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Abstract
A low production rate for calcium carbonate with microbial solidification technology at low temperatures often restricts its
application. For this reason, adding urea to the medium and the domestication of Bacillus megaterium at low temperature were
proposed to produce more calcium carbonate based on an analysis of growth characteristics, urease activity, and the production
rates for calcium carbonate under different conditions. Sand solidification tests were conducted to demonstrate improvements
caused by the methods. The results showed that the higher the temperature, the faster the growth of Bacillus megaterium and the
stronger the urease activity. Growth was fastest and urease activity strongest at a pH of 8. Adding urea to the medium and the
domestication of B. megaterium at low temperature can both improve the production rate, effectively increasing calcium
carbonate precipitation at low temperature. Combining the two methods resulted in greater improvement of the production rate
for calcium carbonate. The two methods were also found to improve the effect of sand solidification. Therefore, our study
provides a solid foundation for the actual engineering application of bio-cementation technology at low temperature.
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Introduction

In recent years, many researchers in the geotechnical and en-
vironmental engineering field have paid increasing attention
to microbially induced carbonate precipitation (MICP)
(Cuthbert et al. 2013; Montoya et al. 2013; Soon et al.
2014). The essence of the technology is that metal ions bind
with acid radical ions to form minerals, such as calcium car-
bonate, which form a fundamental part of biogeochemical
processes (DeJong et al. 2006). It is widely recognized that
carbonate precipitation, as an important aspect of

biomineralization, has significant implementation potential
(Wijngaarden et al. 2011; Wu et al. 2011). Applications of
carbonate mineralization induced by bacteria include the pro-
duction of biomimetic materials, bioremediation, and
plugging-cementation in porous media cracks (Montoya
et al. 2013; Whiffin et al. 2007; Martinez et al. 2013). The
hydrolysis of urea by urease-producing bacteria is one of the
most common pathways used to induce carbonate precipita-
tion (Mostafa et al. 2017; Mostafa and Aydin 2019).

A problem with the application of MICP is its use at low
temperatures, which has not been well studied. Palin et al.
(2017) presented a bacteria-based self-healing cementitious
composite for application in low-temperature marine environ-
ments, while Ferris et al. (2004) investigated the kinetics of
calcite precipitation induced in response to the hydrolysis of
urea by Bacillus pasteurii at different temperatures in artificial
groundwater. Jiang et al. (2016) focused on quantifying
ureolytic efficiency and showed that the anoxic ureolytic per-
formance ofB. megaterium is greater than its oxic counterpart.
Hence, B. megaterium was used in this paper to identify pro-
duction rates for calcium carbonate at low temperature.
According to Sun et al. (2018b), microbial activity is low at
temperatures as low as 10 °C. However, B. megaterium has
been shown to grow and produce calcium carbonate, even at
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temperatures as low as 3 °C (Vos et al. 2011). In addition,
much of the world’s underground infrastructure is located in
cool climatic zones (annual average temperature < 10 °C, and
average summer temperature generally < 20 °C), but many
studies have been shown to work exclusively at room temper-
ature (Erşan et al. 2015; Tziviloglou et al. 2016; Seifan et al.
2017; Seifan et al. 2018). Urease may be impaired under low-
temperature conditions, leading to insufficient activity (Sun
et al. 2018b). Weak urease activity results in a lack of precip-
itation, making it difficult to bond sand particles firmly togeth-
er. Therefore, increasing microbial activity at low tempera-
tures to produce more calcium carbonate is of great signifi-
cance. For this reason, the primary objective of this study was
to improve low production rates for calcium carbonate at low
temperature. Through controlling temperature and pH, the
growth characteristics and urease activity of B. megaterium
were analyzed, and the production rates for calcium carbonate
at different temperatures were studied. Adding urea to the
medium and the domestication of B. megaterium at low tem-
perature were found to improve the low production rate.
Finally, sand solidification tests were conducted to study the
curing effect after adding urea to the medium or the domesti-
cation of B. megaterium at low temperature. Studies in this
paper provide a foundation for the subsequent application of
MICP technology at low temperature.

