Acta Geotechnica (2023) 18:2239-2261
https://doi.org/10.1007/s11440-022-01664-9

RESEARCH PAPER q

Check for
updates

Microscale investigations of temperature-dependent microbially
induced carbonate precipitation (MICP) in the temperature range
4-50 °C

Yuze Wang'?® - Yong Wang? - Kenichi Soga®® - Jason T. DeJong*® - Alexandre J. Kabla®

Received: 24 February 2022/ Accepted: 27 July 2022/ Published online: 31 October 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Microbially induced carbonate precipitation (MICP) involves a series of bio-geochemical reactions whereby microbes alter
the surrounding aqueous environment and induce calcium carbonate precipitation. MICP has a broad range of applications,
including in situ soil stabilization. However, the reliability of this process is dependent on a number of environmental
conditions. In particular, bacterial growth, urease activity and precipitation kinetics all depend on temperature. Batch test
and microfluidic chip experiments were performed in this study to investigate the effects of temperature on bacterial
density and activity and the MICP processes occurring at different temperatures (4—50 °C). Spatial and temporal variations
in the formation and development of calcium carbonate precipitates, including their amount, type, growth rate, formation
and deformation characteristics, were monitored. Results show that different types of calcium carbonate precipitates with
varying sizes and quantities were produced by varying the temperature. Low temperature (4 °C) did not reduce urease
activity, but limited the final amount of cementation; low temperature reduced bacterial growth and attachment ratio, as
well as calcium carbonate precipitation rate. High-temperature (50 °C) conditions significantly reduced urease activity
within a short period of time, while a repeated injection of bacteria before every two injections of cementation solution
increased the final amount of cementation. The findings made from this paper provide insight into how MICP processes
vary across a range of temperatures and could be valuable for optimizing the MICP process for different applications.
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Abbreviations

MICP Microbially induced carbonate precipitation
BS Bacterial suspension

CS Cementation solution

YE Yeast extract

1 Introduction

Microbially induced carbonate precipitation (MICP), par-
ticularly via the urea hydrolysis pathway, has been exten-
sively studied for its potential subsurface applications
including permeability reduction of porous and fractured
medium [2, 27], soil stabilization [7, 12, 29, 40] and
environmental remediation [1], Jiang et al. [28]. During
MICP treatment, bacteria with ureolytic activity produce a
urease enzyme that catalyzes the hydrolysis of urea (Eq. 1).
The addition of calcium (Ca2+) to this system then induces
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precipitation of calcium carbonate (CaCOj3) as CO327 ions
react with Ca*" (Eq. 2):

CO(NH,), + 2H,0 “S° ONH + CO> (1)
Ca** + CO3™ — CaCOs(s) (2)
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The precipitated calcium carbonates produced by these
in situ biochemical reactions have multiple functions in
porous soil media, such as reducing pore space, bonding
soil particles and co-precipitating with heavy metals or
radionuclides.

The reactions do not only depend on the quantity and
activity of bacteria [37], and the content and concentration
of cementation solution [2], [44], but also on the environ-
mental parameters such as temperature, pH, saturation
conditions and salinity [15, 17, 26, 33]. Therefore, under-
standing the effects of environmental factors on the bio-
chemical reactions is needed to predict and control the
formation of CaCOs crystals which affects the engineering
properties of MICP-treated soils.

Temperature is one of the most important environmental
factors to consider. In addition to affecting bacterial
growth, death and activity which consequently influences
the rate of urea hydrolysis (Eq. 1), temperature also affects
the rate of precipitation (Eq. 2) and the amount and mor-
phology of the CaCOj crystals formed. Most previous
MICP studies were conducted at room temperatures
(20-25 °C), whereas the temperature in the engineering
field varies [6, 9, 19]. For instance, if MICP is used to
mitigate sand production during methane gas extraction
from hydrate-bearing soils, the operational temperature
could be between O and 12 °C [23, 30, 32],if MICP is
applied to seal the fractures of geoformation for CO,
storage, the temperature in the deep subsurface could be
higher than 31 °C [25],when MICP is used to stabilize
subsurface soils in arid regions in hot summer, the soil
temperature may be as high as 50 °C [18, 42].

Some of the previously published studies have examined
the effect of temperature on crystals characteristics, car-
bonate amount and the strength improvement of MICP-
treated soils. Cheng et al. [8] conducted soil column
experiments and showed that compared with 25 °C, either
low (4 °C) or high (50 °C) temperature results in the for-
mation of relatively smaller calcium carbonate crystals
compared to the size of crystals produced at 25 °C. The
reasons for the production of smaller calcium carbonate
crystals are assumed to be because of low urease activity at
4 °C, and larger numbers of crystal nucleation produced at
50 °C [8]. Sun et al. [34] suggested that, in the range of
15-30 °C, higher temperature can precipitate more calcium
carbonate within 48 h, because bacterial reproduction and
enzyme activity increase at higher temperatures which
results in increased precipitation efficiency. By contrast,
Peng et al. [31] conducted batch tests and reported that the
urea hydrolysis activity of bacterial suspensions increased
to a peak and then decreased over time within 400 h, and
the higher the temperature, the faster the activity decreased.
In addition, by conducting soil column experiments, Peng
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et al. [31] found that in the temperature range of 10-30 °C,
higher temperatures resulted in less precipitation of
CaCOs.

In the light of these results, it is necessary to further
investigate the effect of temperature on urease activity and
the dynamics of CaCOj precipitation. Earlier studies have
shown that bacterial density, which may change due to
their in situ growth, detachment and death during the MICP
treatment procedure [38], significantly affects crystal
number and characteristics [37]. In this study, we deploy a
similar approach to further examine the role of tempera-
ture. A series of batch tests were conducted to study the
effects of temperature on bacterial population and activity.
In addition, microfluidic chip experiments were conducted
to observe the MICP processes at the pore scale at different
temperatures between 4 to 50 °C. The implications of the
findings in terms of resulting engineering properties and
treatment protocols for subsurface applications of MICP
are also discussed.

