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ABSTRACT: Microbially induced CaCO, precipitation (MICP) is a natural process which has recently been applied as a
technique for soil solidification and hydraulic conductivity reduction. In the present study, laboratory-based MICP tests
were carried out in four columns containing sand with different particle sizes together with cultures of Sporosarcina
pasteurii. A calcium solution was supplied continuously to the columns at a speed of 0.97 ml/min to mimic underground
seepage. Hydraulic conductivities in the columns were monitored by hydraulic tests before and during MICP. Results
showed that the reduction in conductivity values could be as high as 97% after 24 h of MICP. Columns clogged
with calcite precipitates were examined by environmental scanning electron microscopy and energy dispersive X-ray
spectroscopy. Calcite precipitation was shown to be the reason for hydraulic conductivity reduction. The calcium

precipitation rates and amounts were quantified and verified.
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INTRODUCTION

Unexpected underground percolation is a global
concern from environmental and civil engineering
perspectives. It can cause water pollution and vast
losses in water resources. For example, millions of
people worldwide depend on dams and reservoirs
for energy, fresh water, and flood protection. Un-
fortunately, such dams, especially earth dams, are
usually threatened by leakage!. Moreover, ground-
water contamination due to leakage from landfills
is increasingly becoming a worrying issue®3. The
traditional method to stop such leakage has been
injection of cement or other chemical materials into
the crack sites (e.g., fractures or holes in an earth
dam or a landfill); however, this can easily cause
secondary pollution.

Microbially induced CaCO, precipitation
(MICP) is a common phenomenon widely found
in nature. It has recently been used for purposes
as diverse as permeability reduction and soil
solidification by cementing soil particles together
using a supply of calcium and urea*®. A non-
exhaustive list of papers provided in the literature
in recent years shows that there has been a
long-standing interest in the MICP technique
using different ureolytic bacteria®’. The most
studied bacterium in this realm is Sporosarcina

pasteurii (formerly known as Bacillus pasteurii),
which has the highest urea-hydrolysing capability
among all known bacteria®®.  Compared to
other ureolytic bacteria like B. sphaericus (both
ATCC 21776 and 21787), it also has advantages
such as higher stability, better tolerance to high
concentrations of ammonium, and more consistent
urease production 1.

Calcite precipitation is a complex process, and
bacterial metabolic activities play a key role in ure-
olysis and calcite precipitation reactions'"!2. The
reaction occurs as

urea hydrolysis

CO(NH,), +2H,0 ———— 2NH, +H,CO,
2NH, +H,CO, + Ca** 2NH,* + CaCo,.

precipitation

Controlling this novel environment-friendly tech-
nology could benefit a variety of fields such as foun-
dation reinforcement, permeability reduction, and
pollutant removal'®!*. However, MICP is a very
complex process that depends on several factors
like the saturation state of calcium ions, mobility
of ions, and conductivity of porous media®>1°,
Simultaneously, MICP has an opposite impact on
hydraulic conductivity by decreasing porosity, which
affects ion transport and reduces conductivity!”.
Two major limitations to MICP in porous media have
been suggested: first, the pore size of the medium
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(> 0.5 pm), through which bacteria can move freely,
and second, the need for the removal of residual
products of MICP from the porous media or their
conversion to neutral products such as water, CO,,
or nitrogen'®. For decades, research groups have
tried to apply this technology for permeability re-
duction®2%; however, the mechanisms and effects
of MICP in porous media are unknown!”2!, The
objective of this study was to understand the micro-
scale mechanisms of MICP and the response of
hydraulic conductivities in different sand columns.

MATERIALS AND METHODS
Bacterial culture and enrichment

In this study, S. pasteurii (DSMZ-33; purchased
from the DSMZ-German collection of microorgan-
isms and cell cultures) was chosen as the ureolytic
bacteria in the experiments. The culture medium
was prepared according to DSMZ as follows: tryp-
tone 15 g/l; soy peptone 5 g/l; NaCl 5 g/l and
urea 20 g/l. To the medium (1 1), 15 g agar was
added. The medium was then autoclaved at 121 °C
for 20 min. The culture plates were incubated
overnight at 32 °C, and the colonies were transferred
into a 50-ml shaking flask with growth solution
(based on the DSMZ recipe) and shaken for 15 h.
Note that this bacterial suspension contained car-
bonate ions that were produced by the bacteria dur-
ing the shaking. Thus the suspension could not be
directly used for the columns until all the C032‘ had

Water bath at 32T
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Table 1 Materials of sand columns.

