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Abstarct  Despite a broad application of ureolytic bacteria in many bioremediation and 
biocementation processes, very limited studies have reported their transport and retention 
behaviors under various physical–chemical–biological conditions. In this study, we report 
transport and retention of Sporosarcina pasteurii in saturated sand, based on a series of 
column breakthrough experiments under different conditions including ionic strengths (ISs: 
0.5  mM–1  M), flow velocity (50, 100, 200  cm/h), bacteria optical density (OD600 = 1.0, 
0.48), column length (280 mm, 150 mm), and changes in IS conditions (0.5 M CaCl2 or 
deionised water). We use a two-site kinetic model, representing (1) attachment on grain 
surfaces, and (2) straining at crevices and constrictions, to quantify and predict the bacte-
rial attachment and straining. Model parameters were calibrated by tracer (NaCl) break-
through curves (BTCs) and bacteria BTCs at different IS/velocity conditions. The model 
was then applied to successfully predict the bacteria BTCs at lower initial bacteria den-
sity (OD600 = 0.48) and for shorter column lengths (150 mm). We demonstrated that higher 
ionic strength (from 0.5 to 1000 mM) dramatically enhanced the retention efficiency of S. 
pasteurii through an enhancement of attachment (from 9.4 to 69.6%) and straining (from 
8.1 to 34.2%), whilst the bacterial survival and the urease activity were unaffected at high 
IS conditions (500 and 1000 mM NaCl) within 5 h. Increasing flow velocity (from 50 to 
200 cm/h) caused a decrease in attachment (from 39.5 to 22.4%) and decrease in strain-
ing (from 40.5 to 19.3%) as a result of the increased hydrodynamic shear forces, which 
tends to reduce the attachment at the secondary minimum and decrease the extent of flow 
stagnation regions for straining. Lower initial bacteria OD600 (from 1.0 to 0.48) enhanced 
the attachment (from 31.8 to 40.9%) and the straining (from 22.9 to 42.2%) as a result of 
reducing the site-blockage effect. In addition, 0.5 M CaCl2 with a stronger IS increased the 
retention of in the column, whilst deionised water with a lower IS caused bacterial release. 
These findings provide useful information for a better understanding of the transport and 
fate of Sporosarcina pasteurii in saturated soil, and can be used to optimise bioaugmenta-
tion strategy and cementation efficiency for soil improvement.

Article Highlights 

•	 Transport of  S. pasteurii in sands is highly affected by ionic strength, flow velocity, 
bacteria density, and even column size

•	 Straining was enhanced (from 8.1% to 34.2%) if increasing IS (from 0.5 to 500 mM) 
without affecting bacterial survival
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•	 Bacteria coagulation among 2–3 bacterial cells occurs under ISs of 500 and 1000 mM 
without forming large flocculation

Keywords  Attachment · Pore straining · Ionic strength · Flow velocity · Bioaugmentation · 
Bacterial survival

1  Introduction

Microbially induced calcium carbonate precipitation (MICP) is an environmentally sus-
tainable bio-remediation process that has been widely studied for a range of geo-environ-
mental and geotechnical applications including co-precipitation of metal contaminants or 
radionuclides (Fujita et al. 2008; Lauchnor et al. 2013), carbon capture and storage (Minto 
et al. 2017; Mitchell et al. 2010), rock fracture sealing/strengthening (Minto et al. 2016; 
Phillips et al. 2016; Tobler et al. 2018) and soil improvement (DeJong et al. 2010; Gomez 
et al. 2015; El Mountassir et al. 2018; Whiffin et al. 2007). One of the most extensively 
utilised microorganisms for MICP is Sporoscarcina pasteurii (S. pasteurii) which, via the 
production of the urease enzyme, catalyses the hydrolysis of urea to carbonate and ammo-
nia, resulting in an increase in pH and precipitation of calcium carbonate if calcium is 
available (Stocks-Fischer et  al. 1999). The precipitation of calcium carbonate can act to 
immobilise contaminants, reduce permeability of porous/fractured media, and improve the 
hydromechanical properties of soils and/or fractured rocks by bonding solid grains and 
bridging across surfaces (e.g. increasing shear strength, stiffness, elastic velocity) (Cuth-
bert et al. 2013; Minto et al. 2016, 2018; El Mountassir et al. 2014).