2 Materials and methods
2.1 Bacterial suspension

Sporosarcina pasteurii (DSM 33) was used in the experi-
ments described in this study. Bacterial suspension was
prepared using a freeze-dried stock, which was activated
according to the supplier’s guidelines (DSM). After acti-
vation, glycerol stocks of the bacteria were prepared by
adding 225 pl of 80% glycerol (autoclaved) to 1 ml of
overnight liquid culture in cryogenic vials, after which the
liquid culture was immediately frozen at — 80 °C [36].
Once defrosted, cells from the glycerol stock were grown
in ATCC 1376 NH4-YE agar medium (20 g/l yeast
extract, 10 g/ ammonium sulfate, 20 g/L agar and 0.13 M
Tris base) for 48 h at 30 °C. Subsequently, several colonies
on the agar plate were transferred to a NHy-YE liquid
medium containing the same components without agar and
cultivated in a shaking incubator for 24 h at 30 °C and a
shaking rate of 200 rpm to obtain a bacterial suspension
with an optical density measured at a wavelength of
600 nm (ODgqo) of around 3.0. The bacterial suspension
with ODggo of 1.0 that was used in the experiments was
diluted from this bacterial suspension using NH,-YE liquid
medium. Based on the results obtained by Wang et al. [37],
the correlation between bacterial number per unit volume,
denoted as CB, and bacterial optical density ODgqy is:

Cp = Bacterial density of cells(cells/ml)
= ODggp x 4 x 10° (3)
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2.2 Batch test and urease activity measurement

Bacteria were cultivated in NH4-YE liquid following the
same procedure described in the previous section, to ODggg
of about 1.0. The bacterial suspension was subsequently
divided equally into 12 bottles, with each of the bottle
containing about 100 ml of bacterial suspension. Three
bottles of bacterial suspension were incubated without
shaking at a temperature of either 4, 20, 35, or 50 °C. To
measure the urease activity, 2 ml of bacterial suspension
were removed from each of the bottles after every 12 to
24 h to measure ODg(. After measuring ODggp, 1 ml from
this 2 ml was mixed with 9 ml of 1.1 mol/L urea for 5 min
to measure the conductivity change and to obtain the ure-
olysis rate (Whiffin 2007). In addition, as a comparison,
urease activity was measured at a different temperature to
quantify the effects of temperature on urease activity. In
this experiment, 1 ml of bacterial suspension was mixed
with 9 ml of 1.1 mol/L urea and placed at various tem-
peratures ranging from 5 to 70 °C for 5 min to measure the
conductivity. The conductivity of the mixed content was
assessed using a conductivity meter (FiveGo, Mettler-
Toledo, Beaumont Leys, Leicester, UK) immediately after
the mixing and 5 min after mixing. The ureolysis rate was
calculated using Eq. (4) [40]. Measurements were per-
formed in triplicate for each of the different media tested,
with data presented as mean =+ standard error.

AConductivity(uS/cm
U(mM/h) = At(miig“ fem) x (1073

x 11.11)(mM/(uS/cm)) x 60(min /h) (4)

The specific urease activity of bacteria was calculated
using Eq. (5)

(mM /h)

U (/) = S22 (b 1/ ODet) g

2.3 Cementation solution

The cementation solution for MICP treatment was created
using calcium chloride (CaCl,), urea (CO (NH,),) and a
nutrient broth dissolved in deionized water. The urea and
calcium chloride served as important ingredients for pro-
moting calcite precipitation, and the nutrient broth served
as an energy source for urease activity. The concentrations
of CaCl,, urea and nutrient broth were 0.5 M, 0.75 M and
3 g/L, respectively [36].

2.4 Microfluidic chip experiments and MICP
treatment

Microfluidic chip experiments were performed to observe
the MICP process in a porous medium under conditions

that are affected by flow rate and injection methods [38].
The microfluidic chips were designed to create a two-di-
mensional model of a realistic soil matrix porous structure
based on a cross-sectional image of Ottawa 50-70 soil and
were fabricated using standard photolithograph techniques.
The details of the device and its fabrication process can be
found in Wang et al. [39] and Wang et al. [38]. Because the
microfluidic chip is transparent, the MICP process inside
the microfluidic chip can be observed under a microscope.
The schematic of the microfluidic chip experiments is
shown in Fig. 1. Except during bacterial injection (Fig. 1a),
cementation solution injection (Fig. la) and imaging
(Fig. 1c), all samples were kept at the assigned tempera-
tures (Fig. 1b).

In total 6 tests were conducted (Table 1). Tests 1-4 were
conducted to compare the effects of temperature on MICP.
Test 5 was conducted to be compared with Test 4 for
investigating the effects of settling time and injection
interval of cementation solution on MICP. Test 6 was used
to compare with Test 5 for investigating the effects of
injection number of bacterial suspension on MICP. In each
of the test, after microfluidic chips were made and satu-
rated with deionized water, one pore volume of bacterial
suspension with an ODggg of 1.0 was injected into each of
the microfluidic chip samples at a flow rate of 0.5 ml/h
(Darcy velocity of 4.6 x 10~ m/s) for two minutes at
room temperature (20 °C). The samples were then incu-
bated at different temperature conditions for bacterial set-
tling (Table 1). After settling, in Tests 1-5, ten staged
injections of cementation solution at a flow rate of 0.05 ml/
h (Darcy velocity of 4.6 x 107 m/s) were conducted. The
interval between injections of cementation solution for
Tests 14 was 48 h, whereas that for Test 5 was 6 ~ 18 h.
In Test 6, bacterial injection was performed before every
two injections of cementation solution and five injections
were performed in total.

After the MICP treatment procedures were completed,
images of samples were taken by an optical microscope
(Zeiss Axio Observer Z1) to visualize the microscale MICP
process (Fig. 1c). The microscope was equipped with a
digital video camera (Zeiss Axio Observer Z1) connected
to a computer. The bacterial cell numbers in the image of
one central pore of the microfluidic chips taken after bac-
terial injection, after bacterial settling and after the injec-
tions of cementation solution were counted to quantify the
effects of temperature on bacterial growth, attachment and
detachment.

