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Crystal Growth of MICP through Microfluidic Chip Tests

Yang Xiao, Ph.D., M.ASCE'; Xiang He, S.M.ASCE?; Armin W. Stuedlein, Ph.D., P.E., M.ASCE?;
Jian Chu, Ph.D., M.ASCE*: T. Matthew Evans, Ph.D., M.ASCE?®; and Leon A. van Paassen, M.ASCE?®

Abstract: A significant pressing issue in microbially induced calcium carbonate precipitation (MICP) is the characterization of the hetero-
geneous growth mechanics of calcium carbonate (CaCOj) crystals. This study aimed to visualize the bacteria and CaCOj distributions at the
quiescent state through microfluidic chip tests where the bacterial solution (BS) and cementation solution (CS) were initially injected si-
multaneously from two separate microchannels and subsequently converged in a reaction microchannel. The experiments revealed that the
bacterial diffusion within the CS injection area was hindered for a high concentration of calcium chloride (CaCl,) (e.g., 0.5 M), whereas
diffusion appeared homogeneous for a low concentration of CaCl, (0.05 M). In addition, the CaCOj; distribution along the width of the
reaction microchannel was more uniform for 0.05 M CaCl, than for 0.5 M CaCl,. The microfluidic chip tests in this study provided kinetic
observations of the MICP process that improved the understanding of the mechanics of bacterial diffusion and CaCOj crystal growth and their
variation with different concentrations of CaCl,. DOI: 10.1061/(ASCE)GT.1943-5606.0002756. © 2022 American Society of Civil

Engineers.

Introduction

Microbially induced calcium-carbonate precipitation (MICP)
(DeJong et al. 2006; Whiffin et al. 2007; van Paassen et al. 2010b)
provides a promising ground-improvement alternative to traditional
techniques and may be used to increase strength and dilatancy
(Chou et al. 2011; Montoya and DeJong 2015; Venda Oliveira
et al. 2015; Cui et al. 2017; Gomez et al. 2018; Mahawish et al.
2019b; Xiao et al. 2019b), improve liquefaction resistance
(Montoya et al. 2013; Feng and Montoya 2017; O’Donnell et al.
2017; Darby et al. 2019; Xiao et al. 2019a; Riveros and
Sadrekarimi 2020; Wang et al. 2020; Xiao et al. 2021), decrease
hydraulic conductivity (Chu et al. 2013; Cheng et al. 2017), reduce
compressibility (van Paassen et al. 2010a; Lin et al. 2016a; Liu
et al. 2019; Montoya et al. 2019), increase thermal conductivity
(Venuleo et al. 2016; Martinez et al. 2019), control erosion (Jiang
et al. 2017; Ham et al. 2018; Fattahi et al. 2020), restrain particle
breakage (Xiao et al. 2020a), heal cracks (El Mountassir et al. 2014;
Tobler et al. 2018; Minto et al. 2019), and increase the bearing
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capacity of piles (Lin et al. 2016b; Xiao et al. 2020b). Most prior
studies have been conducted at the element scale and have not to
provide robust insight into the underlying microscale physics that
govern the macroscale manifestation of MICP.

Microfluidics have been used to investigate the kinetics of cal-
cium carbonate (CaCOj3) mineralization (Zhang et al. 2010; Song
et al. 2018; Yoon et al. 2019). Recently, Wang et al. (2019a) de-
signed a synthetic porous microfluidic chip to observe the pore-
scale behavior of bacteria and CaCOj; crystals during MICP.
Furthermore, Wang et al. (2019b) moved to qualitatively evaluate
the influence of the injection interval on the size and quantity of
CaCOj; crystals. In addition, Kim et al. (2020) investigated the
kinetic precipitation of CaCOj; crystals in the process of enzy-
matically induced calcium-carbonate precipitation (EICP) via mi-
crofluidic tests, which was captured by a simple crystal growth
model. These investigations demonstrated the potential of micro-
fluidics for the evaluation of the kinetics of biomineralization. This
study aimed to investigate the diffusion and motility of bacterial in
relation to the growth kinetics of CaCO; in the MICP process using
a microfluidic chip with two inlet ports. Bacterial and CaCO; dis-
tributions and single crystal growth in the reaction microchannel
were observed and evaluated under varying concentrations of cal-
cium chloride (CaCl,) to advance the understanding of crystal
growth and improve those processes governing optimal application
of MICP.