Bioremediation processes of MICP for soil improvement involves either a bioaugmen-
tation or a biostimulation scheme, or a combination of both (Burbank et al. 2013; Gomez 
et al. 2017; Jiang et al. 2022). Major advantages of bioaugmentation schemes include faster 
and higher treatment efficiency. Despite the viability of bioaugmentation having been dem-
onstrated at both laboratory and field scale (Gomez et al. 2015; Martinez et al. 2013; Nas-
sar et al. 2018; van Paassen et al. 2010; Phillips et al. 2016; Salifu et al. 2016), it remains 
challenging to optimise treatment strategies so as to achieve an effective and even distribu-
tion of MICP along the flow direction. Field bioaugmentation treatment strategies involve 
the injection of multiple fluids: bacterial suspension (e.g. S. pasteurii), cementing solution 
(composed of urea and calcium chloride as a minimum), and injection of water pulses to 
minimise precipitation within injection lines and clogging around the well (Minto et  al. 
2019). Indeed, bioaugmentation may involve many repeated cycles of injection of some, or 
all, of these fluids. As such, a variety of chemical and physical perturbations are introduced 
after bacterial injection, such as changes in pore solution chemistry due to injection of the 
cementing solution (calcium chloride and urea), and due to injection of water pulses to 
prevent clogging. In addition, the injection of bacteria in porous/fractured media involves a 
non-uniform distribution of flow velocity, potentially causing spatial differences in attach-
ment/detachment behavior due to variations in the hydrodynamic forces (Camesano and 
Logan 1998; Hendry et al. 1999). A fundamental understanding of the transport and fate of 
S. pasteurii in porous/fractured media under various controlling factors (e.g. ionic strength, 
chemical perturbation, flow velocity) is key to achieving an effective delivery of bacteria 
in bioaugmentation schemes and hence to achieving more efficient and economical MICP 
applications (Hommel et al. 2016; Kwak et al. 2023).
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Two main bacteria retention phenomena are known to occur; physicochemical deposition 
(attachment) and straining. Colloid filtration theory (Yao et al. 1971) is widely used to predict 
retention of particles in suspension, but may not be adequate for predicting bacterial attach-
ment and straining (Bradford et al. 2006; Foppen et al. 2007) due to the bacteria-specific cell 
characteristics (Liu et al. 2011; Stumpp et al. 2011). Predicting bacterial attachment and strain-
ing in natural porous media is considered challenging (Hommel et al. 2016) as both may be 
influenced by factors such as fluid chemistry (Harvey et al. 2010; Kinoshita et al. 1993; Red-
man et  al. 2004; Torkzaban et  al. 2008b), pore velocity (Camesano and Logan 1998; Choi 
et al. 2007), temperature (McCaulou et al. 1995), surface roughness (Shellenberger and Logan 
2002), and grain size (Bai et al. 2016; Gargiulo et al. 2007). Bradford et al. (2013) reviewed 
the transport and fate of microbial pathogens in agricultural settings and summarised the lit-
erature on one- or two-site kinetic models for quantifying attachment and straining of bacteria 
or colloids based on the HYDRUS-1D software package (Bradford et al. 2006, 2003; Foppen 
et al. 2007; Simunek et al. 2005; Šimůnek et al. 1999, 2006; Torkzaban et al. 2008a). They 
noted that each study advanced the understanding of attachment and pore straining phenom-
ena under relevant physical and chemical conditions. However, bacterial transport and fate is 
known to vary with bacterial strain and is highly dependent on cell surface composition (Rij-
naarts et al. 1996; Walker et al. 2004), cell motility (Creppy et al. 2019; Liu et al. 2011), cell 
size and shape (Li and Ma 2018; Seymour et al. 2013; Weiss et al. 1995), and even growth 
stage (Walker et al. 2005). To date, very limited studies have been systematically conducted 
on investigation of the transport behavior of S. pasteurii, which may behave differently to other 
bacteria and colloids. Tobler et al. (2014) investigated S. pasteurii transport within sandstone 
cores for two flow rates, two different bacteria densities and three rock core lengths. Jain and 
Arnepalli (2020) studied attachment and detachment of ureolytic bacteria on sands under a 
range of ionic strengths (0–100 mM). However, to underpin the optimization of bioaugmenta-
tion schemes for engineering soil improvement, there remains a need to understand and pre-
dict the transport and fate of S. pasteurii under a broad range of ionic strengths, with varying 
flow velocities and bacterial concentrations (Minto et al. 2019; van Wijngaarden et al. 2016, 
2011). In particular, research has shown that the increase in soil strength via calcite precipita-
tion is mainly determined by the formation of calcite bridges between grain contacts, rather 
than by the coating of grain surfaces with calcite (Ismail et al. 2002; Tang et al. 2020; Xiao 
et al. 2019), To this end, maximising straining of S. pasteurii via pore straining or wedging 
near grain-to-grain contact points, is critical for optimizing soil strength. To-date, there have 
been no reports on quantifying straining of S. pasteurii in saturated porous media.

The main purpose of this work is to explore the transport and fate of S. pasteurii in 
saturated sands under a wide range of ionic strengths (ISs from 0.5 to 1000  mM), flow 
velocities (50, 100, 200 cm/h), initial bacteria optical densities (1.0 and 0.48 OD600), col-
umn lengths (280 and 150  mm), and under changes in IS conditions (i.e. 0.5  M CaCl2 
and DI water) in the context of bioaugmentation schemes for soil improvement via MICP. 
The straining profiles of bacteria under the tested IS conditions were obtained based on 
extruded sand segments after conducting breakthrough tests. We also tested the survival of 
S. pasteurii and its urease activity under a series of IS conditions (DI water, tap water, 500 
and 1000 mM NaCl) to evaluate its adaptability under such low and high salinities. Finally, 
a two-site kinetic model, representing both attachment and straining of S. pasteurii, was 
calibrated and then applied to predict tracer and bacteria breakthrough curves using dif-
ferent IS conditions and bacteria concentration. This research can used to provide model 
parameters for design of MICP-based bioaugmentation strategies for soil improvement.
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2 � Materials and Methods

2.1 � Bacterial Culture

The ureolytically active bacterial strain S. pasteurii (DSMZ, DSM No. 33) were cultured 
in yeast extract media supplemented with urea (20 g/L) over a period of 24 h (at 30 °C 
and 115 rpm shaker). The cells were harvested by centrifugation of several 40-ml inocu-
lated solutions in 50-ml tubes at a speed of 6000 g for 8 min. Then the centrifuged bac-
teria in each tube were re-suspended into 40-ml deionised (DI) water and centrifuged 
again to further remove any residual media that may cause continued bacterial growth. 
The desired optical density (1 OD600 or 0.48 OD600) of the bacteria was then achieved 
by diluting in either tap water or NaCl solution at various IS and was determined by a 
UV–VIS spectrophotometer at a wavelength of 600 nm. Figure 1a shows the OD600 of S. 
pasteurii and the corresponding cell concentration (Ccells/ml) as measured at the University 
of Strathclyde (Steinacher 2021) on the same bacteria strain (DSM No. 33). Ccells/ml at a 
given OD600 is well-fitted by the empirical relationship by Ramachandran et  al. (2001): 
C
cells∕ml = 8.59 × 107 ×

(

OD600

)1.3627 . Zeta potential values of S. pasteurii, under varying 
IS, were measured (Fig. 1b) and used to evaluate the extended DLVO interaction energies.

2.2 � Sand Characterization

Brown gravelly quartz sands (BAM Ritchies, UK) were selected for the column break-
through tests. Particle-size distribution (SI Figure S1 in the Supporting Information) was 
determined by using US standard sieves according to ASTM D422. The median grain size 
(d50) was determined as 490 µm. The uniformity index (d60/d10) was measured as 2.98. The 
sand samples were washed using DI water several times to remove impurities and fines that 
may affect the measurement of bacteria optical density. Prior to the column breakthrough 
tests, the oven-dried sand samples were autoclaved for 3 h to sterilise the sand. The zeta 
potential values of the sands, under varying IS, were measured and are plotted in Fig. 1b.

