construction: reactive magnesia masonry products,
Proceedings of the Institution of Civil Engineers-Waste and Resource Management, Thomas
Telford Ltd, 2009, pp. 185-196.

[9] L. Mo, D.K. Panesar, Accelerated carbonation—A potential approach to sequester CO; in
cement paste containing slag and reactive MgO, Cement and Concrete Composites 43 (2013)
69-77.

[10] M. Liska, A. Al-Tabbaa, Performance of magnesia cements in porous blocks in acid and
magnesium environments, Advances in cement research 24(4) (2012) 221-232.

[11] E. Gliickauf, Carbon dioxide content of atmospheric air, Nature 153(3890) (1944) 620-
621.

[12] C. Unluer, Carbon dioxide sequestration in magnesium-based binders, Carbon Dioxide
Sequestration in Cementitious Construction Materials, Elsevier2018, pp. 129-173.

[13] N. Dung, C. Unluer, Development of MgO concrete with enhanced hydration and
carbonation mechanisms, Cement and Concrete Research 103 (2018) 160-169.

[14] N. Dung, C. Unluer, Influence of nucleation seeding on the performance of carbonated
MgO formulations, Cement and Concrete Composites 83 (2017) 1-9.

[15] C. Unluer, A. Al-Tabbaa, Effect of aggregate size distribution on the carbonation of
reactive magnesia based porous blocks, 18th Annual International Sustainable Development
Research Conference, Hull, UK, 2012.

[16] V.S. Whiffin, Microbial CaCOs precipitation for the production of biocement, Murdoch
University, 2004.

[17] T. Gibson, An Investigation of the Bacillus Pasteuri Group: 1l. Special Physiology of the
Organisms, Journal of bacteriology 28(3) (1934) 313.

[18] T. Gibson, An Investigation of the Bacillus Pasteuri Group: Ill. Systematic Relationships
of the Group, Journal of bacteriology 29(5) (1935) 491.

[19] I. Konieczna, P. Zarnowiec, M. Kwinkowski, B. Kolesinska, J. Fraczyk, Z. Kaminski, W.
Kaca, Bacterial urease and its role in long-lasting human diseases, Current Protein and Peptide
Science 13(8) (2012) 789-806.

[20] S. Ruan, J. Qiu, Y. Weng, Y. Yang, E.H. Yang, J. Chu, C. Unluer, The use of microbial
induced carbonate precipitation in healing cracks within reactive magnesia cement-based
blends, Cement and Concrete Research 115 (2019) 176-188.

[21] N. Chahal, R. Siddique, Permeation properties of concrete made with fly ash and silica
fume: Influence of ureolytic bacteria, Construction and Building Materials 49 (2013) 161-174.
[22] S.K. Ramachandran, V. Ramakrishnan, S.S. Bang, Remediation of concrete using micro-
organisms, ACI Materials Journal-American Concrete Institute 98(1) (2001) 3-9.

24



471
472
473
474
475
476
477
478
479

480

481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505

506
507
508
509
510
511
512
513
514

515

[23] R.K. Verma, L. Chaurasia, V. Bisht, M. Thakur, Bio-mineralization and bacterial
carbonate precipitation in mortar and concrete, Biosci Bioeng 1 (2015) 5-11.

[24] E.R. Sanders, Aseptic laboratory techniques: plating methods, JoVE (Journal of
Visualized Experiments) (63) (2012) e3064.

[25] ASTM C1437, Standard test method for flow of hydraulic cement mortar, American
Society for Testing and Materials, West Conshohocken, PA (2007).

[26] ASTM C191, Standard test method for time of setting of hydraulic cement by vicat needle,
American Society for Testing and Materials, West Conshohocken, PA (2004).

[27] ASTM C109/C109M-13, Standard Test Method for Compressive Strength of Hydraulic

Cement Mortars (Using 2-in. or [50-mm] Cube Specimens), American Society for Testing and

Materials, West Conshohocken, PA (2013).

[28] C. Lee, E.A. Stahlberg, G. Fitzgerald, Chemical structure of urea in water, The Journal of
Physical Chemistry 99(50) (1995) 17737-17741.

[29] Y. Rezus, H. Bakker, Effect of urea on the structural dynamics of water, Proceedings of
the National Academy of Sciences 103(49) (2006) 18417-18420.

[30] S. Pilehvar, M. Arnhof, R. Pamies, L. Valentini, A.-L. Kjgniksen, Utilization of urea as
an accessible superplasticizer on the moon for lunar geopolymer mixtures, Journal of Cleaner
Production 247 (2020) 119177.

[31] S. Mwaluwinga, T. Ayano, K. Sakata, Influence of urea in concrete, Cement and concrete
research 27(5) (1997) 733-745.

[32] H.-Y. Kim, Urea additives for reduction of hydration heat in cement composites,
Construction and Building Materials 156 (2017) 790-798.

[33] M. Pickering, The entropy of dissolution of urea, Journal of Chemical Education 64(8)
(1987) 723.

[34] V. Wiktor, H.M. Jonkers, Quantification of crack-healing in novel bacteria-based self-
healing concrete, Cement and Concrete Composites 33(7) (2011) 763-770.

[35] G. Kim, J. Kim, H. Youn, Effect of temperature, pH, and reaction duration on microbially
induced calcite precipitation, Applied Sciences 8(8) (2018) 1277.

[36] M. Geinzer, Inactivation of the urease enzyme by heat and alkaline pH treatment:
Retaining urea-nitrogen in urine for fertilizer use, Swedish University of Agricultural Sciences,
2017.

[37] Climate of Singapore, 2010, http://www.weather.gov.sg/climate-climate-of-singapore.
[38] E. Slavinskaya, S. Veniaminov, P. Notté, A. Ivanova, A. Boronin, Y.A. Chesalov, I.
Polukhina, A. Noskov, Studies of the mechanism of ammonia oxidation into nitrous oxide over
Mn  Bi  O/a-Al203 catalyst, Journal of Catalysis 222(1) (2004) 129-142.

[39] A. Ivanova, E. Slavinskaya, V. Mokrinskii, 1. Polukhina, S. Tsybulya, I. Prosvirin, V.
Bukhtiyarov, V. Rogov, V. Zaikovskii, A. Noskov, The role of support in formation of the
manganese-bismuth oxide catalyst for synthesis of nitrous oxide through oxidation of
ammonia with oxygen, Journal of Catalysis 221(1) (2004) 213-224.

[40] J.M. Whelan, Process for the oxidation of ammonia to nitrous oxide, US Patents, 1978.
[41] K.A. Kobe, P.D. Hosman, Catalytic Oxidation of Ammonia to Nitrous Oxide, Industrial
& Engineering Chemistry 40(3) (1948) 397-399.

[42] N.1. IlI'chenko, Catalytic oxidation of ammonia, Russian Chemical Reviews 45(12) (1976)
1119.

25


http://www.weather.gov.sg/climate-climate-of-singapore