Experimental Materials and Protocols

Bacterial Solution and Cementation Solution

The bacteria Sporosarcina pasteurii (American Type Culture Col-
lection 11859) were used to produce urease and are cultivated in a
sterile liquid medium (Xiao et al. 2019b) for 36 h. The harvested
bacteria are centrifuged at 7,000 g for 14 min at 4°C and resus-
pended in a 0.85% NaCl solution. The bacterial solution (BS) with
an optical density of 0.14 was obtained by diluting the resuspended
solution 10 times. For fluorescence observation, the bacteria were
stained with a bacterial viability kit (BacLight Kit, L-7012, Invi-
trogen, Carlsbad, California) following the procedures proposed
by Boulos et al. (1999), where 1.5 uL. dye medium was added into
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1 mL BS for 15 min of incubation in the absence of ambient light.
The physiochemical properties of the bacteria membrane are not
affected by fluorescence staining (Robertson et al. 2019). We evalu-
ated three cementation solutions (CS), including one composed of
0.5 M urea and 0.05 M CaCl, (a low concertation of calcium ions),
one composed of 0.5 M urea and 0.1 CaCl, (an intermediate con-
certation of calcium ions), and one composed of 0.5 M urea and
0.5 CaCl, (a high concertation of calcium ions) to study the effect
of CaCl, on the homogeneity and quantity of crystal growth.

Microfluidic System

Fig. 1(a) shows the microfluidic system that consists of two
programmable syringe pumps (Pump 11 Elite 4501, Harvard,
Holliston, Massachusetts), a micromodel, a temperature control
system, and an imaging system. The syringe pumps were used
to inject the BS and CS into the micromodel separately from
the two inlets. The temperature control system was used to maintain
the temperature at 25°C during the reaction periods. The imaging
system was equipped with an inverted fluorescence microscope
(IX73, Olympus, Tokyo), a camera (DP74, Olympus), and a com-
puter for image collection and storage. The micromodel, micro-
scope, and pumps were insulated in a dark chamber to avoid light
interference. Fig. 1(b) shows the fabrication processes of the
microchip, and the detailed procedures are introduced in the
Supplemental Materials and shown in Figs. S1-S4 and Video S1.
The reaction microchannel was 8,000 ym in length, 950 ym in
width, and 120 pm in depth, and the two inlet microchannels were

5,600 pm in length, 450 pm in width, and 120 pm in depth
[Fig. 1(c)].

Procedures of Microfluidic Chip Tests

Prior to testing, the air in microchannels was expelled by injecting
deaired water with a flow rate of 100 L /h. Six experiments with
different concentrations of CaCl, and injection quantities were con-
ducted to investigate bacterial diffusion and CaCOj5 precipitation,
as listed in Table 1. The BS and CS were then injected through two
separate inlet microchannels with a flow rate of 40 pyL/h (i.e., a
corresponding Darcy velocity of 0.98 x 10~ m/s). After injection
with approximately seven pore volumes of the reaction channel, the
two pumps and exit valve were closed to maintain a quiescent state
where the bacterial cells, urea, and calcium ions were subject to
diffusion and reaction processes for 2.5 h. This period is termed
an injection interval for multiple-injection tests. The effluent after
each injection interval was discharged from the outlet of the reac-
tion microchannel.