Materials and methods

Bacteria and culture media

In this paper, B. megaterium (ATCC 14581, from the
Guangdong culture collection center in China), a Gram-posi-
tive, rod-shaped soil bacterium ranging in size from 2 to 5 μm
(Lian et al. 2006), was used as a urease-producing microbe to
determine production rates at low temperature. B. megaterium
was cultivated in LB (Luria Bertani) medium (as listed in the
ATCC database), which is comprised of yeast extract 15.0 g/L,
polypeptone 10.0 g/L, NaCl 10.0 g/L, and distilled water.

Growth profile and enzyme activity

Measurement of optical density and enzyme activity

Absorbance (optical density) of a suspension of B. megaterium
wasmeasured with a spectrophotometer at 600-nmwavelength
(OD600) to measure the growth phase, as for Fredrickson et al.
(2001).

According to the method proposed by Whiffin (2004), 6
mL of bacterial suspension was mixed with 54 mL urea solu-
tion (1 mol/L) and then electrical conductivity was measured
every 5 min. The average change in conductivity per minute
(ms/cm ∙min) was calculated and Whiffin (2004) proposed

that it corresponded to 11 mM urea hydrolyzed/min, which
was derived experimentally. Therefore, the change in conduc-
tivity per minute (ms/min) can be converted to the amount of
urease hydrolysis in unit time and, eventually, the rate of hy-
drolysis of urea per minute (mM urea hydrolyzed ∙min−1),
representing enzyme activity, was obtained by multiplying
by the dilution factor of 10. The method was used at room
temperature and the conversion factor might not remain con-
stant at different temperatures; however, in order to conve-
niently compare activity, this method was used at different
temperatures.

Comparative tests of optical density and enzyme activity
with various temperatures and pH

With the view to differentiating the effects of temperature or
pH on the growth of B. megaterium, five different tempera-
tures were tested: 10, 15, 20, 25, and 30 °C and the initial pH
of the medium was adjusted to 7, 8, 9, or 10. Triplicate sam-
ples of each condition were prepared. Khan et al. (2015) found
that growth was affected by the amount of bacterial culture
added to the liquid culture medium. Therefore, the all cultures
were started with the same inoculum of OD600 0.989. Optical
densities and enzyme activity were monitored after 48-h
cultivation.

Comparative tests of production rates for calcium
carbonate

Production rates under various temperature

Comparative tests of production rates for calcium carbonate
were conducted in transparent polypropylene (PP) tubes.
Bacterial suspension with an OD600 of 1.09 was added to
the gelling solution (mixture of 0.5 M calcium acetate and
0.5 M urea solution). The volumes of the bacterial suspension
and the gelling solution were both 20 mL resulting in a total
solution volume of 40mL. Nutrients were added to the gelling
solution (5 g/L yeast extract, 10 g/L peptone, and 10 g/L
sodium chloride) to provide energy for the bacteria and to
prevent the decrease of total urease activity in the process of
the calcification reaction.

In a sterile environment, samples were prepared corre-
sponding to different temperatures (10, 15, 20, 25, or 30 °C).
Every group consisted of three parallel samples, all with a
starting pH of 8.0. The evaluation criterion was production
rate for calcium carbonate, i.e., the ratio of calcium carbonate
produced to the theoretical total amount, which was obtained
every 2 days during the 96-hour reaction process.

The method for measuring the actual amount of calcium
carbonate produced is described below.

After the precipitation reaction, the precipitate and the filter
paper were dried at 70 °C after filtration and the total mass of
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the filter paper and precipitate was obtained (M1). Then, dilut-
ed hydrochloric acid was used to dissolve the calcium precip-
itate, followed by washing with water. Finally, the filter paper
and insoluble matter were dried to obtain the total mass (M2).
The actual amount of calcium carbonate (△m) was obtained
via M1 − M2.

The theoretical total mass of CaCO3 is determined by C ×
V ×M, where C is the concentration of the solution in moles/
liter, V is the volume of gelling solution, and M is the molar
mass of CaCO3 (100.087 g/mol).

Comparison of production rates under various amounts
of urea added

Urea was added to 100 mL of medium at various urea con-
centrations (0 g/L, 5 g/L, 10 g/L, 15 g/L, or 20 g/L), with the
same 1% inoculum and then the culture was cultivated at 10
°C for 48 h. The OD600 of bacterial suspension was 0.99.
Three samples per group were prepared.

