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ABSTRACT: Microbial-Induced Carbonate Precipitation (MICP) is an innovative subsurface improvement 
technique for enhancing the strength and stiffness of soils or controlling their hydraulic conductivity. Various 
treatment procedures have been applied in previous MICP studies, but the MICP processes occurring during 
these different procedures are poorly understood. In this study, microscale experiments were conducted by 
using synthetic porous models called microfluidic chips to investigate the MICP processes occurring at the 
microscale during different treatment procedures (one-phase treatment, two-phase treatment, and modified 
two-phase MICP treatment). During one-phase treatment, bacterial suspension and cementation solution were 
mixed and then injected together. During two-phase treatment, bacterial suspension (Phase 1) was injected, 
after which bacteria were allowed to settle and attach to the porous medium before proceeding with the 
injection of cementation solution (Phase 2). For the modified two-staged injection, bacterial suspension was 
mixed with CaCl2 solution prior to injecting this mixture (Phase 1), followed by the injection of cementation 
solution (Phase 2). The microscale experiments revealed how different treatment procedures influence the 
interactions between bacteria and chemicals, their interactions with flow, the formation and development of 
calcium carbonate precipitates, and the correlation between the distribution of bacteria and precipitates. The 
choice of MICP treatment procedure influenced the MICP process and affected the morphology of carbonate 
precipitates. The results presented in this paper suggest that the visualization of the MICP processes during 
the different treatment procedures using the microfluidic technique can improve our understanding of the 
fundamental mechanisms of MICP and consequently help improve and tailor the MICP treatment procedure 
for different applications. 

1 INTRODUCTION 

Microbial-Induced Carbonate Precipitation (MICP) 
is an innovative bio-cementation technique which 
has been extensively studied in the past decade for 
its potential application in soil stabilization (DeJong 
et al., 2006, 2010; Whiffin et al., 2007; van Paassen 
et al., 2010; Martinez et al., 2013; Al Qabany and 
Soga, 2013). MICP via urea-hydrolysis is the most 
commonly investigated pathway in which bacteria 
with ureolytic activity express a urease enzyme 
catalyzing the hydrolysis of urea. This process 
produces carbonate ions (CO3

2-) (Eq. 1) which react 
with calcium (Ca2+) added to this system, inducing 
the precipitation of calcium carbonate (CaCO3) (Eq. 
2):  

          (1) 

(2) 

     The CaCO3 precipitates bond soil particles 
together, thereby enhancing the strength and 

stiffness of soils. The precipitates also reduce the 
gaps / spaces between soil particles, which could be 
used to control hydraulic conductivity of soils. These 
macro-scale engineering properties of MICP-treated 
soils are controlled by micro-scale parameters of the 
precipitated calcium carbonate (CaCO3) crystals, 
such as their type, size, number and distribution in 
the soil matrix (Wang et al., 2017). The forms of 
calcium carbonate crystals are governed by the 
complex bio-geochemical reaction processes. 
     In previous MICP studies, the injecting bacteria 
and chemicals into the treated soils have been applied 
in various methods. These include (i) a one-phase 
simultaneous injection of bacterial suspension and 
cementation solution into soils and (ii) a two-phase 
injection (sometimes referred to as a staged injection) 
where bacterial suspension and cementation solution 
are sequentially injected into the soils. As bacteria 
grow, attach and detach within soils (Wang et al., 
2018) and interact with the injected cementation 
solution or CaCl2, different bio-geochemical reaction 
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processes occur during these different treatment 
procedures. Therefore, the choice of injection 
strategy may have a substantial effect on crystal 
parameters. However, the MICP processes occurring 
during these different treatments, the effects of 
injection strategies on bacterial behavior, as well as 
the formation and development of calcium carbonate 
crystals, are poorly understood. 
     In this study, three different MICP treatment 
procedures (i.e., one-phase injection, two-phase 
injection and modified two-phase injection) were 
applied in microscale experiments, with microfluidic 
chips being used to observe the MICP processes 
during these treatment procedures. The effect of 
treatment procedures on bacterial behavior and 
CaCO3 crystal development is investigated. In 
addition, the implications of these different MICP 
treatment procedures are discussed.  