Fig. 1   a Empirical relation between cell concentration and bacteria OD600 of S. pasteurii. The experimental 
data were cited from (Steinacher 2021) whilst the fitting relation was adopted from (Ramachandran et al. 
2001). b zeta potentials of S. pasteurii and sands measured under ionic strengths of 0.5, 30, 500, 1000 mM 
NaCl
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2.3 � Column Breakthrough Experiments

Figure 2 shows the schematic diagram of the set-up used in the column breakthrough 
experiments. Sand was packed into polycarbonate columns with an inner diameter of 
28  mm and an effective length of 280  mm. Screens were mounted at both inlet and 
outlet ends to evenly distribute 1-dimensional flow in the column. Prior to the bacte-
rial breakthrough test, the sand columns were flushed with DI water for 10  min at a 
relatively high Darcy velocity (~ 400 cm/hour) to achieve a fully-saturated state and to 
further remove impurities and fines that may influence the measurement of bacteria den-
sity of effluent samples. A pore volume (PV) was defined as the change in mass (in 
grams) of the sand column before and after flushing with DI water (the small amount 
of water in the column head space was excluded). One PV of each 28-cm column was 
estimated to be ~ 50 cm3, assuming a density of water of 1 g/cm3. Note that this method 
may not precisely quantify the PV of each sand column, hence, a slight correction to PV 
was applied after fitting the tracer breakthrough curves (BTCs). The packing density 
of the sands in each column was calculated to be 1.75 ± 0.02 g/cm3, with a porosity of 
0.29 ± 0.01. The column breakthrough tests, under each condition as described below, 
were conducted in duplicate, triplicate or quadruplicate.

We set up the following four groups of experiments to study the effects of IS, flow 
velocity, initial bacteria density, and column size on the transport and fate of S. pas-
teurii in saturated sand columns. Details of the experimental conditions for the column 
breakthrough test are summarised in Table  1. Highlighted in bold are the controlled 
variables. For example, Experiment group 0 describes tracer breakthrough tests under 
three different flow velocities (50, 100, 200 cm/h), and Experiment group 1 describes 
bacteria breakthrough tests under an IS of 0.5, 30, 100, 500, 1000 mM.

Experiment 0 Tracer breakthrough test.

A tracer (NaCl) breakthrough test was conducted at the three flow (Darcy) velocities 
(50  cm/h, 100  cm/h, 200  cm/h) for the determination of the dispersion parameters. 3 

Fig. 2   Schematic diagram of column breakthrough experiment
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PVs of 100  mM NaCl solution were injected at each velocity, followed by the injec-
tion of 3 PVs of DI water at the same velocity. The electrical conductivities of efflu-
ent samples were measured and the normalised breakthrough curves of tracer (NaCl) 
were obtained based on the linear relationship between electrical conductivity and ionic 
concentration.

Experiment 1 Effect of ionic strength (tap water, 30  mM, 100  mM, 500  mM, and 
1000 mM NaCl).

In the first stage, 3 PVs of bacterial suspension with OD600 = 1 and prepared at each IS 
condition, i.e., tap water (electrical conductivity equivalent to that of 0.5  mM NaCl), 
30  mM, 100  mM, 500  mM and 1  M NaCl solutions, were injected at a Darcy veloc-
ity of 100  cm/h. In the second stage, the 3-way valve was switched to continuously 
inject 3 PVs of bacteria-free background (NaCl or tap water) solution with the same 
IS and same flow velocity as applied in the first stage. The total 6 PVs of effluent sam-
ples were evenly distributed into 50 collection tubes with each one containing ~ 0.12 
PV (~ 6  ml) solution. Electrical conductivity and OD600 of the effluent samples were 
determined using an electrical conductivity meter and a spectrophotometer at 600 nm, 
respectively. Normalised breakthrough curves of bacteria and tracer (NaCl) were 
obtained based on the linear relationship between electrical conductivity and ionic con-
centration, while normalised breakthrough curves of bacteria were obtained based on 
a relationship between OD600 and cell concentration for S. pasteurii (refer to Fig. 1a): 
C
cells∕ml = 8.59 × 107 ×

(

OD600

)1.3627 . After the bacteria breakthrough experiment 
at each IS condition, the spatial distribution of the strained bacteria retained in each 
sand column was also obtained based on similar experimental protocols from previous 
studies (Bradford et  al. 2002; Sang et  al. 2013). Specifically, the sand samples were 
extracted from the column and segmented into fourteen 2-cm sections. Each section was 
gently immersed into 20  ml background NaCl (or tap water) solution with the same 
IS applied in the breakthrough experiment to release the bacteria retained exclusively 
by pore straining. Since there were no changes in ionic strength and negligible physi-
cal perturbation (gentle shaking), one can reasonably assume that there was a negli-
gible release of the bacteria that were deposited on the grain surfaces due to attach-
ment. These samples were left for 5 h to allow settlement of any fines that may interrupt 
the measurement of OD600. Then the supernatant, i.e. the suspension containing the 
released bacteria was removed via a pippette and the OD600 was determined using a 
spectrophotometer.

Experiment 2 Effects of flow velocity (50 cm/h, 100 cm/h, 200 cm/h) and 0.5 M CaCl2 
solution.

At the first stage, 3 PVs of S. pasteurii (OD600 = 1) at an IS of 100  mM NaCl solution 
were injected under each flow (Darcy) velocity (50  cm/h, 100  cm/h, 200  cm/h). At the 
second stage, instead of injecting 3 PVs of background NaCl solution, 3 PVs of 0.5  M 
bacteria-free CaCl2 solution (with a much stronger IS than that of a 100 mM NaCl solu-
tion) were injected under the same flow velocity to reproduce the injection of cementing 
solution during MICP treatment. This process caused an enhancement of the IS (from 100 
to 1500 mM); The three velocities (50 cm/h, 100 cm/h, 200 cm/h) were selected to approx-
imately cover the velocity range of radial flow (influential area: diameter = 1 m) around an 
injection well, based on an injection rate of ~ 20 L/minute and an injection depth of 1 m.
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Experiment 3 effect of bacteria density (0.48 OD600).

Similar to Experiment 2, 3 PVs of S. pasteurii (OD600 = 0.48) at an IS of 100 mM NaCl 
solution and a flow velocity of 100  cm/h were flushed in the first stage, followed by an 
injection of 3 PVs of 0.5 M CaCl2 solution at a flow rate of 100 cm/h in the second stage. 
The final bacterial breakthrough curve was normalised by the initial bacterial concentration 
at an OD600 of 0.48.

Experiment 4 Effects of column size and DI water elution.

To study the effect of column size on bacterial transport, breakthrough experiments were 
conducted in 52-mm diameter and 150-mm length columns at a flow velocity of 100 cm/h. 
At the first stage, 3 PVs of S. pasteurii (OD600 = 1) at ISs of 100 mM or 500 mM (NaCl) 
were injected, followed by an injection of 3PVs of background NaCl solution at the second 
stage with the same IS and same flow velocity as applied in the first stage. At last, 5 PVs of 
DI water were flushed at the same velocity.