After 48 h of culture, the mixed solution of calcium acetate
and urea was added to the bacterial suspension to determine
the effect of urea concentration on production rates for calci-
um carbonate. The concentrations of calcium acetate and urea
in the mixture were both 0.5 mol/L. Comparative tests of
production rates were conducted at low temperature of 10
°C, pH 8, and production rates for calcium carbonate were
calculated after 96 h.

Comparison of production rates for calcium carbonate
with domestication at low temperature

During the process of domestication, the pHwas kept constant
(8.0). Four different temperatures were used (30 °C, 25 °C, 20
°C, and 15 °C). The period time of each phase was 6 days and
bacteria were inoculated with 5% v/v every 2 days, which
meant three inoculations per phase. The percentage of inocu-
lum (5%) used here was different from previous tests (1%), as
increased number of bacteria improve the likelihood of do-
mestication. After domestication, performance tests at low
temperature between domesticated B. megaterium from each
stage and an undomesticated strain (culturing at 30 °C) were
performed. All strains were cultured for 48 h at 10 °C with an
inoculum of 1% v/v and OD600 of about 0.8 following which,
calcification tests were also carried out at 10 °C. A similar
percentage of inoculum (1%) was used for calcification tests,
in keeping with previous experiments. Absorbance values af-
ter 24 and 48 h were measured and the production rates for
calcium carbonate at 2 and 4 days were obtained.

Final comparison of production rates

To further improve production rates for calcium carbonate, the
two methods mentioned above, adding urea to medium and

the domestication tests at low temperature, were combined.
Undomesticated B. megaterium and domesticated strains from
each stage were inoculated at 1% v/v with an OD600 of ap-
proximately 0.8 and the temperature was controlled at 10 °C.
At the same time, the samples were divided in two, where urea
was added to one sample (20 g/L) the other sample without
urea. After 48 h of culture, the production rates at 2 days and 4
days were obtained via calcification tests.

MICP test in PVC cylinders

Materials

B. megaterium and sand from the Yangtze River were used for
solidification tests in polyvinyl chloride (PVC) cylinders with
an inner diameter of 4.6 cm and a height of 20 cm. The sand
grain size was smaller than 0.25 mm. The sand had poor
gradation and they were sterilized by high temperature and
pressure before being placed in PVC cylinders. In order to
control variables, all sand samples had the same initial dry
density of approximately 1.59 g/cm3. Therefore, for a column
with an approximate height of 8 cm, 210 g of sand was used.

Methods

Bacteria were cultured aerobically in LBmedium at 10 °C and
pH 8 for 48 h. Two layers of gauze were placed on the two
ends of the samples to avoid sand leakage. A diagram of the
solidification tests in the PVC cylinders is shown in Fig. 1.
The bacterial suspension was injected with an electric pump
into the PVC cylinders at a low speed (4 mL/min) until it
reached saturation and the sand samples were then left for 2
h. The injection speed of the gelling solution (150 mLmixture
of 0.5 mol/L of urea and calcium acetate) was also controlled
at 4 mL/min. To perform the experiments efficiently, the
abovementioned steps were repeated once each day. To deter-
mine the influence of different conditions on the physical and
mechanical features of the specimens, samples were divided
into four groups: (1) samples with undomesticated
B. megaterium and no urea added to the medium; (2) samples
with undomesticated B. megaterium and urea added to the
medium (20 g/L); (3) samples with domesticated
B. megaterium at 15 °C and no urea added to the medium;
(4) samples with domesticated B. megaterium at 15 °C and no
urea added to the medium (20 g/L). Curing tests were con-
ducted at 10 °C and initial pH values of the bacterial suspen-
sion and gelling solution were both 8.0. After 14 days of
curing, the unconfined compressive strength (UCS) values
of the specimens were measured. The loading speed was con-
stant at 1 mm/min for the duration of the UCS tests.
Experiments were stopped once specimens reached brittle fail-
ure. Curing tests were conducted at 10 °C and less calcium
carbonate was produced, so that uneven curing was unlikely.
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UCS was used to evaluate improvements due to the methods
proposed in this paper. Sun et al. (2018b) have demonstrated
the existence of calcium carbonate and its crystal morphology
via XRD tests; therefore, SEM/EDS was not used.