 

2 MATERIALS AND METHODS  

2.1 Bacterial suspension  

Sporosarcina pasteurii (DSM 33) with an optical 
density of 1.0 measured at a wave length of 600 nm 
(OD600) was used in all of the experiments described 
in this paper. S. pasteurii cells were grown in ATCC 
1376 NH4-YE agar medium, which was placed in a 
shaking incubator at 30°C and a shaking rate of 200 
rpm, for 24 hours to obtain a bacterial suspension 
with an OD600 of around 3.0. The ATCC 1376 NH4-
YE agar medium contains 20 g/L yeast extract, 10 
g/L ammonium sulphate and 0.13 M Tris base. This 
bacterial suspension was then diluted using NH4-YE 
liquid medium to obtain the bacterial suspension 
with OD600 of 1.0 for use in the experiments. 

 
2.2 Cementation solution and CaCl2 solution  

The cementation solution for the MICP treatments 
consisted of calcium chloride (CaCl2), urea (CO 
(NH2)2), and a nutrient broth dissolved in deionized 
water. The urea and calcium chloride served as 
important ingredients to promote calcite 
precipitation, and the nutrient broth served as an 
energy source for bacterial activity. Two 
concentrations of CaCl2 were used: 1.0 M and 2.0 
M. The concentration of urea was 1.5 times of the 
concentration of CaCl2 and the concentration of 
nutrient broth was kept constant at 3 g/L. For the 
modified two-phase injection, a CaCl2 solution (1 
M) was mixed with bacterial suspension.  

 
2.3 Microfluidic chip   

A microfluidic chip was designed based on a cross-
sectional image of Ottawa 50-70 soil to create a 
two-dimensional model of a realistic soil matrix 

porous structure and was fabricated using standard 
photolithograph techniques. The schematic of the 
microfluidic chip experiments and the two-
dimensional design of the microfluidic chip are 
described in Wang et al. (2018). Experiments were 
conducted using a liquid injection system which 
comprised a syringe, a syringe pump and tubing. The 
injection system was used to inject the bacterial 
suspension and cementation solution into the 
microfluidic chip. Because the microfluidic chip is 
transparent, the MICP process inside the 
microfluidic chip can be observed under a 
microscope. 

 
2.4 MICP treatment procedures  

Three different MICP treatment procedures (i.e., 
one-phase injection, two-phase injection, and 
modified two-phase injection) were applied in the 
microscale experiments to observe the MICP 
processes during these treatment procedures. In the 
one-phase MICP treatment procedure, 1.2 pore 
volumes (PV) of a mixture consisting of equal 
volumes of bacterial suspension (OD600 of 1.0) and 
cementation solution (2 M CaCl2, 3 M urea and 6 
g/L nutrient broth) was injected into a microfluidic 
chip at a flow rate of 0.5 ml/h, corresponding to 
Darcy velocity of 4.6 × 10-4 m/s. In the two-phase 
MICP treatment procedure, 1.2 PV of bacterial 
suspension with an OD600 of 1.0 was injected into a 
microfluidic chip, followed by a two-hour bacterial 
settling period to enable their attachment to the 
porous medium, after which a cementation solution, 
containing 1 M CaCl2, 1.5 M urea and 3 g/L nutrient 
broth was injected. The injection flow rates of 
bacterial suspension and cementation solution were 
at a flow rate of 0.5 ml/h and 0.05 ml/h, 
corresponding to Darcy velocity of 4.6 × 10-4 m/s 
and 4.6 × 10-5 m/s, respectively. In the modified 
parallel-staged injection procedure, equal volumes of 
bacterial suspension (OD600 of 1.0) and CaCl2 
solution (1 M) were mixed and then 1.2 PV of the 
mixture was injected together into the porous 
medium at a flow rate of 0.5 ml/h. The injection of 
the cementation solution was then applied by the 
same way as in the two phase injection. The 
parameters of the bacterial and chemical materials 
used in these three procedures are summarized in 
Table 1. The microfluidic chips were saturated with 
deionized water prior to the microfluidic 
experiments. 
 