2.4 � Bacterial Survival Under High IS

Bioaugmentation typically involves a two-phase grouting strategy i.e. Phase 1—augment-
ing/injecting bacteria solution, and Phase 2—Circulation of cementing solution CaCl2 & 
Urea. Between the two phases there may, or may not, exist a short static (no-flow) period 
for bacterial settlement. To explore the survival of S. pasteurii and its effectiveness for 
urea hydrolysis especially under high IS conditions (i.e. 500 and 1000  mM) within the 
timescales required for bioaugmentation, we conducted 5 sets of urease activity tests and 
OD600 tests (each set in duplicate). Specifically, after 24-h culturing in the yeast extract 
media the S. pasteurii were centrifuged and re-suspended either into DI water, tap water, 
500 mM NaCl solution, 1000 mM NaCl solution or the originally centrifuged media. After 
5-h static period, 2 ml re-suspended bacteria (OD600 = 0.75) in the above solutions were re-
inoculated into 40 ml fresh media. After 24-h incubation at 30 °C and on a 115-rpm shaker, 
bacteria OD600 and specific urease activity, which quantifies the rate of urea hydrolysis 
(unit: mM/min/OD600) for MICP, were measured and compared to evaluate the influence 
of high NaCl concentration (500 and 1000 mM) on the effectiveness of S. pasteurii. The 
experimental results indicated that the effect of high salinity (up to 1000 mM) on bacteria 
survival and activity was negligible (refer to SI Figure S2 in the supporting information for 
more details).

2.5 � Two‑site Kinetic Modelling

The transport of bacteria and tracer in homogeneous and saturated porous sand columns 
can be described by the following two equations (Tan et al. 1994), respectively.

(1)�(�C)

�t
+

�
(

�bS
)

�t
= ∇ ⋅ �D∇C − u ⋅ ∇C − Rd + Rg
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where ϕ [-] is water-filled porosity of the sand column; C [Nc/L3] is the bacterial concen-
tration suspended in the solution (number of cells per unit volume of the aqueous solu-
tion) and c [M/L3] is the concentration of the tracer; t is time [T]; S [Nc/M] is the bacterial 
concentration deposited on the solid particles (number of cells per unit mass of solid par-
ticles); ρb [M/L3] is the bulk density of the dry sand column; Accordingly, (ρb·S/ϕ) is the 
deposited bacterial concentration defined as the number of bacterial cells attached on the 
solid particles per unit volume of pore-solution. u [L/T] is the Darcy velocity; Rd and Rg 
are the rates [Nc/L3/T] of bacterial decay and growth, respectively; D [L2/T] is the disper-
sion coefficient of the bacteria, which is a function of the hydrodynamic dispersivity α [L] 
and effective diffusion coefficient dc [L2/T] (Minto et al. 2019; Tobler et al. 2014).

Assuming that there is negligible bacterial decay and growth during the transport 
process, the bacterial concentration (S) deposited on the solid particles can be governed 
by a two-site kinetic model (Bradford et  al. 2013; Foppen et  al. 2007), which defines 
attachment (S1) on the surfaces of soil particles (site 1) and pore straining (S2) at crev-
ices and constrictions (site 2). The total number of deposited bacteria equals the sum of 
bacterial retention in both sites as S = S1 + S2. The two-site deposition model is given by 
the following two equations.

where Kattach0 [1/T] is the initial first-order attachment rate; Kdetach0 [1/T] is the detach-
ment rate due to hydrodynamic shear; Kstrain0 [1/T] is the initial first-order straining rate. 
Here, we assume that pore straining (S2) is an irreversible process and there is no term for 
bacteria release in Eq. (5).ψ1 and ψ2 in Eqs. (4) and (5) are dimensionless decay functions 
for site 1 (attach) and site 2 (straining) respectively. Decay of the attachment rate could 
be attributed to a decreasing number of collisions between suspended bacteria and grains 
according to colloid filtration theory. Whereas, decay of the straining rate is due to block-
ing or filling at the crevices and constrictions as straining proceeds. To model the decay of 
the attachment rate and straining rate due to a decrease in collisions between bacteria and 
grains or site blocking, both ψ1 and ψ2 decrease with increasing bacterial retention in each 
site (Gargiulo et al. 2008; Liao et al. 2021; Sasidharan et al. 2014). In this study, we adopt 
an exponential form (Xu et al. 2006; Xu and Saiers 2009) of the decaying functions, given 
by

(2)
�(�c)

�t
= ∇ ⋅ �D∇c − u ⋅ ∇c

(3)D = �u∕� + dc

(4)
�b

�

�S1

�t
= K

attach0�1C −
�b

�
K
detach0S1

(5)
�b

�

�S2

�t
= K

strain0�2C

(6)�1 = e
−S1∕�1

(7)�2 = e
−S2∕�2
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where 1/λ1 and 1/λ2 are the decay constants of bacterial attachment (site 1) and straining 
(site 2), respectively. λ1 and λ2 have the same dimension as S [Nc/M] and quantifies the 
exponential decline in rates of attachment and pore straining.

The total mass recovery of the bacteria is defined as the total accumulation of efflu-
ent bacteria passing through the outlet divided by the total accumulation of bacteria 
injected at the inlet.

where L [L] and A [L2] are the length and cross-sectional area of the column respectively. 
C (0, t) and C (L, t) are bacterial concentrations at the inlet and outlet at time t, respec-
tively. t0 [T] is the duration of bacterial injection, tend is the total duration from the begin-
ning of bacterial injection to the end of the target stage.

The above transport model was solved by the finite-element-based COMSOL Multiphysics 
to fit and validate the 1-dimensional column test results. The geometry contained 280 domain 
elements with the mesh size being 1 mm. The initial condition, inlet and outlet boundary con-
ditions are given by,

where x is the distance to inlet. The initial concentration of tracer and bacteria was set 
to 0 during the 1st Stage (i.e., the injection of bacteria solution). Then, the value of final 
step in the 1st Stage was used as the initial condition for the 2nd stage (i.e., flushing). The 
inlet boundary for bacteria transport was: Cinlet = 1 OD600 (or 0.48 OD600 in Experiment 3) 
during flushing with a bacteria solution ( C

cells∕ml = 8.59 × 107 ×
(

OD600

)1.3627 ); Cinlet = 0 
OD600 during flushing with a bacteria-free solution. The inlet boundary for tracer transport 
was given by the realistic ionic strengths, i.e. cinlet = 0.5, 30, 100, 500, or 1000  mM for 
Experiment 1, cinlet = 1500 mM for flushing 0.5 M CaCl2 in Experiments 2&3 during the 
2nd stage, and cinlet = 0 mM for flushing DI water in Experiment 4 during the 3rd stage.