No. Average particle Packed Column
diameter (mm) weight (g) porosity (%)

1 0.238 143.0 26.6

2 0.473 135.0 28.0

3 0.940 130.9 29.2

4 1.875 129.0 31.2

been removed. To remove the COBZ‘, the bacteria
were centrifuged at 10000g for 10 min and rinsed
twice with pure water (Milli-Q Academic A10, Milli-
pore, USA). Then the bacteria were transferred into
another flask to be kept as a bacterial stock for later
use. The optical density of this bacterial stock was
measured to be 2.32 (2.22 x 10° cells/ml) at 600 nm
with a spectrophotometer. The MICP solution was
prepared as follows?2: tryptone 10 g/1; soy peptone
2 g/1; CaCl, 50 g/I and urea 30 g/l. This solution
(pH 6.9; dissolved oxygen 26%) was autoclaved and
cooled down to room temperature before use.

MICP and hydraulic tests for sand columns

Four types of silica sand (Table 1) were prepared for
our tests (Fig. 1) and were packed in stainless steel
cylinders (length 7.5 cm; inner diameter 3.5 cm).
Sand was washed with HCI solution and rinsed
with pure water to obtain rid of the interference
of impurities before use. Two pebble filter layers
were installed at both ends of the cylinders to curb
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Fig. 1 Setup of MICP and hydraulic tests.
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the movement of sand during the water flush. Two
piezometers were used to monitor the water pres-
sure at both ends of the column. Water/solution
was pumped into the column from the bottom using
a peristaltic pump to ensure that the whole column
was saturated and the inner flow was steady. The
cylinders were placed in an incubator at 30°C, and
the source solution was in a water bath at a constant
temperature of 32°C. The connecting silicone tub-
ing was wrapped with a foam insulator to avoid heat
loss. Prior to the test, the columns were flushed with
75% alcohol and then rinsed overnight with pure
water at a speed of 2 ml/min to avoid contamination
from other bacteria (Fig. 1).

Next, hydraulic tests were conducted at 3 dif-
ferent flow rates (0.56, 0.97, and 1.73 ml/min,
corresponding to pumping rates of 1, 0.5, and
2 rpm) using pure water to obtain an average con-
ductivity before MICP. Then, 20 ml of bacterial
stock solution(approximately 4.44 x 10'° cells) was
inoculated into each column with a pumping rate
of 0.97 ml/min of pure water, and the effluent was
collected for cell counting. About 10 pore-volumes
later, the MICP solution was then pumped into the
columns at a speed of 0.97 ml/min until the test was
stopped 72 h later. Hydraulic tests were conducted
every 12 h during the MICP test.

Environmental scanning electron microscopy
and energy dispersive spectroscopy examination

Subsequently to the MICP test, the 4 MICP-treated
column samples (which were clogged with precip-
itated calcite) were carefully dried, weighed (Shi-
madzu ATX124, Japan) and cut at room temper-
ature. Crystals were examined by environmental
scanning electron microscopy (ESEM, FEI Quanta
650 FEG, Environmental SEM) and its composition
determined by energy dispersive X-ray spectroscopy
(EDS) (INCA X-act Silicon Drift Detector, Oxford
Instruments).

RESULTS
Bacteria absorption in columns

Assuming the number of bacterial cells was con-
stant during the flushing, and then the number
of bacterial cells adsorbed in each column can be
obtained by subtracting cell number in the effluent
with the inoculated number3. For each column
the adsorbed numbers of cells were calculated as
2.15%10%, 2.06 x 10°, 1.97 x 10°, and 1.61 x 10°,
respectively, for columns 1-4. This suggested
that the columns packed with larger particles ad-
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Fig. 2 Microbially induced calcite precipitation in pores
between sand particles.
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Fig. 3 Calcium precipitation with involved bacterial cells.

sorbed/blocked fewer bacterial cells than those with
smaller ones due to larger pore volumes and better
connection between pores.

Environmental scanning electron microscopy
and energy dispersive spectroscopy

The MICP-treated samples were examined by ESEM
to observe the calcite clogging between sand parti-
cles (Fig. 2 and Fig. 3). It was expected that the cal-
cite deposits exist mainly as separated crystals in the
pores ‘2, however, they were found “to grow” and
coated on the surfaces of sands. Since calcium ions
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Table 2 Analysed elements and their oxide concentrations
in crystals.