Results

Varying temperatures and pH values were used to determine
the effect of altering these parameters on the growth and ure-
ase activity of B. megaterium. Temperature had a significant
impact on the eventual OD600 values of B. megaterium, as
shown in Fig. 2. It can be observed that the number of bacte-
rial cells varied with temperature. There was a significant de-
crease in absorbance from 15 to 10 °C. The OD600 at 10 °C
was less than one half of that at 30 °C. At different tempera-
tures, at a pH of 8, the growth of B. megaterium was the
fastest, although there was no significant difference from the
results at pH 7. Absorbance values decreased significantly
with increasing pH to a value of 10.

Similar to the optical density curves, enzyme activity
curves at various temperatures are shown in Fig. 3. An im-
provement of enzyme activity was seen with increasing tem-
perature. Jiang et al. (2016) previously had similar results. At
10 °C, the enzyme activity of B. megateriumwas significantly
lower than at other temperatures. For different temperatures,
the enzyme activity of B. megaterium was strongest at pH 8,
which was consistent with the above absorbance results.

Different production rates for calcium carbonate at various
temperatures were calculated on the 2nd and 4th day, as

shown in Fig. 4. The amount of calcium precipitation by
B. megaterium increased with time. The higher the
temperature, the greater the calcium precipitation, which was
consistent with the conclusions of Whiffin (2004) who used
S. pasteurii for calcification. There were differences among
the production rates at diverse temperatures, especially on the
4th day. In particular, the precipitation rate for calcium car-
bonate at 10 °C was less than 30%, much lower than that at 30
°C (almost 60%), which would restrict the application of
MICP technology at low temperature. Therefore, it was rea-
sonable to study how to increase production rates for calcium
carbonate at low temperature.

The first method was to add urea to medium. In the
process of MICP, urea is hydrolyzed by catalysis, leading
to the production of carbonate and ammonium, which ex-
plains why the pH and carbonate concentration grow in
the microbial environment and CaCO3 is generated after-
wards (Stocks-Fischer et al. 1999). Therefore, the whole
process was divided into two parts: hydrolysis of urea and
formation of CaCO3. Here, we proposed a method to ac-
celerate the MICP process. With the method used, produc-
tion rates after 4 days are shown in Fig. 5. From the
figure, the precipitation rate for calcium carbonate in-
creased with urea added to the medium, in addition, pro-
duction rates also increased with increasing urea concen-
tration. When the concentration of urea was 20 g/L, the
precipitation rate for calcium carbonate was almost 43%,
growing by 11% compared to the no urea sample.

The second applied method was the domestication of
B. megaterium at low temperature to study the improvement

Exit end

Bacterial solution 

or gelling solution

Peristaltic pump

Sand column

Catheter
PVCpipe

Fig. 1 State of the sand solidification tests in PVC cylinders
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of precipitation rates for calcium carbonate at low tempera-
ture. The domestication tests were performed at temperatures
from 15 to 30 °C. The time period of each phase was 6 days
and bacteria were inoculated at 5% v/v every 2 days. The
absorbance was measured after every inoculation, as shown
in Fig. 6. When B. megaterium entered each new temperature
stage, the OD600 after 48 h of culture decreased (Fig. 6). But as
the domestication time increased, the absorbance on the 6th
day after domestication was higher than that on the 2nd day.
When the domestication temperature decreased to 15 °C, the
absorbance value at day 2 was smaller than that for other
temperatures on the 2nd day. However, with increasing

domestication time, the absorbance value also grew, and after
6 days, it reached 1.1.

A comparison of the absorbance values and production
rates for calcium carbonate is shown in Table 1. By using
domesticated B. megaterium, absorbance values and produc-
tion rates both rose, compared to when undomesticated
B. megaterium was used. Furthermore, the lower the temper-
ature of domestication, the faster the growth, and the larger the
precipitation rate for calcium carbonate at 10 °C. The OD600

of B. megaterium domesticated at 15 °C was 0.2 higher than
undomesticated B. megaterium, and the precipitation rate of
the 4th day increased by 15%, reaching 46%. A significant
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Fig. 3 Urease activity at various
temperatures and pH
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Fig. 2 Absorbance at various
temperatures and pH
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increase of production rates for calcium carbonate was noted
between 15 °C domesticated B. megaterium and 20 °C do-
mesticated B. megaterium.OD600 at 24 and 48 h both grew by
about 0.1, and precipitation rate of the 4th day went up by 7%.