The attachment/straining rates under the injection of 0.5 M CaCl2 solution are defined as 
follows.

where IS1 and IS2 are the realistic ionic strengths of the 100  mM NaCl solution 
(IS1 = 100  mM) and 0.5  M CaCl2 solution (IS2 = 1500  mM), respectively. ΔKattach and 
ΔKstrain are the enhanced attachment rate and straining rate, respectively. Δ�1 and Δ�2 are 
the changes in decay constants under the injection of 0.5 M CaCl2. Equations (12) and (13) 

(8)M
r
=

∫ tend

0
C(L, t)uAdt

∫ t0

0
C(0, t)uAdt

=
∫ tend

0
C(L, t)dt

∫ t0

0
C(0, t)dt

(9)Initial condition ∶ C(t = 0, x) =

{

0 in Stage1

value of last step in Stage1 in Stage2

(10)Inlet boundary ∶ C(t, x = 0) = C
inlet

(11)Outlet boundary ∶
�

�x
C(t, x = L) = 0

(12)k
attach

=
(

K
attach0 +

IS−IS1

IS2−IS1
ΔK

attach

)

e
−S1∕

(

�1+
IS−IS1

IS2−IS1
Δ�1

)

I
S1 ≤ I

S
≤ I

S2

(13)k
strain

=
(

K
strain0 +
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ΔK

strain

)

e
−S2∕

(

�2+
IS−IS1
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)

I
S1 ≤ I

S
≤ I

S2
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indicate that the retention parameters will be enhanced once the moving front of the CaCl2 
solution ingresses (i.e. I

S
> I

S1 = 100mM ), until it reaches a steady equilibrium value (i.e. 
I
S
= I

S2 = 1500mM).
Similarly, for Experiment 4 during the 3rd Stage, the injection of 5 PVs of DI water also 

caused a gradual decrease in IS. Hence, the release of bacteria due to DI water elution is mod-
elled by introducing an increase in the detachment rate kdetach as follows.

where ΔK
detach

 is the increment of the detachment rate under the elution of DI water.

3 � Results and Discussion

3.1 � Transport of a Conservative Tracer

Figure 3 shows the observed and modelled BTCs of the tracer NaCl (normalised) during 
injection of 3 PVs of 100 mM NaCl followed by injection of 3PVs of DI water. The hydro-
dynamic dispersivity (α) and the effective diffusion coefficient (dc) were determined as 
3 × 10–3 m and 1 × 10–9 m2/s, respectively, which were independent of flow velocity. The 
fitted result indicates that that diffusion is negligible compared to hydrodynamic dispersion 
within the range of velocities tested.

Normalised BTCs of the conservative tracer for Experiments 1–4 were also determined 
(refer to SI Figure S3-S5). Based on the same hydrodynamic dispersivity (3 × 10–3 m) and 
effective diffusion coefficient (1 × 10–9 m2/s) as used for Experiment 0, the modelled tracer 
BTCs for Experiments 1–4 show a good match with the experimental results (SI Figure 
S3-S5). This validates that NaCl can serve as a non-reactive tracer, consistent with a pre-
vious study by Vasiliadou and Chrysikopoulos (2011). The good agreement between the 
experimental and modelled results also reflects well-packed sand columns with no notable 
signs of preferential flow paths or “wall effects”. For all Experiments 0–4, the tracer (NaCl) 
started to breakthrough at ~ 0.6 PV of the bacteria solution and reached equilibrium at ~ 1.6 
PV. This indicates that the dispersion effect is non-negligible. Otherwise, both the break-
through and the equilibrium would occur at 1PV.

(14)k
detach

= K
detach0 + ΔK

detach

(

1 −
IS

IS1

)

0 ≤ I
S
≤ I

S1

Fig. 3   Experimental and mod-
elled breakthrough curves of the 
tracer (NaCl) in saturated sand 
columns at different velocities 
(50 cm/h, 100 cm/h, 200 cm/h) 
for Experimental 0
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3.2 � Transport and Retention of Bacteria

3.2.1 � Experiment 1: Effect of Ionic Strength

Figure  4 shows the observed and modelled bacterial BTCs (normalised) under different 
IS conditions (Experiment 1). Compared to the conservative tracer, as shown by the black 
dashed line in Fig.  4 (the experimental tracer BTCs are shown in SI Figure S3), break-
through of the bacteria is more delayed and reaches a lower concentration, due to bacterial 
retention. This behavior becomes more obvious as the IS increases from 0.5 to 1000 mM. 
It is also evident in Fig.  4 that after injection of 3 PVs of bacterial solution, i.e. during 
injection of 3 PVs of the bacteria-free background solution, the bacteria concentration in 
the BTCs continues to increase for another ~ 0.6 PV, before sharply declining. The continu-
ous increase of the BTCs is attributed to the displacement of bacteria in the pore solution 
(injected during Stage 1), whilst the sharp decline in bacterial breakthrough without nota-
ble “tailing” indicates negligible detachment.

The two-site kinetic model was calibrated using the bacterial BTCs (Fig.  4) and the 
straining profiles (Fig. 5) under ISs of 0.5–1000 mM. The increase of ionic strength from 
0.5 to 1000 mM enhanced the attachment of S. pasteurii from 9.4 to 69.6% (model: 6.7% 
to 67.8%) as shown in Table 2. Figure 6 shows the interaction energies between S. pas-
teurii and quartz sands, and between S. pasteurii cells, as a function of separation distance, 
which were calculated based on the measured zeta potential values (Fig. 1b) according to 
the extended DLVO theory (Hahn et al. 2004; Hogg et al. 1966). As IS increased from 0.5 
to 1000 mM, the interaction energy shifts from an energy barrier (unfavourable conditions 
for retention at 0.5 mM) to the appearance of secondary energy minima (30 and 100 mM) 
and primary energy minima (500 and 1000 mM), thus leading to an increase in the attach-
ment on grain surfaces. This is consistent with a recent study by Jain and Arnepalli (2020) 
who also demonstrated an enhanced attachment of S. pasteurii (strain type: ATCC 11859) 
with increasing IS from 0.1 to 100 mM in saturated sand columns. Note that the bacteria 

Fig. 4   Experimental and modelled bacterial BTCs (normalised) under different IS conditions (Experiment 
1). Error bars represent standard deviations in results from replicate experiments. The modelled tracer BTC 
is also plotted (black dash line) for comparison. Black arrow marks where the injection of bacterial solution 
was changed to the background solution
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breakthrough curves at 30 and 100 mM in this study show higher breakthrough bacteria 
concentrations than those by Jain and Arnepalli (2020). This occurs because the bacteria 
strains (DSM No. 33) and sands in our study had smaller zeta potential values (more nega-
tive) at the same IS conditions (i.e. 30 and 100 mM). This demonstrates that even for the 
same bacteria, calibration of model parameters is required, since there can be significant 
variation between different type strains.