Tests using different concentrations of CaCl, with one injection
(i.e., T-H-1, T-I-1, and T-L-1) were used to investigate the influence
of CaCl, concentration on bacterial distribution, whereas tests with
multiple injections (i.e., T-H-10, T-I-10, and T-L-10) were used to
explore the influence of CaCl, concentration on the size and shape
of typical CaCOj; crystals and the evolution and distribution of
CaCOj; precipitates along the width and length of the reaction mi-
crochannel. Both bacterial solution and cementation solution were
injected 10 times in the T-H-10, T-I-10, and T-L-10.
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Fig. 1. (Color) Setup of microfluidic chip tests: (a) schematics of microfluidic system; (b) schematic fabrication process of micromodel; and
(c) length, width, and depth of the reaction microchannel and two inlet microchannels. In T control and T sensor, T denotes temperature.
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Table 1. Test parameters and concentrations of cementation solutions in
microfluidic tests

Protocol Urea CaCl, N t; t
T-H-1 0.5 0.5 1 — 2.5
T-1-1 0.5 0.1 1 — 2.5
T-L-1 0.5 0.05 1 — 2.5
T-H-10 0.5 0.5 10 2.5 25
T-I-10 0.5 0.1 10 2.5 25
T-L-10 0.5 0.05 10 2.5 25

Note: In T-x-N, x = H, I, or L denoting high, moderate, or low concentration
of CaCl,, respectively; N = injection number of tests; and #; and ¢, =
injection interval and total treatment time (h). The unit for urea and
CaCl, is mol/L.

Image Acquisition and Processing

All experimental images were obtained using an inverted microscope
(IX73, Olympus) with a 10x objective. For the single-injection tests,
the green fluorescence imagery was captured by a camera and then
converted to a grayscale image. All of the fluorescence images with a
width of 950 pm (i.e., the width of the reaction microchannel) and
length of 1,220 pm (around the row of sand grains) were centered at
the middle depth of the microchannel. Three rectangular areas
(245 pm in length) designated as the Entry, Sand, and Exit Sample
Windows were selected for evaluation and are identified by the
dashed lines in Fig. 2.
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For the multiple-injection tests, the growth of CaCO; crystals in
the MICP process during the whole reaction period (1,500 min)
was captured through a bright-field imaging mode. The bright-field
image size was the same as that of the fluorescence image, whereas
the bright-field image position changed along the depth of the re-
action microchannel for improved acquisition of CaCO; crystal
profiles (Singh et al. 2017). The methods used to quantify the bac-
terial cells and CaCOj; crystals are provided in the Supplemental
Materials and shown in Figs. S5 and S6.

Experimental Results and Discussion

Distribution of Bacteria

Fig. 2 presents the grayscale images of bacteria at the beginning
and after the 10th min of BS and CS injections with different con-
centrations of CaCl,, which were observed from the top of the
reaction microchannel. The living bacterial cells are visible as
open spots in the grayscale images as a result of the imposed fluo-
rescence, which facilitates ocular inspection and quantification of
the cells to estimate the diffusion of the bacteria (Okumus et al.
2018; Robertson et al. 2019; Rossy et al. 2019). As shown in
Figs. 2(a, e, and i), a similar distribution of bacteria may be
observed for different CaCl, concentrations at the initiation of in-
jection, where almost all of the bacterial cells are located in the
BS-injection area (i.e., the bottom half of the image). However,
the bacterial cells in Figs. 2(c, g, and k) showed clear distinctions

)
&

— T T T T T 7
=== = Entry sample window

= = +Sand sample window
===== Exit sample window

950 pm
®
(=3
o

Length= 1220 ym

B [~}
o o
o o
T
/

w

w

1 1

cs

¥ Width

N

=}

S

I
Lo
-
|

Position in microfluidic tests (um

950 ym

5 600

~ Width
Length= 1220 ym

S T
N
1=}
S

§ 200

12 15

v S0 T T T T T T T
Exit i & ®-..
Sample s 800[— N, =—-- —
Window E 5 d | \'; Entry sample |
[T \ ‘ window
g % E’ 2 600 = 1 - —
i B cs ¥ sand sample
i o L 5 d
i/ ;1 window
! 400l-gg ik === -
? '-l:\l Exit sample
! B o window 7
I 200} W -
! )
1150 pm L ) d
== It
| ob— 1 v 1 4 1
0 4 8 12 15