The addition of urea to the medium and domestication of
B. megaterium at low temperature both increased the precip-
itation rate for calcium carbonate at 10 °C. For example, at a
concentration of 20 g/L urea, the precipitation rate on the 4th
day was improved to almost 43%. With 15 °C domesticated
B. megaterium, the precipitation rate on the 4th day was in-
creased to 46%. However, the precipitation rate after improve-
ment was still much smaller than precipitation rate with 30 °C
and not using the two methods (60%). Therefore, the two
methods were combined to determine the final increase in

the precipitation rate for calcium carbonate. Production rates
on the 2nd and 4th days for all samples were measured (Fig.
7). Only production rates for calcium carbonate on the 2nd
and 4th day instead of longer time period (6 days) were mea-
sured here, since our aim was to demonstrate an improvement
of the methods proposed in this paper compared to standard
methods, an improvement that can be seen in Fig. 7. In addi-
tion, the nutrients in the LB medium were not sufficient,
resulting in a small increase from the 4th to 6th day.

B. megaterium after domestication produced more calcium
precipitate than undomesticated B. megaterium regardless of
whether urea was added to medium, and with decreasing do-
mestication temperature, production rates on the 2nd and 4th
day gradually increased. Moreover, samples with added urea
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Fig. 5 The effect of added urea
content on calcium carbonate
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had higher production rates than those without added urea. It
is worth noting that the precipitation rates of samples on the
2nd day with B. megaterium domesticated at 25 °C and with-
out added urea were lower than those with undomesticated
B. megaterium and added urea, whereas the former surpassed
the latter on the 4th day. The same phenomenon was found for
samples with B. megaterium that was domesticated at 20 °C
and without added urea and samples with domesticated at 15
°C and added urea (20 g/L).

When the two methods were combined, the production rate
for calcium carbonate was significantly higher than with undo-
mesticated B. megaterium and without added urea, as shown in
Fig. 7. For B. megaterium domesticated at 15 °C and added urea
(20 g/L), the precipitation rate on the 4th day was 58%, increas-
ing by about 30% compared with production rates for calcium
carbonate at 30 °C, and almost reached 60%. Therefore, the
combination of the two methods enabled B. megaterium to pro-
duce more calcium carbonate precipitation.

To study the effect of improving the MICPmethod on sand
solidification, we considered different methods of improve-
ment (adding urea to the medium and domestication of
B. megaterium at low temperature), and the UCS values of
the samples are shown in Table 2. All specimens were im-
proved compared to the control. Sampleswith undomesticated
B. megaterium and no added urea had the minimum strength.

Compared with these, the strength of samples with domesti-
cated B. megaterium and no added urea increased by 0.82
Mpa, suggesting that B. megaterium domesticated at 15 °C
could improve the curing effect, which corresponded to pre-
vious research about the production rates of calcium carbon-
ate. It was found through a comparison of the effect of adding
urea to the medium that an increase in the strength of samples
with undomesticated B. megaterium was 1 MPa and with 15
°C domesticated B. megaterium was nearly 0.8 MPa. Hence,
adding urea to the medium could also improve the curing
effect. Compared with NO. 4 and NO. 1 sand column, the
strength increased nearly 1.7 MPa by combining the two
methods. It was concluded that using the two methods togeth-
er allowed the sand columns to have greater strength at low
temperature, which was consistent with previous research
about the production rates of calcium carbonate.

Discussion

The effect of temperature or pH on growth
and enzyme activity of B. megaterium

B. megaterium can form endospores, which are highly resis-
tant to extreme environmental conditions. More specifically,
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Fig. 6 Absorbance of each
inoculum during domestication

Table 1 Comparison of
absorbance and precipitation rates
before and after domestication

Group Strains 24 h OD600 48 h OD600 Precipitation rates
after 2 days (%)

Precipitation rates
after 4 days (%)

1 Undomesticated B.M. 0.142 0.413 23 31

2 25 °C domesticated B.M. 0.194 0.470 26 35

3 20 °C domesticated B.M. 0.252 0.541 29 39

4 15 °C domesticated B.M. 0.341 0.632 32 46
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B. megaterium can grow at temperatures from 3 to 45 °C (Vos
et al. 2011) and it can induce greater calcium precipitation
than Sporosarcina pasteurii (Sun et al. 2018b); therefore,
B. megaterium was used here.