As IS increased from 0.5 to 1000 mM (Fig. 5), straining of S. pasteurii was increased 
from 8.1 to 28.2% (model: 8.0 to 29.8%). Straining is well-known to be influenced by pore 
space geometry (McDowell‐Boyer et  al. 1986), solution chemistry and hydrodynamics 
(Bradford et al. 2006, 2007; Foppen et al. 2007; Torkzaban et al. 2008b). (Bradford et al. 
2002, 2007) reported that straining occurs in colloid deposition when the ratio of colloid 
diameter to median grain size (dp/dg) is as low as 0.2%. The S. pasteurii cells (DSM No. 
33) in this study are rod shaped, with a length of ~ 2–8 µm and a diameter of ~ 0.5–0.8 µm 
(microscopic image in SI Figures  S6 & S7), giving dp/dg values approximately 0.1% to 
1.0% based on the average rod diameter and average length, respectively. Under chemi-
cally unfavorable condition (IS = 0.5 mM), straining only accounted for 8.1% of the total 
injected bacteria solution. With the increase of IS to 100 mM, bacterial straining increased 
to 22.9% (model: 25.8%), possibly due to the increased number of bacteria in the second-
ary energy minimum which are prone to funneling and retention in the small pores formed 

Fig. 5   Experimental and modelled deposition profiles due to pore straining along the column length under 
different ionic strength conditions (Experiment 1)
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adjacent to grain–grain junctions (Bradford et al. 2007; Torkzaban et al. 2008a). With fur-
ther IS increases to 500 and 1000  mM, straining increased to 34.2% and 28.2% respec-
tively. Microscopic images of S. pasteurii cells under ISs of 0, 100, 500 and 1000  mM 
(refer to SI Figures S6 & S7) show that coagulation of 2–3 bacterial cells occurs under 
ISs of 500 and 1000 mM whilst almost no bacterial coagulation is observed under ISs of 0 
and 100 mM. Hence, the increased straining at from 100-mM IS to 500- and 1000-mM IS 
could be a result of bacterial coagulation.

Figure 5 also shows an overall decrease in bacterial straining with increasing depth, and 
the decreasing trend is more obvious at higher IS (especially at 1000 mM). Bradford et al., 
(2003, 2005, 2006) applied a time- and depth- dependent straining function to describe 
this phenomenon. In this study, we use an exponential decay of strain rate due to site-
blockage effects, as adopted from Xu et  al. (2006) and Xu and Saiers (2009), to model 

Fig. 6   a DLVO interaction energy between S. pasteurii and quartz sands and b between bacterial cells as a 
function of separation distance under different ISs. The insets mark the secondary energy minimum

Fig. 7   Experimental and modelled bacterial breakthrough curves under different flow velocity conditions 
(Experiment 2). Error bars represent standard deviations in results from replicate experiments. Due to the 
enhancement of the IS at Stage 2, the overall attaching/straining rates were enhanced accordingly. Black 
arrow marks where the injection of bacterial solution was changed to 0.5 M CaCl2 solution
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the observation of decreasing straining with increased distance from the inlet (Fig.  5). 
Note that the straining profiles at depths of 0-50 mm (Fig. 5) deviate from this decreasing 
trend with increasing depth, possibly due to increased fluid velocities near the inlet where 
radial flow is approached at the point of injection, which results in increased hydrodynamic 
shear forces and hence the potential to release strained bacteria if the fluid velocity exceeds 
a critical value (Bradford et  al. 2006). This hydrodynamic shearing of strained bacteria 
might also account for the higher percentage of straining observed at 500 mM IS (34.2%) 
than at 1000 mM (28.2%). The release of bacteria cells from straining was not captured in 
our model which assumed pore straining is an irreversible process.

3.2.2 � Experiment 2: Effects of Flow Velocity and 0.5 M CaCl2 Solution

Figure  7 shows the observed and modelled bacterial BTCs (normalised) under different 
velocity conditions and with injection of 0.5 M CaCl2 in Stage 2 (Experiment 2). The total 
recovery of bacteria under velocities of 50, 100, and 200  cm/h was 18.3%, 40.7%, and 
46.9% respectively, according to the experimental BTCs. The increasing bacterial recov-
ery, or decreasing bacterial retention, with increasing flow velocity (from 50 to 200 cm/h) 
can be attributed to both a decrease in attachment (from 35.9 to 22.4%) and a decrease 
in straining (from 40.5 to 19.3%). Firstly, higher flow velocities create greater hydro-
dynamic shear forces, which act to offset the attractive forces between the bacteria and 
the grains and hence reduce the rate of attachment at secondary energy minima (Fig. 6a; 
IS = 100 mM). Note that Experiment 1 in Sect. 3.2.1 observes no obvious “tailing” at the 
same IS (100 mM) and at a velocity of 100 cm/h (Fig. 4). This indicates that the rate of 
detachment is negligible at IS = 100 mM with a velocity no greater than 100 cm/h (e.g. 50 
and 100 cm/h). At a flow velocity of 200 cm/h and at IS = 100 mM, the detachment rate 
may not be negligible, and is a topic for future studies. Secondly, the increased hydrody-
namic forces as a result of the increasing flow velocity also tends to (1) decrease the extent 
of flow stagnation regions; and (2) decrease the weakly-attached bacteria at the second-
ary energy minimum which can then be funneled into small regions of pore space formed 
adjacent to grain–grain junctions (Bradford et  al. 2007). Both effects could potentially 
decrease bacterial straining (Bradford et al. 2007; Torkzaban et al. 2008a, 2008b). In this 
study, the deceasing straining with increasing flow velocity (50–200 cm/h) was modelled 
by an increase in the decay constant 1/λ2 at the straining site (i.e. λ2 decreased from 0.04 to 
0.02 × 108 cells/g).