2.5 Image quantification
Two types of CaCOj crystals were mostly reported in

previous studies, namely spherical and rhombohedral
crystals [36, 37]. The observed CaCOs crystals that grow in
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Phase 1 Bacterial suspension
Phase 2 Cementation solution Constant temperature: 4°C,
o 20 °C, 35 °C, 50 °C
7
Injection N Outflow
tube
Transparent Effluent ;’ t"' . —

microfluidic chip

Treatment solution injection

(a)

Irregularly-shaped pillars designed based 4——
on real soil particle shape and size

the microfluidic chip channels are usually semi-spherical
and semi-rhombohedral crystals [36, 37]. To quantify the
size of semi-spherical crystals, the diameters of the crystals
in the 2-D images were measured by ZEN software (Zeiss)
and the volumes of the half spheres were calculated. The
schematics of the crystal volume calculation is shown in
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Fig. 1 Schematic of microscale microfluidic chip experiments, a bacterial and cementation solution injection; b incubation; ¢ imaging

Fig. 2. Because the depth of the microfluidic channels is
50 pm, when the diameter of the sphere is smaller than
100 pm, the crystal volume is calculated as the volume of a
half sphere:
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Table 1 MICP treatment parameters for the microfluidic chip experiment

Test Temperature Bacterial injection Bacterial settling time Cementation injection Injection interval of cementation
No (°0) number (h) number solution (h)

1 4 1 18 10 48

2 20 1 18 10 48

3 35 1 18 10 48

4 50 1 18 10 48

5 50 1 10 6-18

6 50 5 10 6-18

50,
A
-
a
Fig. 2 Schematic of spherical and rhombohedral crystals
yol, 4 (D o . (62)
= —X=n|= | =—=uD" a
2 3 \2 12

where D is the diameter of the half-sphere. When the
diameter of the sphere is larger than 100 um, the crystal
volume is the half sphere minus volume of the cap of
height, which is calculated as:

V=l "0+ D)2 50 2 (6b)
12" 73 2

To quantify the size of semi-rhombohedral crystals, the
size of the bottom square of the crystals in the 2-D images
was measured by ZEN software (Zeiss), and the height of
the semi-rhombohedral crystals (denoted as a) is assumed
to be the same as the length of the bottom square of the

crystals. Therefore, when the height is smaller than 50 pum,
the crystal volume can be calculated as:

V= 52 (7a)

When the height of the crystal is larger than 50 pm, the
crystal volume can be calculated as:

_ls 1 3
V—2a 2(a-SO) (7b)

The number of crystals present in selected areas of the
images was counted, and crystal densities were calculated
by dividing the number of crystals by the volume of the
pores that contain the crystals.

Chemical transformation efficiency (CTE) after the ng,
injection of cementation solution indicates the actual mass
or volume of calcium carbonate obtained after MICP
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treatment relative to the theoretical calculated mass or
volume of calcium carbonate obtained if all of the calcium
ions injected transformed into calcium carbonate [2]. The
total volume of CaCO; (assuming all crystals are calcite) is
denoted as V.jpp%, the pore volume of soil samples at the
beginning of MICP treatment is denoted as V,, and the
ratio of Vo9 relative to V, can be calculated by [35]:

0.5mol/LxNx100 g/molx PV
(Vcloo%> _ mol/LxNx100 g/molx % 0.001 L/cm3
n

271 g/cm?
Vv, PV
x 100% (8a)

After the ng, injection, the total volume of CaCOj;
crystals as a fraction of the pore volume V, is (VJ/V,),.
The chemical transformation efficiency after the ny, injec-
tions of cementation solution is:

I

s (2

(VCIOO%) c100%
v n

The individual chemical transform efficiency can be
computed to determine the chemical transform efficiency
after each of the injections of cementation solution. After
each injection of cementation solution, if all of the injected
Ca”* ions fully transform into CaCOs, then the total vol-
ume of calcium carbonate crystals (assuming all crystals
are calcite) produced by one injection Vg, relative to the
pore volume V, is:

0.5mol/Lx100g/molx PV 3
!
V! 00 _ 2 Tig e x 0.001L/cm

V. PV

(CTE),= ) x100%  (8b)

x 100% (9a)

As a result, the chemical transformation efficiency fol-
lowing an individual injection after the ng, injection was
indicated by the volume of crystals measured after the
completion of the ny, injection as a fraction of the pore
volume V, minus the volume of crystals measured after the
completion of the (n-1)y, injection as a fraction of the pore
volume V,:

Vo Vo

(ICTE),= % x 100% (9b)

3 Results and discussion

3.1 Effects of temperature on bacterial density
and activity changes

The change in bacterial ODgq, ureolysis rate and specific

urease activity at 4, 20, 35 and 50 °C (Tests 1-4) are shown
in Fig. 3a, b and c, respectively. In all four temperature
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conditions, the ODggyo values reduced with time over the
12 days, with the reduction rate being higher at higher
temperatures (Fig. 3a). The reduction rate of ODgy is
about 0.01, 0.04, 0.2 and 0.4 per day when temperature was
4, 20, 35 and 50 °C, respectively (Fig. 3a). Temperature
also affects the changes of ureolysis rate (Fig. 3b). At4 and
20 °C (Tests 1 and 2, respectively), the ureolysis rate
reduced from 40 mM/h to about 25 and 30 mM/h,
respectively, after about 2 days and remained almost con-
stant until the end of the 12-day period (Fig. 3b); at 35 °C
(Test 3), the ureolysis rate increased to about 60 mM/h
within approximately two days and then started decreasing
with time until 0 by about 12 days; at 50 °C (Test 4), the
ureolysis rate reduced significantly with time to zero within
just one day (Fig. 3b). To remove the effects of bacterial
density on ureolysis rate, bacterial specific urease activity
is plotted against time in Fig. 3c. At 4 °C, bacterial specific
ureolysis rate remained almost constant at about 34 mM/h/
ODgqp; at 20 °C it increased slowly from about 35 mM/h/
ODgoo to 50 mM/h/ODgq within twelve days; at 35 °C, it
increased linearly from about 35 mM/h/ODgg to about
250 mM/h/ODgy within 4.75 days and then reduced lin-
early to zero within 6.75 days; at 50 °C, it decreased lin-
early to zero within just one day (Fig. 3c). Figure 3d shows
that temperature significantly affects the measured values
of urease activity. The urease activity increased exponen-
tially with the increase in temperature within the range
from 5 to 70 °C. This result is consistent with the results of
Whiffin [41] and Zhao et al. [46] and can be explained by
the fact that the measured temperature has a significant
influence on conductivity readings [5]. The reason for this
might be that urea hydrolysis is an endothermic reaction,
with an increase in temperature resulting an increased
reaction rate. Therefore, according to the recommendations
outlined by standard ASTM D1125-95 and the results of
this experiment, in order to compare the effects of tem-
perature on urease activity, it is essential to keep the
measuring temperature the same to avoid the effects of
temperature on the conductivity reading.