Table 1. Summary of bacterial and chemical 
parameters 

             Phase 1      Phase 2 
One-
phase 

injection 

Mixture of equal 
volumes of bacterial 

suspension (OD600=1) 
and cementation solution 

(2 M-3 M, 6 g/L) 

- 
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Two-
phase 

injection 

Bacterial suspension 
(OD600=1) 

Cementation 
solution (1 M-
1.5 M, 3g/L) 

Modified 
two-
phase 

injection 

Mixture of equal 
volumes of bacterial 

suspension (OD600=1) 
and CaCl2 (1 M) 

Cementation 
solution (1 M-
1.5 M, 3 g/L) 

 
2.5 Data acquisition and image analysis 

The MICP processes inside the microfluidic chips 
were visualized with an Axio Observer Z1 research 
microscope (Zeiss). A detailed description of the 
parameters of the microscope is provided in Wang et 
al. (2018). During the two-phase injection and 
modified two-phase staged injection, images of the 
samples were captured for up to 3 days after the 
completion of the injection of cementation solution.  
For the simultaneous injection, images were 
captured for up to 3 days after the injection of 
bacterial suspension-cementation solution mixture 
was complete. 

 

3 RESULTS AND DISCUSSION 

3.1 One-phase injection 

Microscope images of selected areas of the 
microfluidic chip sample taken at 0 hr, 1.5 hrs, 3 
hrs, 12 hrs, 1 day and 3 days after the injection of 
the mixture of bacterial suspension and cementation 
solution are shown in Figure 1. The magnified 
images of the 150 µm by 150 µm squares in Figure 
1 are shown in Figure 2. The MICP process during 
the single-phase treatment consisted of three main 
stages: (i) bacterial aggregation during mixing and 
filtration of bacterial aggregates during injection (0 
hr photos in Figures 1 and 2), (ii) formation of 
amorphous calcium carbonate (ACC) (1.5 hrs 
photos in Figures 1 and 2), and (iii) crystallization 
of calcium carbonate (1.5 hrs – 3 days photos in 
Figures 1 and 2).  

The bacteria aggregated immediately after the 
bacterial suspension was mixed with the 
cementation solution because the bacterial cell walls 
are negatively charged, thus causing the Ca2+ 
cations to bond to the bacterial cells (El Mountassir 
et al., 2014; Rodriguez-Navarro et al., 2007).

 

Because some of the bacterial aggregates were 
much larger than the narrow pore throats, they were 
filtrated by the porous medium and accumulated in 
the narrow pore throat (0 hr photos in Figures 1 and 
2). The MICP process started with the hydrolysis of 
urea by the bacterial cells. The mixing of bacterial 
suspension with cementation solution maximizes 
the contact between bacterial cells and the urea in 
the cementation solution. Bacterial cells that did not 
aggregate and on the outer surfaces of the bacterial 
aggregates were exposed to the urea in the 
cementation solution, thus immediately initiating 

the hydrolysis of urea. Although most of the 
bacterial cells were encapsulated inside the bacterial 
aggregations, they were still able to hydrolyze urea 
because bacterial aggregations possibly contained 
urea inside them.  