Proportion of bacteria (%)

Fig. 2. Bacteria distribution and proportion: (a—d) beginning and tenth minute for 0.5 M CaCl,; (e-h) beginning and tenth minute for 0.1 M CaCl,;

and (i-1) beginning and tenth minute for 0.05 M CaCl,.
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among the three CaCl, concentrations evaluated. For the 0.5 M
concentration of CaCl,, the bacterial cells at the 10th min were
similarly distributed as that at the initiation of injection, whereas
for the 0.05 M concentration of CaCl,, the distribution of bacterial
cells was relatively uniform along the width of the microchannel
at the 10th min. These observations indicated that high concen-
trations of CaCl, can restrict the mobility of bacteria and stimulate
flocculation and adsorption of bacterial cells (Kim 1996; Harkes
et al. 2010; Licata et al. 2016).

Each of the sample windows (i.e., Entry Sample Window, Sand
Sample Window, and Exit Sample Window) was divided into 10
subareas along the width of the reaction microchannel to calculate
the proportion of bacteria within a subarea relative to the total area
comprising each of the three sample windows. The distribution of
bacteria across the width of the reaction microchannel may be rep-
resented as proportion of bacterial cells for a given position of a
subarea, with the center of each subarea selected to represent its
position. Figs. 2(b, d, f, h, j, and 1) present such distributions
for various reaction periods and CaCl, concentrations. An interest-
ing finding in the comparison of Figs. 2(d, h, and 1) is that the uni-
formity of bacterial cells increased as the concentrations of CaCl,
decreased. For example, the distribution of bacteria along the width
of the reaction microchannel was more uniform for 0.05 M CaCl,
than for 0.5 M CaCl, at the 10th min. In addition, the difference
in accumulated bacteria in Entry Sample Window, Sand Sample
Window, and Exit Sample Window was marginal regardless of
the CaCl, concentration, which indicated that sand grains did not
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exhibit an obvious preferred adsorption of bacterial cells. However,
this observation appears to refute the previous hypothesis that
bacterial cells attach to the surfaces or contacts of sand grains for
further precipitation of CaCO; (Torkzaban et al. 2008; Foppen et al.
2010).

Distribution of CaCO; Precipitates

Fig. 3 presents the evolution of CaCO; precipitation at different
reaction periods obtained from microvideography during the mi-
crofluidic experiments (Video S2 shows 0.5 M CaCl,, Video S3
shows 0.1 M CaCl,, and Video S4 shows 0.05 M CaCl,, respec-
tively). To improve interpretation, the reaction microchannel back-
ground, sand particles, and CaCOj; crystals are rendered in gray,
light yellow, and magenta, respectively, in Fig. 3. The distribution
of CaCOj precipitation differed significantly for the three CaCl, con-
centrations evaluated, with significantly greater uniformity across the
width (950 pum) of the observed area as the concentration of CaCl,
increases. For 0.5 M CaCl, in Fig. 3(d), most of CaCO; precipitates
were observed along the BS-injection flow path, implying that the
urea and calcium ions diffused into this flow path owing to the re-
tention of bacteria there, as observed in Figs. 2(a—d). The compara-
tively uniform distribution of CaCOj; precipitates for the 0.05 M
concentration of CaCl, in Fig. 3(I) demonstrates that the urea and
calcium ions spread uniformly along the width of the microchannel
because the bacteria were uniformly distributed along the width of
the reaction microchannel, as observed in Figs. 2(i-1).

9 . 10" injettion @ ¢

5 injection

@
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* Crystal Il

Fig. 3. (Color) Evolution and distribution of CaCO; precipitates: (a—d) beginning, 150th, 750th, and 1,500th min for 0.5 M CaCl,; (e-h) beginning,
150th, 750th, and 1,500th min for 0.1 M CaCl,; and (i-1) beginning, 150th, 750th, and 1,500th min for 0.5 M CaCl,.
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Fig. 4. (a—d) CaCOj; crystal growth for 0.5 M CaCl, at different treatment stages; (e~h) CaCOjs crystal growth for 0.1 M CaCl, at different treatment
stages; and (i-1) CaCO; crystal growth for 0.05 M CaCl, at different treatment stages.