Unlike in Experiment 1, which created no changes in ionic strength due to the injection 
of 3 PVs of background solution (at the same IS) in Stage 2, in Experiment 2 we injected 
3 PVs of 0.5 M CaCl2 solution in Stage 2 to reproduce the commonly applied cementation 
fluids in MICP treatment strategies. This caused a discrepancy between the observed and 
modelled BTCs if changes to the retention parameters were not modelled (dashed lines in 
Fig. 7). By simulating the effect of the increased IS in the injection fluid on the disturbed 
retention parameters, as shown in the annotation in Table 2 and according to Eqs. (12) and 
(13), the two-site kinetic model was able to accurately reproduce the experimental BTCs 
during Stage 2 (solid lines in Fig.  7). Comparing the bacterial BTCs of Experiment 1 
(Fig. 4) with Experiment 2 (Fig. 7), the injection of the stronger IS (0.5 M CaCl2) solution 
tends to stabilise the pre-attached and pre-strained bacteria rather than remove or mobilise 
them, as indicated by the more steeply declining slope of the post-peak BTCs between 3.6 
and 4 PVs.
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3.2.3 � Experiment 3: Effect of Initial Bacteria Density

Figure 8 shows the observed normalised bacterial BTCs (marked by black triangles and 
red dots) under the initial OD600 of 1 and 0.48 (flow velocity: 100 cm/h; Stage 1: 100 mM 
bacterial solution; Stage 2: 0.5 M CaCl2 solution). Based on the model parameters cali-
brated in Experiment 1 for an OD600 = 1, the modelled bacterial BTC (normalised) under 
the initial OD600 of 0.48, as marked by the red solid line in Fig. 8, also shows a good match 
with the experimental observation. This verifies that the model is capable of describing 
the bacteria transport and retention process, regardless of the initial bacteria concentra-
tion. As seen in Table 2, the total bacteria masses recovered at the outlet for OD600 values 
of 1 and 0.48, were 45.3% (model: 47.7%) and 15.8% (model: 16.9%), respectively, with 
the attachment enhanced from 31.8 (model: 26.5%) to 40.9% (model only), and straining 
enhanced from 22.9% (model: 25.8%) to 42.2% (model only). The lower mass recovery or 
higher bacterial retention at 0.48 OD600 is attributed to a lower site-blocking effect, which 
enhances the overall attachment and straining rates throughout the sand column. Specifi-
cally, according to Eqs. (4) & (5), the numbers of cells deposited at grain surfaces (attach-
ment S1) and pore throats or grain contact points (straining S2) increases more slowly for a 
lower initial bacteria concentration (C0), which in turn causes a smaller decay ( �1 and �2 ) 
of the attachment/straining rate – as indicated by Eqs. (6) & (7). Therefore, the injection of 
a lower initial bacteria concentration causes less site-blocking and hence results in more 
efficient bacterial retention.

3.2.4 � Experiment 4: Effect of Residence Time and DI Water Elution

The observed bacterial BTCs in short columns (length: 150  mm) under ISs of 100 mM 
and 500 mM for Stage 2 of Experiment 4 are shown in Fig. 9a and b respectively, plot-
ted against the previous results for the longer column (length: 280 mm) in Experiment 1. 
Compared to the bacterial BTC for longer column experiments, shorter columns exhibited 

Fig. 8   Experimental and modelled bacterial breakthrough curves under initial OD600 of 1 and 0.48 (Experi-
ment 3). Error bars represent standard deviations in results from replicate experiments. Black arrow marks 
where the injection of bacterial solution was changed to 0.5 M CaCl2 solution
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a higher bacterial breakthrough at the same “PV” value (i.e. x-coordinate; note that the PV 
is not an absolute value but a relative value based on each column). This occurs because, 
since the column length is almost halved and the fluid velocity remains the same, the time 
taken for fluid to pass from the inlet to the outlet of the shorter column is also almost 
halved. At the same PV, the shorter residence time for fluid in the short column implies 
that less time is available for attachment/straining and, hence, the bacteria breakthrough is 
higher. (Tobler et al. 2014) also showed a decrease in bacterial (S. pasteurii) mass recovery 
with increasing column length. Figure 9a and b shows the modelled bacterial BTCs based 
on the previously calibrated parameters from Experiment 1. The model results show a good 
fit to the experimental data, which again demonstrates that the proposed two-site kinetic 
model can describe the transport process, regardless of column geometry.

The flushing of 5 PVs DI water at Stage 3 was conducted on the 52-mm diameter col-
umns only, and caused a bacterial release, as shown in Fig. 9a and b. (Hahn et al. 2004; 
Sang et al. 2013) attributed the release of particles/colloid under the elution of DI water to 
the reversible deposition at shallow secondary minima while deposition at deep primary 
minima is irreversible. (Choi et  al. 2017), however, points out that part of the bacteria 
attached by primary minimum can be detached under the elution of lower IS solution and 

Fig. 9   Experimental and modelled bacterial (and tracer) breakthrough curves in shorter columns (length: 
150 mm) under two IS conditions: a 100 mM; b 500 mM (Experiment 4). Error bars represent standard 
deviations in results from replicate experiments. Flushing of 5 PVs of DI water leads to a partial bacterial 
detachment in stage 3
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thus contribute to the reversible attachment. The appearance of the secondary minimum 
and energy repulsion under DI water elution leads to a partial bacterial detachment at shal-
low minimum (or at energy barrier). From Fig. 9a and b, the two-site kinetic model, pro-
vides a good match to bacterial release under the application of DI water during Stage 3. 
Modelling predictions estimate the total mass recovery at the end of Stage 3 under ISs of 
100 mM and 500 mM were 74.4% and 42.4%, respectively, with the mass recovery during 
Stage 3 alone being 17.9% and 13.4% respectively.

4 � Implications for Field Applications of MICP

Microbially induced calcite precipitation via ureolysis has been widely applied in energy 
research including removal of radionuclide contaminants in groundwater (Fujita et  al. 
2008), soil stabilization (DeJong et al. 2010; Whiffin et al. 2007), remediation of subsur-
face rocks (Cuthbert et al. 2013; Minto et al. 2016), wellbore sealing (Phillips et al. 2016) 
and CO2 capture and storage (Mitchell et  al. 2010; Phillips et  al. 2013) among others. 
Almost all of these bioremediation applications involve a transport and retention process to 
achieve an effective delivery of the ureolytic microbes into porous or fractured media. Our 
study shows that the transport and fate of ureolytic S. pasteurii in saturated sand columns 
is highly dependent on the aqueous chemistry, flow velocity, bacteria density, as well as the 
bacteria residence time in the soil. This causes the extreme complexity of bacterial trans-
port and retention under real field conditions at temporal and spatial scales. However, the 
complexity and challenges associated with MICP treatment could be overcome if bacterial 
retention mechanisms are well understood and, hence, can be accurately modelled. Our 
study provides a method for quantification and prediction of bacterial transport and fate 
in 1-dimensional saturated sand columns, which may be upscaled to a 3-dimensional real 
field with different IS conditions and with a non-uniform velocity distribution. This mod-
elling approach can then be incorporated into 3D reactive transport models of the MICP 
process (Minto et al. 2019). El Mountassir et al., (2018) outlined some of the challenges 
associated with MICP treatment. Based on the observations and results presented herein 
some strategies to overcome these challenges are presented.