The formed CO3
2- reacted with Ca2+ to produce 

CaCO3 via the intermediate formation of ACC, 
which is most unstable phase of CaCO3 (1.5 hrs 
photos in Figures 1 and 2). The ACC was unstable 
and dissolved with the formation of relatively more 
thermodynamically stable CaCO3 crystals (1.5 hrs -3 
days photos in Figures 1 and 2). Crystals can either 
form on the ACC, or within the porous medium. The 
crystals formed on bacterial aggregates were not 
fixed inside the porous medium and moved with the 
movement of bacterial aggregates (comparison of 1 
d photo with 3 days photo in Figure 2). The crystals 
formed on the surfaces of the porous medium were 
fixed inside the porous medium. As the ACC 
dissolved, bacterial cells became free (Figure 2 at 
1.5d to 3d). The formed crystals were round-shaped 
vaterite.  

 

  

  

  
Figure 1 Microscope images of 2 mm by 2 mm square at the 
center of the microfluidic chip at 0 h, 1.5 h, 3 h, 0.5 d, 1 d and 
3 d after the completion of the injection of the mixture of 
bacterial suspension and cementation solution 

 

3 h 0.5 d 

1 d 3 d 

Bacterial 

aggregation 
ACC 

0 h 1.5 h 
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Figure 2 Microscope images of squares in figure 1 at 0 h, 1.5 
h, 3 h, 0.5 d, 1 d and 3 d after the completion of the injection 
of the mixture of bacterial suspension and cementation 
solution 

 
3.2 Two-phase injection 

Previous work has shown that the processes 
occurring during a two-phase MICP injection with a 
settling period mainly involve bacterial 
transportation during the bacterial injection, 
bacterial attachment and growth during bacterial 
settling, bacterial detachment due to the injection of 
cementation solution, and crystallization either 
during or after the injection of cementation solution 
(Wang et al., 2018). This study found that bacterial 
cells aggregated in the porous medium during but 
not prior to the injection of cementation solution. 
The results obtained from the two-phase injection 
presented in this study were similar to the results of 
Wang et al. (2018). Compared with the one-phase 
injection, the bacterial aggregation was less 
extensive (0 h photo in Figure 3 compared with 0 h 
photo in Figure 1). This is because the bacterial 
cells only aggregated at the interface between the 
bacterial suspension and cementation solution, 
whereas bacterial cells and Ca2+ diffused and 
became dispersed in the cementation solution. The 
injection of cementation solution pushed the 
interface between these two liquids forward towards 
the outlet of the microfluidic chip, with bacterial 
aggregates becoming filtered or adsorbed by the 

porous medium during the injection of cementation 
solution. The MICP process commenced during and 
after the injection of cementation solution. Unlike in 
the one-phase injection, in which case most of the 
bacteria aggregated and remained inside the pores, 
most of the bacterial cells were attached to the 
surfaces of the porous medium during the two-phase 
injection (Figure 4). The crystals grew from the 
surfaces of the porous medium rather than from the 
bacterial aggregates (Figure 4). 

 

  

 
Figure 3 Microscope images of 2 mm by 2 mm square at the 
center of the microfluidic chip at 0 h- 3 d after the completion 
of cementation solution injection  
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Figure 4 Microscope images of one pore of the microfluidic 
chip upon 3 days after the completion of the injection of the 
cementation solution 