As inactive cells and dead cells have no contributions
to MICP [45], it should be noted that in Fig. 3, the ODg
and ureolysis rate do not distinguish between the different
effects of live and dead cells but represent the overall
quantification of bacterial density and capability of ureol-
ysis by both live and dead bacterial cells. However, as
ODgqp is a widely accepted method to quantify the total
number of bacterial cells, this study shows the obvious
time-dependent effects of temperature on the overall urease
activity of the bacterial suspensions placed at various
temperatures. Because different temperatures have differ-
ent effects on the growth and death rates of bacterial cells,
as well as on the ureolysis rate, future work is warranted to
quantify the colony-forming unit (CFU) activity of the
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Fig. 3 Results of batch tests a optical density of bacterial suspension vs time; b ureolysis rate of bacterial suspension vs time; ¢ specific ureolysis

rate vs time; d ureolysis rate measured at varied temperatures

bacterial suspension placed at different temperatures to
obtain the exact concentration of live bacterial cells and the
specific urease activity contributed by the live bacterial
cells.

Ureolysis rate is mainly affected by bacterial density Cp
(cells/l), bacterial urease producing rate C, (g/cells) and
pure urease activity A, (mol/l/h/g). These three parameters
are all functions of temperature T and time t. The ureolysis
rate can be expressed as:

U(T,t) = Cp(T,t) x C,(T, t) x Ay (T, 1)

Compared with Equations. 3, 4, 5, bacterial specific
urease activity is a function of the rate of urease production
and urease activity.

U(T,t) = Cu(T, 1) x Au(T, 1)

(10)

(11)
The ureolysis rate can be expressed as:

U(T, 1) = Cs(T, 1) x U (T, 1) (12)

Bachmeier et al. [4] investigated the effects of temper-
ature on pure free enzyme activity and found that urease
activity decreases with time at different temperatures, with
higher temperatures reducing the activity more quickly
than lower temperatures. The percentage of remaining
urease activity of the free enzyme after 1 day in their
experiments was only about 90%, 60% and 10% of the
original activity at temperatures of 4, 30 and 60 °C,
respectively. Fathima and Jayalakshmi [16] observed that
urease had maximum activity at 35 °C. Khan et al. [22]
studied the urease production ability of bacterial strains at
different temperatures and found that urease production
rates increase with temperature until the temperature
reached 35 °C, after which wurease activity started
decreasing until 50 °C.

In this study, the reduction in ureolysis rate at 4 °C (Test
1, Fig. 3b) was mainly caused by bacterial density Cg
which reduced with time (Fig. 3a), but was unaffected by

@ Springer



2246

Acta Geotechnica (2023) 18:2239-2261

bacterial specific urease activity U’ which remained con-
stant over the 12-day period (Fig. 3c). The ureolysis rate
was higher at 20 °C (Test 2) than at 4 °C (Fig. 3b). This is
because, although the bacterial density decreased by a
greater extent at 20 °C than at 4 °C (Fig. 3a), the increase
in U at 20 °C compensated for the decrease in urease
activity. According to the study of Khan et al. [22], the
increase in U’ might be due to the higher urease production
rate at 20 °C than at 4 °C. At 35 °C (Test 3), even though
the optical density of bacterial suspension reduced to a
greater extent with time than at 20 °C or 4 °C (Fig. 3a),
ureolysis rate still increased with time during the first two
days (Fig. 3b). This is because an increase in bacterial
specific urease activity compensated for a decrease in
bacterial density (Fig. 3a and c¢). However, after two days,
urease activity at 35 °C reduced with time and this is
because the increase in bacterial specific urease activity
could not compensate for the decrease in bacterial density
(Fig. 3a and c). At 50 °C (Test 4), the reduction in bacterial
urease activity with time (Fig. 3b) was due to the reduction
in both bacterial density (Fig. 3a) and bacterial specific
urease activity (Fig. 3c) with time.

3.2 Effects of temperature on bacterial growth
and attachment

The effects of temperature on bacterial growth and
attachment were investigated using microfluidic chip
experiments. The microscope images are shown in Fig. 4a
and the quantification results are shown in Fig. 4b.
Although the bacterial density after injection was similar
(see the first row of Fig. 4a and the white columns of
Fig. 4b), the bacterial density after the injections of
cementation solution varied (see the third row of Fig. 4a
and the dark grey columns of Fig. 4b). This is due to both
the difference in amount of in situ bacterial growth, and the
difference in bacterial detachment by the injection of
cementation solution. As shown by the differences between
the first row and the second row in Fig. 4a and between the
white and light grey columns in Fig. 4b, optimal growth of
bacteria was observed when the temperature was 20 °C
(Test 2). In addition, as shown by the differences between
the second row and the third row in Fig. 4a and between
the light grey and dark grey columns in Fig. 4b), optimal
attachment of bacteria was observed when the temperature
was 35 °C (Test 3). It should be noted that because the
duration of injection of cementation is about ten minutes,
which is relatively short, bacterial growth during the
injection of cementation solution can be neglected. The
factors affecting bacterial attachment to a solid substrate
are complex. Previous research has shown that bacteria
tend to secrete structures such as flagella, pili,
exopolysaccharides and other matrix components to attach
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Fig. 4 a Microscope images of a middle pore of the microfluidic»
chips taken after bacterial injection (*), after bacterial settling (**)
and after cementation solution injection (***); b the quantification of
the bacterial densities in images shown in a

to solid surfaces and live at the solid-liquid interface [14].
In addition, bacterial cells and soil particles are in general
negatively charged, therefore, Ca’" in the cementation
solution can increase the aggregation among bacterial cells
[37] and bacterial attachment to the soil substrate. Further,
higher concentration of cementation solution hindered the
diffusion of bacterial cells into cementation solution [44],
which may further increase the attachment of bacterial cells
to the substrate. This study illustrated that apart from the
concentration of CaCl, in the cementation solution, tem-
perature also affects the attachment of bacteria to the
substrate. The reason that temperature affects bacterial
attachment may be due to the temperature effects on bac-
terial secretion behavior, surface charges, motility, etc.,
which is worthy of further exploration in future studies.