Challenge 1 Clogging near injection well and uniformity
Many laboratory-scale experiments have shown increased carbonate precipitation near 

the inlet (Tobler et al. 2012; Whiffin et al. 2007). The results presented here demonstrate 
that the retention of S. pasteurii can be reduced by increasing the flow velocity. Hence, 
clogging at the injection point could be reduced by increasing the flow rate at the injection 
point (since under radial flow conditions velocity decreases exponentially with radial dis-
tance from the injection point so this will only remobilise bacteria close to the well), or by 
applying a small pulse of low IS water to mobilise S. pasteurii in the volume immediately 
surrounding the injection well.

In particular for applications where strength gain is the target outcome, uniformity 
of carbonate precipitation is desirable (Barkouki et  al. 2011). A relatively homogeneous 
bacterial retention in porous media may be achieved by pumping of bacterial and cement-
ing solutions under appropriate aqueous chemistries (Yang et  al. 2022), thus promoting 
effective MICP soil stabilization. For example, our study demonstrates that the injection 
of 0.5 M CaCl2, as is commonly conducted in MICP injection strategies (i.e. as part of 
cementing solution), has been shown to stabilise pre-attached and pre-strained S. pasteurii, 
limiting cell re-entrainment; On the contrary, the injection of DI water with a much lower 



618	 G. Sang et al.

1 3

ionic strength leads to a partial detachment of S. pasteurii. Thus, between the injection of 
bacteria solution and the subsequent injection of cementing solution (i.e. as applied in the 
traditional two-phase MICP soil improvement), an injection of leaching solution with an 
ionic strength lower than the bacteria solution could cause partial bacteria detachment near 
the injection zone (Choi et al. 2017), thus potentially mitigating the non-uniformity of bac-
teria deposition (i.e. more deposition near injection zones).

Challenge 2 Optimization of treatment fluids
A critical aspect in the up-scaling of MICP treatment is the optimization of treatment 

fluid in order to minimise both cost and carbon footprint of treatment and to achieve a bet-
ter cementation efficiency. An ability to quantify and predict the transport of S. pasteurii, 
under varying physical and chemical conditions, will enable optimization of the injection 
strategy. For example, we have shown that using 0.48 OD600 bacteria results in a higher 
retention efficiency of S. pasteurii compared to 1.0 OD600. The injection of bacteria solu-
tion with higher ionic strengths (such as 500 and 1000 mM NaCl) also contributes to higher 
retention efficiency, without inhibiting bacterium survival and effectiveness over the time 
scale required for a bioaugmentation scheme (refer to SI Figure S2). Lowering the bacterial 
density and injecting the bacterial solution with a higher IS (e.g. 100 or 500 mM) would 
enhance the straining efficiency of S. pasteurii in a bioaugmentation scheme. The strength 
of the treated soil depends strongly on the bacteria retained by straining which enhances 
precipitation at grain-to-grain contacts. Higher straining means a more efficient use of the 
calcium carbonate and the bacteria, thus potentially reducing the cost and carbon footprint.

Previous studies (Ismail et  al. 2002; Tang et  al. 2020; Xiao et  al. 2019) have proven 
that the overall cementation efficiency via calcite precipitation is mainly determined by the 
formation of calcite-bridges between grain contacts. This is closely related to the spatial 
distribution of the straining cells near grain-to-grain contact points. Our study shows that 
straining was enhanced from 8.1 to 34.2% when the ionic strength was increased from 0.5 
to 500 mM (Fig. 5 and Table 2). In addition, lowering the initial bacteria OD600 (from 1.0 
to 0.48) caused the straining to increase (from 22.9 to 42.2%), which will also increase the 
overall cementation efficiency during bioaugmentation treatment.

5 � Conclusion

We investigated some key factors influencing the transport and rate of S. pasteurii in satu-
rated sand columns such as ionic strength, flow velocity, initial bacteria density, column 
length, and IS perturbations under injection of 0.5 M CaCl2 solution and deionised water. 
The main conclusions are summarised as follows.

Higher ionic strength (from 0.5 to 1000 mM) dramatically enhanced the retention effi-
ciency of S. pasteurii through an enhancement of attachment (from 9.4 to 69.6%) and 
straining (from 8.1 to 34.2%). The enhanced attachment, with increasing IS, is caused by 
a shift in the interaction energy between bacteria cells and sands from the presence of an 
energy barrier (0.5  mM) to the appearance of a secondary energy minimum (at 30 and 
100 mM) and a primary energy minimum (at 500 and 1000 mM). Increased straining likely 
results from (1) an increased number of bacteria in the secondary energy minimum (at 
30 and 100 mM) prone to be funneled to and retained in small pores formed adjacent to 
grain–grain junctions, and (2) more straining as a result of the bacterial coagulation of a 
small number of cells (2–3 calls) that occurs at high ISs (i.e. 500 and 1000 mM). Moreover, 
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bacterial survival and the effectiveness of urease activity were not influenced by high ionic 
strengths (up to 1000 mM NaCl) over the timescale required for bioaugmentation.

Experiments using lower flow velocity, lower bacteria density, and a longer column 
length all correspond to higher bacterial retention. Specifically, increasing the flow velocity 
(from 50 to 200 cm/h) caused decreasing attachment (from 39.5 to 22.4%) and decreas-
ing straining (from 40.5 to 19.3%) as a result of the increased hydrodynamic shear forces, 
which tend to reduce the attachment at the secondary minimum and decrease the extent 
of flow stagnation regions for straining. Lower initial bacteria OD600 (from 1.0 to 0.48) 
enhanced the attachment (from 31.8 to 40.9%) and straining (from 22.9 to 42.2%), respec-
tively, as a result of less site-blockage effects. Shorter column lengths corresponded to a 
lower retention efficiency, as a result of shorter bacteria residence time. The injection of 
0.5 M CaCl2 solution stabilised the bacterial retention, while the injection with deionised 
water caused bacterial release.

This study provides clues to guarantee an effective and efficient bacterial delivery into 
porous media. The two-site kinetic model can reliably quantify and predict bacterial attach-
ment and straining behaviors under the different ionic and hydrodynamic conditions inves-
tigated. Our findings can be incorporated into 3D reactive transport models to simulate the 
MICP process in the field and, ultimately, to optimise the efficiency of bioaugmentation in 
practical engineering applications.
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