The microfluidic experiments allowed quantification of the
crystal growth and morphology in the reaction microchannel. The
methods used for quantification of CaCOj; crystals are provided in
the Supplemental Materials. The morphology of single crystals can
be determined using Eqs. (S1) and (S2). Figs. 4(a—d, e-h, and i-1)
show the growth of a single crystal, i.e., Crystals I, II, and III
(marked in Fig. 3), for 0.5, 0.1, and 0.05 M CaCl,, respectively.
The vertical coordinates in Fig. 4 denote the size of the three crys-
tals in micrometers. As shown in Figs. 4(a, e, and 1), the projected
area of Crystal I at the 150th min after the first injection was ap-
proximately 1.6 times that of Crystal Il and 2.1 times that of Crystal
III. By the 1,500th min, the projected area of Crystal I was slightly
larger than that of Crystals II and III, as shown in Figs. 4(d, h,
and 1). Interestingly, the CaCOj; crystal morphology during the pre-
cipitation was similar at different reaction periods for both concen-
trations of CaCl, evaluated, indicating that the crystal morphology
was unchanged once the steady crystal formed at the quiescent
state, which was also reported by Wang et al. (2019a).

Figs. 5(a—c) show the evolution of the cumulative distributions
of the CaCO; crystal areas for different CaCl, concentrations.
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The cumulative distributions at different reaction periods were
approximately parallel for all CaCl, concentrations evaluated.
Mean crystal area As, is defined as the crystal area where 50%
of the crystals are finer (i.e., smaller). The A5, increased as the
reaction period increased regardless of CaCl, concentrations.
A higher concentration of CaCl, produced a larger A5, with the
same reaction period, indicating that CaCOj; crystal grew faster
in a high concentration of CaCl, than in a low concentration
of CaCl,.

The observed area in Figs. 3(a, e, and i) is divided into two equal
parts, the CS injection area (denoted as Subarea W with a width of
475 pm) and the BS-injection area (denoted as Subarea W, with a
width of 475 pm), along the width of the reaction microchannel, or
three equal parts (denoted as Subareas L, L,, and L3 with lengths
of 407 pm) along the length of the reaction microchannel to quan-
titatively estimate the distributions of CaCO; precipitates. The
proportion of CaCO; in one subarea was defined as the ratio of
projected area of CaCO; precipitates in this subarea to that in the
total observed area [950 pm in width and 1220 pym in length in
Fig. 3(a)], which can be expressed in detail as follows:
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a P[C:?a = A?G/Alca (l)
where Py, Pe2 Pl P2  and PB, = proportion of CaCO3 in Sub-
areas Wy, Wy, Ly, L,, and Ls, respectively; and A¥L, A2 Al |
A2, AB , and A, = projected area of CaCOs precipitates in Sub-
areas Wy, W,, Ly, L,, and L3, and total observed area, respectively.

Figs. 5(d-i) show that the proportion of CaCOj5 in different
subareas for different CaCl, concentrations tended to stabilize from
approximately the 400th min. Generally, the formation of CaCO;
crystals consists of two stages: nucleation and growth. Nucleation
of new crystals requires a significantly high supersaturation of
calcium and carbonate ions, and the growth rate and growth
mechanism defining the mineral type and crystal shape are di-
rectly related to the supersaturation, the available surface area
for crystal growth, and relative concentrations of the two precipi-
tating ions (van Paassen 2009; Kim et al. 2020). Changes in
the proportion of CaCOj; occurred prior to the 400th min in the
selected subareas, which could possibly be attributed to the

dissolution of the irregularly shaped and less stable CaCO; and
also the phase transformation of CaCOj, as observed in the glass
slide and microfluidic chip tests by Wang et al. (2019b), or be-
cause there was not enough crystal surface area available, which
stimulated crystal nucleation over crystal growth (Kim et al.
2020). After the 400th min, the growth of existing CaCOj; crystals
dominated over the nucleation of new CaCOj; crystals, resulting in
a fixed distribution of CaCOj; in the selected subareas, which
agrees with the findings by Nayanthara et al. (2019).