After the injections of cementation solution, the highest
bacterial density was obtained when the temperature was
35 °C, while the lowest bacterial density was obtained
when temperature was 4 °C. The bacterial densities were
about 0.3, 3, 3.5 and 1.1 times of their initial values for the
temperature conditions of 4, 20, 35 and 50 °C, respec-
tively. Therefore, when considering the effects of bacterial
growth, the bacterial density Cp in Eq. 9 is a function of
temperature, time, nutrient /oxygen condition, flow rate,
solid surfaces conditions, etc.

3.3 Temperature-dependent crystal growth
procedure after the 1st and 2nd injections

Microscopic images of one pore in the central region of the
microfluidic chips at 3, 6, 24 and 48 h after the first and
second injections of cementation solution are shown in
Fig. 5 for the four temperature conditions (4, 20, 35 and
50 °C, Tests 1-4). Chemical transformation efficiencies,
crystal number and crystal precipitation rates of crystals
shown in Fig. 5 were quantified, and the results are shown
in Fig. 6 a, b and c. It can be seen from Figs. 5 and 6a that
crystals grow more slowly at 4 °C compared to the other
three temperature cases. For the temperature cases of
20 °C, 35°C and 50 °C, after the first injection of
cementation solution, crystals completed precipitation
within 6 h, whereas for the 4 °C case crystals did not
complete their precipitation by 48 h. In addition, the crystal
growth rates after the first injection of cementation solution
were also different to those after the second injection,
especially at 50 °C, where the time for the crystals to
complete the precipitation after the first and second
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4°C

20°C

35°C

50°C

Fig. 5 Sequential microscope images taken on one pore at the central region of the microfluidic chips placed at 4, 20, 35 and 50 at 3, 6, 24 and
48 h after the first and second injection of cementation solution, a 4 °C, b 20 °C, ¢ 35 °C and d 50 °C

injections of cementation solution was 6 and 48 h, crystals to fully precipitate is about 3 h. In the present
respectively. Moreover, the growth rate at 20 °C is con-  study, the concentration of cementation solution is doubled
sistent with the results of Wang et al. [36], wherein for a  and hence the time required to precipitate doubled as well.
cementation solution of concentration 0.25 M, the time for
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It can be seen from Figs. 5 and 6b that crystal number
increases due to the growth of new crystals and decreases
due to the dissolution of unstable crystals. At 4 and 20 °C,
crystal number mainly increases after the first two
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Fig. 6 Quantification results of images shown in Fig. 5. a chemical
transform efficiency; b crystal number; ¢ precipitation rate

injections of cementation solution. However, at 35 °C and
50 °C, a crystal precipitation—dissolution—reprecipitation
process was observed, as shown by the white circles in the
second rows of Fig. 5c and d. With the dissolution of
unstable crystals, the crystal number also reduced
(Fig. 5b). In addition, the dissolution mainly occurred
between 6 and 24 h after the first two injections of
cementation solution at 35 °C and after the second injec-
tions of cementation solution at 50 °C (Figs. 5c, d and 6b).

The precipitation-dissolution-reprecipitation process of
these crystals is consistent with Ostwald’s law of crystal
ripening; usually, the least dense phase is formed first and
transforms to the next dense phase until finally the densest
(which is usually also the most stable phase) is formed
(reviewed by [11]. The shapes and stabilities of the
spherical and rhombohedral CaCO; crystals are consistent
with those of vaterite and calcite, respectively, which is
consistent with the previous studies of Wang et al.
(2019b, 2021. Calcite is the most stable form of CaCO;
crystals. In addition, the dissolved crystals have a ‘mem-
ory-like’ effect; that is, when a new batch of cementation
solution is injected, the crystals tend to reprecipitate where
the crystals used to be located after the previous injection
before they dissolved (see the changes of the crystal indi-
cated by the yellow arrows in Fig. 5c). This is probably
because the crystals did not fully dissolve, with some
crystal lattice still remains on the channel surface of the
porous medium. Crystals grow on existing lattices because
less energy is required than growing on a new surface due
to the extra energy required for nucleation [24].

At 4 °C, the chemical transformation efficiencies were
around 64% by 48 h after the first injection of cementation
solution (Fig. 6a). Based on this rate an injection interval
of approximately 75 h is required to achieve a high
chemical transform efficiency (about 100%). In addition,
based on the chemical transform efficiency at 3 h in the
20 °C (Test 2), 35 °C (Test 3) or 50 °C (Test 4) cases
(Fig. 6a), the time required for 0.5 M of cementation
solution to complete precipitation after the first injection of
cementation solution is 6, 3.3 or 3.75 h, respectively.
Considering the difference in bacterial density after the
injections of cementation solution in these four cases
(shown in Fig. 3b) and given that the bacterial suspension
has 4 x 10% cells per ml when ODggyy is 1.0 based on
results of Wang et al. [37], the calculated precipitation
rates in these four conditions are 0.018, 0.038, 0.056 and
0.135 M/h/OD, respectively (Fig. 6¢). As the temperature
increases, crystal growth rate increases exponentially
(Fig. 6¢).
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3.4 Temperature-dependent crystal growth
procedure after the 2nd to 10th injections

To observe the crystal growth during the entire treatment
process, microscope images of one pore located near the
center of the microfluidic chip were taken two days after
the injections of the second, fourth, sixth, eighth and tenth
injections of cementation solution and are shown in Fig. 7.
The quantified average crystal volume, crystal number per
unit pore volume, ratio of crystal volume to pore volume
(Verystals/ Vpore), total chemical transformation efficiency
and individual chemical transformation efficiency are
given in Fig. 8a—e.