Fredrickson et al. (2001) monitored the absorbance (optical
density) of a bacterial suspension of S. pasteurii with a spec-
trophotometer at 600-nm wavelength (OD600). Jiang et al.
(2016) also used spectrophotometry to measure the growth
ofB. megaterium, which is why we have used spectrophotom-
etry here for comparison. Enzyme activity was measured as an
increase in conductivity, because of the very strong positive
linkage between conductivity increase and urea hydrolysis
(Chin and Kroontje 1962; Whiffin 2004; Paassen 2009).

The effect of temperature on the growth of B. megaterium
can be seen in Fig. 2. The higher the temperature, the greater
the number of cells. The speed of growth and cell biomass at

30 °C trump the other conditions. At 10 °C, the number of
bacteria was much lower than at other temperatures, as low
temperature inhibits bacterial reproduction (Hattori 1973).
Temperature greatly contributed to the reproduction of
S. pasteurii, probably due to a higher sensitivity to tempera-
ture (Alexander 1961) and this phenomenon could also be
seen in the growth of B. megaterium. Low temperature still
impaired B. megaterium, causing slowed growth at 10 °C.

From Fig. 3, temperature had a huge impact on the enzyme
activity of B. megaterium and enzyme activity was higher at
high temperatures. Bachmeier et al. (2002) reached the same
conclusion with S. pasteurii. Enzyme activity was greatly im-
paired at 10 °C and as the temperature rose from 15 to 30 °C,
the urease activity of B. megaterium was not greatly altered.
Strong adaptability to temperature of B. megaterium rested
chiefly on the fact. Other studies have also shown that there
was limited change in urease activity of B. megaterium despite
variation in temperature (Vos et al. 2011; Whiffin 2004).
However, when the temperature decreased to 10 °C, the urease
activity of B. megaterium declined, meaning that
B. megaterium was not active as the low temperature signifi-
cantly impaired its urease activity. As for the effect of pH on
OD600 and enzyme activity of B. megaterium, when pHwas 8,
the growth of B. megaterium was always the fastest and en-
zyme activity was highest; therefore, a pH of 8 is the optimum
alkaline environment for B. megaterium and was used in
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Fig. 7 Comparison of precipitation rates for calcium carbonate under various conditions

Table 2 Unconfined compressive strength of samples

Group Strains Condition UCS/
MPa

1 Undomesticated B.M. Not adding urea 0.62

2 Undomesticated B.M. Adding urea (20 g/L) 1.69

3 15 °C domesticated B.M. Not adding urea 1.44

4 15 °C domesticated B.M. Adding urea (20 g/L) 2.28
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subsequent tests. There is a linear relationship between OD600

and the ureolysis rate in S. pasteurii (Lauchnor et al. 2015) and
by comparing Figs. 2 and 3, a linear relationship between
OD600 and ureolysis rate in B. megaterium also existed.

Comparative tests of productive rates for calcium
carbonate

MICP technology has been used extensively because of the
production of calcium precipitate (Ivanov and Chu 2008).
Only by analyzing the production rates for calcium carbonate
can it demonstrated whether MICP technology can be used
effectively at low temperatures. Many factors can have an
impact on the type and amount of carbonate precipitation,
for example, the functional attributes of a precipitating micro-
organism, the rate of urea hydrolysis, urea and calcium dos-
age, and amino acids such as glutamic acid (Rodriguez-
Navarro et al. 2003; Whiffin 2004; De Muynck et al. 2013;
Braissant et al. 2003; Li et al. 2010). Calcium carbonate pro-
duced from calcium chloride is called calcite, while the addi-
tion of calcium acetate leads to the formation of aragonite and
the bonding effect of aragonite is better than calcite in solution
(Muynck et al. 2008; Tittelboom et al. 2010). The reason may
be that calcium carbonate produced from calcium acetate is
heavy, easy to precipitate, and not dispersive. Consequently,
calcium acetate was used as a calcium recourse.