Elem Oxides Element = Weight Atom Compound
concentration (%) (%) (%)
C Co, 13.15 11.16 18.93  40.88
Si Sio, 0.50 0.45 0.33 0.97
S SO, 0.43 0.37 0.24 0.94
Cl cl 0.44 0.44 0.25 0.00
Ca CaO 45.47 39.36 20.01 55.07
Mn  MnO 1.16 1.32  0.49 1.70
(0] 46.90 59.74

in the solution were attached to the bacterial cell
wall due to the negative charge of the latter to form
deposits, many cells were buried in the deposits and
lost the capability of attracting ions. To continue the
precipitation and consequently reduce the hydraulic
conductivity to a lower level, bacterial reproduction
which is controlled by nutrient transport system of
the cells is essential. However, the capability of urea
hydrolysis was becoming weaker and weaker due to
the narrowing flow paths.

Next, an EDS equipped with an analytical sil-
icon drift detector was used to analyse the crystal
composition. In this detection, X-rays emitted from
the sample atoms have a characteristic energy and
wavelength; carbon, for example, has only 1 peak
(a K alpha X-ray at 0.282 keV) while calcium has
3 peaks, based on the presence of the elements in the
analysed sample can be confirmed. Moreover, the
detected elements can also be quantified with a very
low error. Oxide concentrations given in Table 2
suggest that the compound percentages of CaO and
CO, were 55% and 41%, respectively. This indicates
that calcite is the main compound of the precipitate
(> 95% in weight percentage). Except for calcite,
the rest of the CaO exists in the form of wollastonite
(CaSiO3).

Hydraulic conductivity reduction

Hydraulic conductivity of porous media can be cal-
culated according to Darcy’s law,

K=-—,
AJ
where K is the conductivity (L/T); q is the flow
rate (L3/T), which could be controlled by the pump
rate in our tests; A is the cross-sectional area of the
column (L?); and J is the dimensionless hydraulic
gradient, which is a vector gradient between two
hydraulic head measurements over the distance of
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Fig. 4 Changes in hydraulic conductivities of columns
over time.

the flow path,

Ah

Al°

where Ah is the difference between two hydraulic
heads and Al is the distance between the two points.

The changes in the conductivity of each column
are shown in Fig. 4. We observed that the values
of conductivity decreased faster in the first 24 h
than in the later period and then slowly became
stable. This was expected because MICP has 2 pre-
requisites, namely, urea-hydrolysing microbes and
calcium ions. Nutrients are essential for the bac-
teria to maintain a certain rate of urea hydrolysis,
while calcium ions are the source for calcite crystals.
Fluid flow acts as the vehicle for both nutrients
and calcium transport and is therefore important for
the MICP process. During the process of calcium
precipitation, the pores in the column were grad-
ually filled with calcite precipitates, which limited
and/or cut off the inner flow paths and caused a
lower conductivity. Consequently, the capacity of
flow for nutrients and calcium ion transport de-
creased, causing slower precipitation. Among these
columns, column 1, in particular, achieved hydraulic
conductivity reductions of 97% from its initial value
after 24 h of MICP. The remaining columns had
reductions ranging from 77% to 89%.

The amount of calcium precipitate mainly de-
pends on the inner active bacteria population, a
larger quantity of bacteria has a greater capability
of urea-hydrolysing to produce more calcium pre-
cipitate. However, (Fig.4), though the columns
packed with larger particle sizes had fewer bacte-
ria absorbed in the beginning before MICP. They
obtained faster calcium precipitation speed (Steeper
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Fig. 5 Initial conductivity values of the 5 columns before
MICP vis-a-vis porosity values; line: y = 0.006x —0.179,
R? =0.960.

slope in Fig. 4) compared with columns with smaller
pore sizes during a certain period. This implies that
the small differences (all the 4 columns had the
same order of magnitude of cell population) among
the initial bacterial populations before MICP were
not as important as nutrient transport for calcite
precipitation.