As shown in Figs. 5(d—f), the stable value of P@g in Subarea W,
was at least six times larger than that of P} in Subarea W, for
0.5 M CaCl,, whereas the stable difference between the two sub-
areas for 0.1 M CaCl, reduced to approximately 1.8 times and for
0.05 M CaCl, reduced to approximately 1.5 times. In addition, the
difference of the proportion of CaCO; in Subareas L, L,, and L3
was much larger for a high concentration of CaCl, than for a low
concentration of CaCl, beginning at a reaction period of approx-
imately 130 min, as shown in Figs. 5(g—i). Consequently, the dis-
tribution of CaCOj precipitates in the microfluidic chip tests was
more uniform for a low concentration of CaCl, than for a high
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Fig. 5. (a—) Evolution of the cumulative distribution of the CaCO; crystal areas for different concentrations of CaCl,; and (d—i) proportion of the
CaCOj crystal areas along the width and length of reaction microchannel for different concentrations of CaCl,.
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concentration of CaCl,, which agrees with findings from macro-
scale laboratory tests (Al Qabany and Soga 2013; Martinez et al.
2013; Mahawish et al. 2019a).

The amount of CaCOj precipitates around sand particles in Sub-
area L, was a little larger than that in Subareas L; and L5 for
0.5 M CacCl, but the difference in the proportion of CaCOj; in Sub-
areas L, and L3 became small with increasing reaction period, as
shown in Fig. 5(g). Furthermore, the difference in the distribution
of CaCOs precipitates in Subareas L, L,, and L; for 0.05 M CaCl,
was negligible, implying that CaCO5 does not preferentially pre-
cipitate around sand grains (Cheng and Shahin 2016). Such obser-
vations should be compared against further microfluidic chip tests
with multiple rows of sand grains to assess the role of more tortuous
flow paths and corresponding grain—fluid interactions to confirm
the preference, or lack thereof, of precipitation on or in proximity
to the sand grains.

Conclusions

This study investigated the kinetics of bacterial diffusion and CaCO;
precipitation for two different CaCl, concentrations through a series
of microfluidic chip tests. Microvideography enabled quantification
of the distribution of bacteria and CaCOj precipitates along the width
and length of the reaction microchannel. The main conclusions of
this study include the following:

* The distribution of bacteria along the width of the reaction mi-
crochannel was more uniform for high concentration of CaCl,
than for low concentration of CaCl, at the 10th min, indicating
that a high concentration of CaCl, restricted the diffusion of
bacteria to the area occupied by the cementation solution. The
distribution of bacteria along the length of the reaction micro-
channel was relatively uniform regardless of high or low con-
centration of CaCl,.

e According to the evolution of the mean crystal area, CaCO;
crystal grew faster in a high concentration of CaCl, than in a
low concentration of CaCl,. A more heterogeneous distribution
of CaCOs precipitates was observed along the width of the re-
action microchannel for the high concentration of CaCl, than
for the low concentration of CaCl,. The amount of precipitated
CaCO; was approximately six times larger in the area occupied
by the bacterial solution than in the area occupied by the cemen-
tation solution for 0.5 M CaCl,, but it reduced to approximately
1.8 times for 0.1 M CaCl, and 1.5 times for 0.05 M CaCl,. The
distribution of CaCO5; was mainly affected by the distribution of
bacteria. A slight difference in the proportion of CaCO; was
observed in three adjacent subareas along the length of the reac-
tion microchannel, implying that surfaces and contacts of sand
grains may not offer the preferential nucleation sites for CaCOj5
precipitation at the quiescent state.
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