Temperature affects carbonate precipitation by S. pasteurii
by changing enzyme activity (Ferris et al. 2004). The effect of
temperature on the production rate for calcium carbonate by
B. megaterium is shown in Fig. 4. At 10 °C, the precipitation
rate for calcium carbonate was lower than that at other tem-
peratures, which was ascribed to a dual inhibition of low en-
zyme activity and low bacterial growth. Bacterial growth and
enzyme activity of B. megateriumwere impacted slightly by a
change in temperature from 30 to 15 °C. However, when the
temperature decreased to 10 °C, beyond the range of suitable
environmental temperature, the precipitation rate was very
low (less than 30%).

Urease is produced by bacteria to decompose urea into
CO3

2−, binding free calcium ions to generate calcium carbon-
ate precipitate (Mitchell et al. 2008). Generally, CO3

2− and
Ca2+ are provided by the gelling solution. When bacteria
and urea are added to the medium at the same time, urea
would be decomposed into CO3

2− in advance during the
growth of bacteria. Therefore, the process of calcium carbon-
ate production consisted of two parts after the mixed solution
was added. One was immediate calcification once the calcium
source was added; i.e., calcium carbonate was produced as
soon as the calcium source was added. The other was the
common MICP process; i.e., urea was decomposed firstly
and then bound to calcium ions to yield calcium carbonate.
The curing reaction was divided into two parts: a quick chem-
ical reaction and a biological reaction.

The precipitation rate for calcium carbonate at 10 °C was
lower than at other temperatures. Hence, urea was added to the
medium, which could accelerate the reaction at low tempera-
ture, producing more precipitate in the same time frame.
Production rates rose with an increase in urea concentration,
as more urea was hydrolyzed ahead of the addition of the
mixed solution, as shown in Fig. 5. The method of adding
urea to the medium was useful to induce greater precipitation
by B. megaterium. Specifically, when the concentration of
added urea was 20 g/L, the production rate of B. megaterium
after 4 days increased from 32% to almost 43%.

The second method was domestication of B. megaterium at
low temperature. Strain domestication is a great way to im-
prove specific abilities by controlling certain factors. Cheng
et al. (2015) studied the enhancement of fermentative hydro-
gen production from hydrolyzedwater hyacinth with activated
carbon detoxification and bacterial domestication. Lo et al.
(2008) used xylose to domesticate a group of hydrogen-
producing samples to identify the dominant bacterial strain.
The energy conversion efficiency from hydrogen and methane
cogeneration by Arthrospira maxima biomass by two-phase
fermentation was improved by bacterial domestication
(Cheng et al. 2011). Therefore, this paper adopted a similar
method to domesticate B. megaterium at low temperature, and
investigated the improvement in production rates.

As shown in Fig. 6, when B. megaterium entered each new
temperature stage, the OD600 after a 48-h culture decreased.
This was due to the lower temperature, where the speed of
growth of B. megateriumwas slower, but as the domestication
time increased, the adaptability of B. megaterium to the low
temperature was greater. This explains the increase in absor-
bance on the 6th day after domestication compared to the 2nd
day. When the domestication temperature decreased to 15 °C,
the absorbance values on the 2nd day were smaller than those
at other temperature stages on the 2nd day, as the temperature
was quite low for B. megaterium. However, with increasing
domestication time, the absorbance value also increased and
after 6 days it reached 1.1. By using domesticated
B. megaterium, absorbance values and the production rates
both increased and became larger with a decrease in domesti-
cation temperature, as listed in Table 1. The results demon-
strated that this method improved the low-temperature resis-
tance of B. megaterium. When it came to a comparison be-
tween 15 °C domesticated B. megaterium and 20 °C domes-
ticated B. megaterium, it appears that B. megaterium domes-
ticated at 15 °C had a stronger adaptability to 10 °C due to
smaller difference between 15 and 10 °C compared with
B. megaterium domesticated at 20 °C. Therefore, the domes-
tication of B. megaterium at low temperature could im-
prove the growth and production rates for calcium car-
bonate, but the precipitation rate was still much smaller
than that with no urea addition at 30 °C, despite
reaching 46%.
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The two methods were used together to try to maximize
precipitation rate so as to approach the result obtained at 30
°C. The precipitation rate of samples on the 2nd day with 25
°C domesticated B. megaterium and without added urea was
lower than that with undomesticatedB. megaterium and added
urea, whereas the former surpassed the latter on day 4, as
shown in Fig. 7. As calcium precipitation on the 2nd day
was mainly produced by a chemical reaction for samples with
urea added to the medium, this occurred faster than the normal
MICP reaction. This reason also explained why the precipita-
tion rate was higher under the same conditions. After that,
most calcium carbonate precipitation was produced by a bio-
logical reaction. B. megaterium domesticated at low tempera-
ture grew better at low temperature, which allowed for more
calcium carbonate precipitation.