The average crystal volume for the three cases grew
steadily as the number of cementation solution injections
was increased (Figs. 7 and 8a), except for the 50 °C case
(Test 4) where individual crystals stopped growing after
the fourth injection of cementations solution. At 4, 20,
35 °C and 50 °C (Tests 1-4), the average crystal size
increased at rates of 402.4, 1344.3, 1881.8 and 312.5 um3
per injection, respectively. After the completion of the
tenth treatment, the average crystal size was the largest
when the temperature was 35 °C (Test 3), and the smallest
when the temperature was 4 °C (Test 1, Figs. 7 and 8a).

Crystal number can increase due to the precipitation of
new crystals and decrease due to the dissolution of unsta-
ble crystals (Figs. 5 and 7). At 4 °C (Test 1), crystal
number remained constant (Fig. 5), possibly because this
low temperature does not provide enough energy for new
crystals to nucleate, and because dissolution of crystals
does not occur. At 20 °C (Test 2), the number of crystals
decreased with time, indicating that dissolution of crystals
occurred at 20 °C, but the dissolution rate was lower than
at 35 °C (Test 3) and 50 °C (Test 4), shown by the much
higher crystal number at 20 °C than at 35 °C or 50 °C
(Fig. 8b). At 35 °C, the dissolution procedure completed
within the 48 h after each injection and the growth of new
crystals appeared constant after each injection (Figs. 7 and
8b). At 50 °C, crystals continued growing during the first
two injections of cementation solution (Fig. 6), but stopped
growing after the fourth injection of cementation solution
(Figs. 7 and 8). In addition, the dissolution procedure at
50 °C completed within 48 h after the first injection of
cementation solution (Figs. 6 and 8b); therefore, the
number of crystals remained constant (Fig. 8b). Even
though the crystal number remained the same at both 4 °C
and 50 °C, the number of crystals observed at 4 °C was
much higher than at high temperature because crystal dis-
solution occurred at 50 °C but not at 4 °C (Fig. 8b).

The total crystal volume is indicated by the volume ratio
of crystal volume to pore volume and is plotted against the
measured crystals number in Fig. 8c. At 4, 20 and 35 °C

@ Springer

crystals grew steadily at almost constant rates, indicated by
the ratio of total crystal volume to pore volume (Fig. 8c),
with the highest rate being observed at 20 °C, while the
lowest rate was observed at 4 °C. At 50 °C, crystals
stopped growing after the fourth injection of cementation
solution (Fig. 8c), and the growth rates after the first four
injections of cementation solution are similar to those at
4 °C.

At these four temperatures, the total chemical transform
efficiency varied significantly and decreased linearly with
time at different rates. The initial chemical transform
efficiencies obtained at 35 °C and 20 °C were about 100%
and 90%, respectively. They were much higher than the
initial chemical transformation efficiencies at 50 °C and
4 °C, which were about 60% and 50%, respectively.
However, due to the difference in reduction rate of
chemical transformation efficiency with time, at 4, 20, 35
and 50 °C, the chemical transformation efficiencies after
the 10th injection were about 30%, 80%, 70% and 30%,
respectively (Fig. 8d). The individual chemical transfor-
mation efficiencies decreased at similar rates when the
temperatures were 4 °C and 20 °C (about 4% per injec-
tion), but reduced much more quickly when the tempera-
ture was 35 °C. The efficiency reduced even more quickly
when the temperature was 50 °C where the transformation
efficiency reduced to zero by the 6th injection of cemen-
tation solution (Fig. 8e).

In summary, temperature has both a direct effect and
indirect effect on crystal growth rate. The direct effect
occurs when the supersaturation ratio is the same, with an
increase in temperature leading to an increase in the CaCOj3
precipitation rate. The indirect effect is that temperature
affects the bacteria quantity and activity, which in turn
affects the rate of carbonate production, and consequently
affects the supersaturation condition. For example, the
crystal growth rate is higher at 4 °C than at 50 °C.
Although the number of bacteria remaining after the
injection of cementation solution is higher at 50 °C than at
4 °C and CaCOj crystal growth rate is usually higher at
higher temperatures when the supersaturate ratio is the
same, the specific urease activity at 50 °C decreases sig-
nificantly with time and reduces to zero after a relatively
very short period of time. At 4 °C, however, the urease
activity remains constant at a relatively high rate. The same
reason is valid for the comparison between the 35 °C case
and the 20 °C case. At 35 °C, the bacterial density is higher
than that at 20 °C, but because at 35 °C the urease activity
increases to peak and then reduces with time, the MICP
rate and efficiency are lower than those at 20 °C.

Han et al. [20] found that CaCO; content obtained at
50 °C is higher than the CaCOj; content obtained at 35 °C.
This is contrary to the results herein, where after 10
injections of cementation solution the CaCO; content



Acta Geotechnica (2023) 18:2239-2261

2251

Fig. 7 Microscope images taken on one pore at the central region of the microfluidic chips placed at 4, 20, 35 and 50 °C at two days after the

2nd, 4th, 6th, 8th and 10th injections of cementation solution

obtained at 35 °C is much higher than the CaCOj; content
obtained at 50 °C. The reason might be that a 18-h bac-
terial settling time was set in this study, over which the
urease activity decreased significantly at 50 °C, but
increased at 35 °C. Therefore, when the cementing solution

was introduced into the system after settling, 50 °C resul-
ted in low precipitation and 35 °C resulted in high pre-
cipitation. However, in the study of Han et al. [20], there
was not a settling time defined. Therefore, bacterial setting
time might be an important factor to consider for MICP
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studies, especially when urease activity changes over the
settling hours. The results of the microfluidic chip experi-
ment where CaCOj stopped growing after the fourth day
(Figs. 7 and 8b) is slightly different to the results of the
batch bacterial activity experiment where the bacterial
activity reduced to zero by the end of the first day (Fig. 3b
and c). This might be because in the microfluidic chip
experiment new injections of cementation solution con-
taining nutrient broth were injected into the microfluidic
channel every two days, with the nutrient broth increasing
the bacterial activity. However, the results of the
microfluidic chip experiment still show that compared to
the other temperature conditions, a high temperature of
50 °C significantly reduced crystal precipitation.