CaCO, precipitation

The dry weights of each column increased 0.548 g,
3.902 g, 5.065 g, and 8.911 g for columns 1-4,
respectively. As shown in Fig. 5, the calculated
initial hydraulic conductivities were linearly related
to the column porosities:

_ K+0.1793
~0.0068

where n is the porosity and K is the hydraulic con-
ductivity. This relationship was expected because
the column with a smaller porosity had narrower
flow pathways between sand particles. Although it
is difficult to exactly quantify the hydrolysed urea,
we can estimate the deposited CaCO, by applying
the linear relationship between porosity and hy-
draulic conductivity:

Ky+0.1793
MCa = (HO - W) Vcol Pca>

where Mg, is the mass of CaCO, precipitation, n,
denotes the initial porosity of the column, K de-
notes the hydraulic conductivity after MICB V., is
the column volume, and pc, denotes the density

12.0 4
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*
=3
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4.0 1

Calculated deposition mass (g)

2.0 1

0.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0

Measured deposition mass (g)

Fig. 6 Relation between calculated and measured calcium
precipitation masses; line: y = 1.0573 x +0.0185, R? =
0.9831.

of CaCO,. The volume of the columns was calcu-
lated as 72.122 cm?, and the density of CaCO, is
2.71 g/cm®. Using this information we calculated
the weight of precipitate in each column: 0.850 g,
3.446 g, 5.733 g, and 9.525 g, for columns 1-4,
respectively. This was in agreement with our mea-
sured results (Fig. 6), and indicated that the amoun-
t/volume of calcium precipitate which was con-
trolled by the capability of inner urea-hydrolysing
had a direct impact on the hydraulic conductivity
reduction rather than that of the initial bacterial cell.
The precipitation rate of CaCO, of S. pasteurii
was suggested as 4.0£0.1 x 107 g/cell according
to previous studies®. However, the amount of pre-
cipitated CaCO, is much lower than that expected.
One of the reasons for this could be the different
ways of bacteria injection. Former researchers?
injected bacteria under a stopped flow condition
to achieve better adsorption while the continuous
flow injection was adopted in our experiment to
mimic the seepage in nature. These two ways of
injection can affect the distribution of bacteria in the
porous media. Besides, the flow paths were much
more complex and torturous than those in Eryiiriik
et al®> whose columns were made of smooth glass
beads. Thus the impacts from inner flow losses (e.g.,
frictional losses, losses due to eddy currents, losses
due to bends) became significant and much more
important than expected for calcium precipitation.
To quantify the relation between increased sand
average diameter and hydraulic conductivity reduc-
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tion, a modified Kozeny-Carman model was used?.
This model was established based on the premise of
deposits coated on sand particles rather than sepa-
rated particles, which had been proved by our ESEM
findings. This model can be written as follows.

— fpg(n_ VCa/Vcol)3(6VCa/TC +D3)2/3

K ,
¢ 36.“’(1 —n+ VCa/Vcol)2

where f is the shape factor obtained by fitting the
initial measured hydraulic conductivities of columns
before MICB V, is the volume of calcium deposits,
p is the liquid density, g denotes gravity, u is the
dynamic viscosity of water, and D is the diameter
of sand particles before and after MICP. Thus the
increase in the particle size resulted in the decrease
of hydraulic conductivity. The shape factors of each
column were estimated as 0.89, 0.50, 0.15, and
0.07 for columns 1-4, respectively. The values of
P, g, and u were 1050 kg/m3, 9.80 m/s* and
0.0117 kg/ms, respectively. Then, the rates of aver-
age diameter increase of each column after 72 h of
MICP could be obtained as 3%, 16%, 16%, and 11%,
respectively. This indicates that in columns packed
with fine particles like column 1, precipitation is
more difficult to occur compared with the other
three columns.

DISCUSSION

In summary, MICP in 4 columns packed with dif-
ferent sized sand particles were studied under a
constant flow rate. Hydraulic conductivity reduc-
tion was found to be much faster during the first
24 h and could cause a reduction as great as 98%.
ESEM and EDS examination confirmed that CaCO,
precipitation on sands was the cause for hydraulic
conductivity reduction. Although larger pore sized
columns adsorbed lesser bacteria at the beginning,
they had faster precipitation speeds and more cal-
cium deposits after a certain period. Thus a good
nutrient transport network is crucial for MICP in
porous media. Except for the bacteria injection
method, the precipitation can also be largely af-
fected by flow losses more than was expected.

This study enables us to partly elucidate the
micro-scale mechanisms and structure of MICP
and the response of hydraulic conductivities. Un-
derstanding these mechanisms might help design
strategies to counter underground leakage issues.
Foundation reinforcement and pollutant removal
might be the areas that can also benefit from our
findings. However, this study was carried out in
a laboratory with ideal conditions of temperature,
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pH, and nutrient supply. The actual environment
in the porous media is much more complex, and
there are still issues that need to be solved before
this technique can be widely applied.
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