In summary, the two methods, adding urea to the medium
and domestication at low temperature, allowed greater precip-
itation, coping effectively with the problem of deficient calci-
um precipitation at low temperature. Moreover, this research
laid the ground work for subsequent low-temperature sand
solidification tests.

MICP test in PVC cylinders

The improvement of our method was demonstrated by an
increase in production rates of calcium carbonate, but MICP
technology needs to be utilized in a real engineering situation,
which is why we performed sand solidification and crack
repairing with MICP. Whiffin et al. (2007) suggested a two-
phase injection method for bacterial retainment and this ap-
proach has been frequently used (Martinez et al. 2013;
Sarmast et al. 2014). Cheng et al. (2014) compared the
strength of samples improved with various densities in terms
of calcite content. Our current study considered different en-
vironmental cases (adding urea to medium and domestication
of B. megaterium at low temperature). Zhang et al. (2015)
proposed, through mercury intrusion porosimetry analysis,
that the pore size distribution in microbial mortar treated with
Ca(CH3COO)2 was more uniform than when CaCl2 or
Ca(NO3)2 was used, and Sun et al. (2018a) concluded that
adding urea to the medium might result in poor uniform dis-
tribution of CaCO3 in sand columns due to a rapid chemical
reaction; therefore, calcium acetate was utilized to alleviate
this problem.

The sand-curing tests allowed the formation of a sand
column by cementing loose sand grains due to the calci-
um carbonate produced. A chemical reaction took place
immediately after the gelling solution was injected. The
speed of the chemical reaction surpassed that of biological
solidification reaction, which significantly accelerated the
curing reaction and produced more calcium precipitation
over the same time range. This explained why the UCS of
the sand columns with added urea were greater than those

with no added urea for the same curing time, as shown in
Table 2. B. megaterium domesticated at a temperature of
15 °C had higher activity and stronger adaptability to
incubation at 10 °C, which enabled them to grow and
reproduce faster and produce more calcium precipitate
during sand-curing tests at low temperature, resulting in
a better sand-curing effect. When the two methods were
used together for sand-curing tests, the sand column was
dramatically improved, with the strength reaching 2.28
Mpa, as shown in Table 2. The results confirmed the va-
lidity of our improvements to the MICP method at low
temperature.

In this study, different temperature and pH conditions were
investigated to analyze some characteristics of B. megaterium,
for instance, growth and enzyme activity. Production rates for
calcium carbonate were also studied at different temperatures
and then two methods were proposed to increase production
rates for calcium carbonate and sand-curing effects. The con-
clusions are as follows:

(1) The growth of B. megaterium was faster and urease ac-
tivity was greater with increased temperature and low
temperature significantly inhibits these factors. At vari-
ous temperatures, B. megaterium grew the fastest and
urease activity was greatest at a pH of 8.

(2) Production rates for calcium carbonate increased with
increasing temperature. Low production rates at low tem-
perature were ascribed to both low enzyme activity and
low bacterial cell numbers.

(3) Adding urea to the medium for the duration of culture
and domestication at low temperature can increase pro-
duction rates for calcium carbonate, coping effectively
with the problem of deficient calcium precipitation at
low temperature and improving the effect of sand solid-
ification. By combining the two methods, there was a
significant enhancement of production rates for calcium
carbonate and the curing effect of sand solidification was
better.

(4) Our study confirms the validity of our improvements to
MICP at low temperature, laying a solid foundation for
the practical engineering application of bio-cementation
technology at low temperature.
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