3.5 Effects of temperature on crystal dissolution

To observe the crystal dissolution in detail, the images of
the center pores at 4, 20, 35 and 50 °C (Tests 1-4) at two
days after the 1st, 2nd, 4th, 6th, 8th and 10th injections of
cementation solution are shown in Fig. 9. The crystals that
used to exist at some point but dissolved at later stages are
circled in red. Dissolution occurred at temperatures of 20,
35 and 50 °C, but not at 4 °C. At 20 °C, some of the
crystals dissolved between the 4th and 6th injections
(shown by the red circles in the 4th injection image) and
between the 6th and 10th injection (shown by blue arrows
where the crystal color became lighter indicating crystal
dissolution). At 35 °C and 50 °C, the crystals dissolved
between the first and the second injections, but not after-
ward. This result is the same as shown in Fig. 8b. After the
2nd, 4th, 6th, 8th and 10th injections of cementation
solution, the number of crystals decreased gradually at
20 °C, whereas the number of crystals remained almost
constant at 35 °C and 50 °C.

To observe a larger area, the images of a 1.5 mm by
1.5 mm square area taken at the middle of the microfluidic
chip at 2 days after the first and tenth injection of cemen-
tation solution are shown in Fig. 10. Crystal dissolution
occurred at 20 °C, 35 °C and 50 °C (Tests 2—4), but not at
4 °C (Test 1). In addition, a rise in temperature promoted
crystal dissolution as shown by the increase in numbers of
red circles from 4 to 50 °C. This trend is consistent with
the results of Kralj et al. [24] where a pure chemical pre-
cipitation of CaCO; and transformation from vaterite to
calcite at, 25, 35, 40 and 45 °C were studied.

3.6 Effects of temperature on crystal
characteristics

To observe crystal characteristics, microscope images
taken at the center of the microfluidic chips at the com-
pletion of the MICP treatments at these four temperature

conditions are shown in Fig. 11. The magnified images of
four pores presented in Fig. 11 are shown in Fig. 12 to
examine the details. Figure 11 shows that the crystals were
in general homogenously distributed within the field of
view with a size of 2.5 mm by 2.5 mm. The homogenous
distribution within the entire field of view is consistent with
the previous published studies by Wang et al. (2019a, b). In
addition, Xiao et al. [43] found that diffusion of cementa-
tion solution facilitates the uniform distribution of calcium
carbonate precipitates. It is shown in Fig. 12 that crystals
were mainly spherical at 4 °C (Test 1), appeared as a
mixture of spherical and rhombohedron crystals at 20 °C
(Test 2), while rhombohedral calcite crystals were
observed at 35 °C (Test 3) and 50 °C (Test 4). The number
of rhombohedral crystals and all crystals shown in the
images of Fig. 11 was counted manually, and the ratio of
the number of thombohedral crystals to the total number of
crystals was about 20%, 35%, 100% and 100% at 4 °C,
20 °C, 35 °C and 50 °C, respectively. The existence of
mixtures of rhombohedral and spherical crystals, and the
transformation of spherical crystals into rhombohedral
crystals at 20 °C is consistent with previous results pub-
lished by Wang et al. (2019a, b), Xiao et al. [43]. The
rhombohedral rystal shape is consistent with the mor-
phology of calcite, whereas spherical crystals were iden-
tified as vaterite [10] or the transforms of calcite from
vaterite [43]. This suggests that high-temperature condi-
tions favored the formation of calcite and the transforma-
tion of vaterite into calcite, whereas low-temperature
conditions favored the formation of vaterite.

3.7 Optimization of MICP treatment procedures
based on the findings

This study has shown that, at high temperatures such as
50 °C (Test 4), crystal growth rate should be high if the
bacterial density and urease activity are constant (Fig. 6¢).
However, due to the effects of high temperature on the
reduction of both bacterial density and bacterial specific
urease activity (Fig. 4a, c), the amount of CaCO; precipi-
tated and chemical transformation efficiency of MICP were
even lower than at 4 °C (Fig. 8 ¢, d). At 50 °C, bacterial
density and specific urease activity both decreased very
quickly with time (Test 4, Fig. 3a, c). Because crystals
almost completed the precipitation by 6 h after the first
injection at 50 °C (Test 4, Fig. 6a), it is considered that
reducing the injection interval from 48 h to 618 h (Test 5)
and increasing bacterial injection number (Test 6) would
increase the chemical transform efficiency of MICP at
50 °C. The results in Fig. 13 a, b show that reducing the
injection interval to 6—18 h from 48 h helped to increase
the total volume of crystals precipitated after the first two
injections, but not afterward. The total crystal volume after
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Fig. 9 Microscope images at two days after the 1st, 2nd, 4th, 6th, 8th and 10th injections of cementation solution

the fourth injection of cementation solution was higher in
the case where additional injections of bacterial suspension
were applied than in the other two cases, with V. ygiais/ Vpore
increasing linearly with each subsequent injection at a rate
about 2.8%, per two injections (Fig. 13b). The chemical
transformation efficiency remained relatively high in the
case where additional injections of bacterial suspension
were applied, which is about 70% over the course of the ten
injections, whereas for the other two cases, the chemical
transformation efficiency decreased after each subsequent
injection (Fig. 13c). Figure 14 shows the images of the
three cases at a larger scale (Fig. 14a) and with more pores
being shown (Fig. 14b). The crystal precipitation patterns
and characteristics are consistent with the images shown in
Fig. 13.