 
3.3 Modified two-phase injection 

Microscope images of selected areas of the 
modified two-phase injection sample taken at 3 
days after the injection of the cementation solution 
are shown in Figures 5 and 6. The MICP process 
occurring in the modified two-phase MICP 
treatment mainly involved three stages: (i) bacterial 
aggregation during mixing and filtration during the 
Phase 1 injection, (ii) crystallization, (iii) crystal 
stabilization (relatively unstable crystal dissolution 
and more stable crystal continue growing) (Figures 
5 and 6). Similar to the one-phase injection, 
bacterial aggregation occurred during the mixing of 
bacterial suspension with CaCl2 solution due to the 
electrostatic attraction between Ca2+ and bacterial 
cells. The bacterial aggregates were also trapped in 
the narrow pore throat during the injection of the 
mixture. However, because the bacterial aggregates 
did not contain urea, MICP did not occur before the 
injection of cementation solution. After the 
injection of cementation solution, bacteria started 
hydrolyzing the urea. Because bacterial aggregation 
encapsulated most of the bacterial cells (Figure 5, 0 
hr photo), only the free bacterial cells or the 
bacterial cells on the outer surface of the 
aggregations were exposed to the urea molecules 
and could hydrolyze them. Therefore, compared 
with the one-phase injection, the overall MICP 
process occurred more slowly.  
    Similar to the two-phase injection, the MICP 
process started after the injection of cementation 
solution. However, the difference between these 
two injection methods is the distribution of the 
bacterial cells. During the two-phase injection, 
bacterial cells were distributed on the surfaces of 
the porous medium after the injection of 
cementation solution because of attachment/ 
detachment, whereas during the modified two-phase 
injection most bacterial cells were distributed in the 
pores due to the filtration of bacterial aggregates 
(Figure 5 0 hr photo compared with Figure 3, 0 hr 
photo). Although the distribution of bacteria was 
not the same as the distribution of cementation, the 
distribution of bacterial cells controlled the 

distribution of the supersaturated areas which in turn 
affected precipitation. Calcium carbonate crystals 
emerged from the surfaces of the porous medium 
during the two-phase injection, whereas crystals 
formed in the middle of the pores during the 
modified two-phase injection. Al Qabany and Soga 
(2013) suggested that large crystals distributed in the 
pores are more likely to decrease the permeability of 
the porous medium compared to crystals on the 
surfaces. Therefore the modified two-phase injection 
method could be a valuable method for being 
implying in bio-clogging or plugging studies.  

 

  

  

  
Figure 5 Microscope images of 2 mm by 2 mm square at the 
center of the microfluidic chip at 0 h- 3 d after the completion 
of cementation solution injection during the modified two-
phase injection treatment 
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Figure 6 Microscope images of one pore of the microfluidic 
chip at 2 h to 3 d after the completion of cementation solution 
injection during the modified two-phase injection treatment 

4 CONCLUSIONS 

In this study, three different MICP treatment injection 
strategies with a similar total concentration of bacteria 
and chemicals were adopted in microfluidic 
experiments to observe the effect of injection strategy 
on the MICP processes and the properties of CaCO3 

crystals formed. Each injection strategy had a different 
effect on bacterial distribution and the properties of 
the CaCO3 crystals formed.  
     The mechanisms implicated in the retention of 
bacteria inside the porous medium were different 
because these different treatment procedures 
influenced the interactions between bacteria and 
chemicals and their interactions with the flow. During 
the two-phase injection, bacterial cells mainly 
distributed on the surfaces of the porous medium after 
the injection of cementation solution. This is due to 
the attachment/detachment of individual cells to/from 
the surface of the porous medium, and the filtration of 
bacterial aggregates had a minor effect. During the 
one-phase and modified two-phase injection 
procedures, bacterial cells mainly aggregated in the 
middle of the pores of the porous medium, which is 
due to the filtration of bacterial aggregates formed by 
the mixing of a bacterial suspension with either 
cementation solution or CaCl2 solution only.  
     Because of the differences in bacterial distribution 
and the difference of their interactions with the 
chemicals, CaCO3 precipitation occurred differently 
during these three treatments. During the single-phase 
injection, CaCO3 precipitation occurred immediately 
after the mixing of a bacterial suspension with 
cementation solution. Both ACC and unstable hollow 
vaterite crystals were formed in this process. During 
the two-phase and modified two-phase injection 
procedures, CaCO3 precipitation occurred more 
slowly, and ACC and unstable hollow vaterite crystals 

did not form. The two-phase injection is the most 
common MICP injection method used in bio-
cementation studies. However, the modified two-phase 
injection described in this study enabled bacterial 
aggregations to be retained inside the porous medium 
and form large crystals in the pores of the porous 
medium. This finding may have useful applications for 
reducing the gaps/spaces between soil particles to 
control the hydraulic conductivity of soils. 
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