This study also found that the crystal growth rate is also
low at a low temperature of 4 °C. The reason for this is
mainly because the precipitation rate of CaCOj; is lower at
lower temperatures (Fig. 6a). Wang et al. [37] found that,
when temperature is constant, increasing bacterial density
helped to increase the number of CaCOj crystal precipi-
tated, but it did not affect the growth rate of the individual
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crystals. Therefore, higher bacterial density increases the
total precipitation rate. Because the in situ growth and
attachment of bacteria at 4 °C is relatively low (Fig. 3),
increasing the density of bacterial suspension injected
would increase the precipitation rate of CaCO5;. However,
Wang et al. [37] found that, when bacterial density is
higher, larger number of smaller crystals can be produced
and the crystal dissolution-reprecipitation process takes
longer. In this study, the bacterial density in the microflu-
idic chip at 4 °C is lower than that at 20 °C or 35 °C, but
the number of crystals is still much higher (Fig. 8b). This is
possible because lower temperature impairs the crystal
phase transformation process (Fig. 9 and 10). Based on the
findings of Wang et al. [37] and this study, the application
of a higher bacterial density would increase the

Fig. 10 1500 pm by 1500 pm sized microscope images taken at the
middle of the microfluidic chips at 2 days after the Ist and 10th
injections of cementation solution
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Fig. 11 3 mm by 3 mm microscope images taken at the central of the microfluidic chips taken at the completion of the MICP treatments. a 4 °C,

b 20 °C, ¢ 35 °C, d 50 °C

precipitation rate and chemical transform efficiency, but
the crystals would be larger in amount and smaller in size.
Therefore, compared to the high-temperature condition
which is easier to optimize by introducing larger numbers
of bacterial injections, the optimization of MICP treatment
procedures at low temperatures is more challenging and
will therefore require further investigations.

Previous studies conducted at room temperature nor-
mally considered the initial urease activity (which affects
the precipitation rate) when determining the injection
interval for MICP treatment protocols [2, 36, 38]. How-
ever, the findings presented in the current study illustrate
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that while urease activity may decrease quickly with time
during the MICP treatment procedure, the initial urease
activity cannot predict the precipitation rate of the whole
process due to reasons such as temperature. In addition, the
result at 50 °C also indicates that the main reason why the
crystals stopped growing after the 4™ injection was because
the urease activity was zero, with extra bacterial supply
being required to maintain the required urease activity in
the precipitation system.
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Fig. 12 magnified images at four pores in images shown in Fig. 11. a 4 °C, b 20 °C, ¢ 35 °C d 50 °C

4 Conclusions

In this study, urease activity batch tests and microfluidic
chip experiments were conducted to investigate the effects
of temperature on urease activity, bacterial number, crystal
growth, crystal dissolution, crystal characteristics and the
chemical transform efficiency of MICP. The reasons for the
low crystal growth rates at low and high temperatures are
detailed and a method of optimizing MICP at high tem-
peratures is proposed. These findings made from the
microscope images have implications for better under-
standing of the MICP mechanisms at various temperatures

and could be valuable for improving the MICP process for
different applications. The main findings are as follows.
The effects of temperature on MICP crystal growth and
efficiencies can be divided into the indirect and direct
effects. The indirect ones refer to the effects of temperature
on bacterial growth, attachment and ureolysis activity,
which in turn influence the supersaturation condition of
CaCOj precipitation. Direct one refers to the effect of
temperature on CaCOj precipitation directly. The relatively
low crystal precipitation rates and chemical efficiencies at
4 °C are mainly affected by the low bacterial number and
low precipitation rate of CaCOs5 at low temperature. The
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Fig. 13 Microscope images of one central pore of the microfluidic chips taken at the completion of the injection intervals of the second, fourth,
eighth and tenth injections of cementation solution for the sample treated by an injection interval of 48 h (*), 6-18 h (*) and 6-18 h with
bacterial injection before every two injections of cementation solution; b total crystal volume/pore volume vs injection number of cementation
solution; ¢ chemical transform efficiency vs injection number of cementation solution

relatively high crystal precipitation rates and chemical
efficiencies at 20 °C are mainly due to the relatively higher
number of bacterial cells after growth and detachment, and
relatively higher overall crystals precipitation rate, which
were not greatly affected by temperature. The higher initial
crystal precipitation rate and chemical transform efficien-
cies at 35 °C is the same as for 20 °C. At 50 °C, the
reductions of crystal precipitation rate and chemical
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transform in a larger range of precipitation time (2-10
injections) are mainly because of the quick reduction rates
in urease activity at 50 °C.

The effects of temperature on CaCO; morphology are
related to different crystal dissolution behavior of CaCOj;
at different temperatures. The dissolution of vaterite and
reprecipitation into larger vaterite or calcite follows the
Ostwald law of crystal growth and a rise in temperature
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Fig. 14 a 3 mm by 3 mm microscope images taken at the central of the microfluidic chips taken at the completion of the MICP treatments at
temperature of 50 °C and an injection interval of 48 h (left image), 6-18 h (middle image) and 6-18 h with extra injections of bacterial
suspension before every other injections of cementation solution (right image); b magnified images at six pores in image (a)

increases the rate of transformation. Therefore, high-tem-
perature conditions enhance the formation of calcite,
whereas low-temperature conditions enhance the formation
of vaterite. This study also observed a ‘memory-like’ effect
for the crystal-dissolution—reprecipitation process. When a
new batch of cementation solution is injected, the crystals
tend to reprecipitate where the crystals used to be during
the previous injection before they dissolved. This is prob-
ably because the crystal lattice remained on the channel
surface of the porous medium, which provide less energy
for nucleation to occur compared to nuclear on clean
surface.

Although initial precipitation rate increases exponen-
tially with temperature increase, the precipitation

efficiency of MICP at 50 °C (Test 4) is very low because
the high temperature reduces bacterial density and activity.
At high temperature, therefore, increasing the injection
number of bacterial suspension from 1 to 5 (Test 6) was
found to be effective in increasing the CaCOj; precipitation
rate and chemical transform efficiency.

At low temperature, the low precipitation rate and
chemical transformation efficiency are mainly because of
the low CaCOj precipitation rate. The increasing bacterial
density at low temperature may increase both precipitation
rate and chemical transformation efficiency of MICP and
the low temperature promotes the precipitation of a larger
number of smaller crystals. However, the reduced CaCO;3
phase transformation rate would result in less effective
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crystals in bonding soil particles. The optimization of
MICP for soil strength enhancement at low temperature is
more challenging and requires further investigations.
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