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Abstract The engineering of microbially induced calcium carbonate precipitation (MICP) has attracted
much attention in a number of applications, such as sealing of CO, leakage pathways, soil stabilization, and
subsurface remediation of radionuclides and toxic metals. The goal of this work is to gain insight into
pore-scale processes of MICP and scale dependence of biogeochemical reaction rates. This will help us
develop efficient field-scale MICP models. In this work, we have developed a comprehensive pore-network
model for MICP, with geochemical speciation calculated by the open-source PHREEQC module. A numerical
pseudo-3-D micromodel as the computational domain was generated by a novel pore-network generation
method. We modeled a three-stage process in the engineering of MICP including the growth of biofilm, the
injection of calcium-rich medium, and the precipitation of calcium carbonate. A number of test cases were
conducted to illustrate how calcite precipitation was influenced by different operating conditions. In
addition, we studied the possibility of reducing the computational effort by simplifying geochemical
calculations. Finally, the effect of mass transfer limitation of possible carbonate ions in a pore element on
calcite precipitation was explored.

1. Introduction

Microbially induced calcium carbonate precipitation (MICP), particularly via the urea-hydrolysis pathway,
has received much attention over the past years. As a novel subsurface engineering process, it is promising
for a number of engineering applications [De Muynck et al., 2010b; Dhami et al., 2013; Phillips et al., 2013],
such as immobilization of groundwater contaminants [Fujita et al., 2008], mitigation of wellbore leakage in
geological carbon sequestration storage [Cunningham et al.,, 2013, 2014], and soil condition improvement
[lvanov and Chu, 2008; Cheng et al., 2013].

Regarding the engineering of MICP, the research has been mostly focused on targeting precipitation loca-
tions and reducing the cost of field applications [see Cunningham et al., 2014]. Up to now, many lab-scale
experiments have been performed to demonstrate controllable calcium carbonate precipitation [Barkouki
et al,, 2011; Ebigbo et al., 2012; Mitchell et al., 2013; Sham et al., 2013]. More recently, this has been success-
fully demonstrated also in field trials [Cuthbert et al., 2013; Cunningham et al., 2014; Phillips et al., 2016].

In MICP, complex biogeochemical and hydrodynamics processes are involved [Al Qabany et al., 2012; Fauriel
and Laloui, 2012; Hommel et al., 2013, 2015a, 2015b]. They may include ureolysis kinetics, multicomponent
and microorganism transport, biofilm growth, equilibrium and kinetic geochemical reactions, calcite precipi-
tation/dissolution, and porous structure evolution. The interplay of these processes determines the perfor-
mance of MICP engineering. Due to this complexity, numerical modeling has been playing an important
role in understanding the MICP processes as well as predesigning lab and field experiments. Several
continuum-scale MICP models have been developed in the past. They varied in complexity and model
assumptions. Martinez et al. [2014] presented a simple model to simulate the MICP in their column experi-
ments. A good match was obtained by properly fitting the spatial distribution of immobile urease enzyme.
Cuthbert et al. [2013] developed a two-dimensional model which coupled flow and transport of bacterial
and reactive solute. However, the geochemistry was considerably simplified. The calcite precipitation rate
was assumed to be stoichiometric to the ureolysis rate. Thus, information on pH was not available. Ebigbo
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et al. [2012] developed a complex MICP model considering most biogeochemical processes and hydrody-
namics as mentioned above. They calibrated and verified the model against their sand column experiments.
Later on, Hommel et al. [2015a] further improved the model of Ebigbo et al. [2012] by employing an updated
ureolysis rate equation. The new ureolysis rate was fitted for a system of suspended cells of Sporosarcina
pasteurii [Lauchnor et al., 2015]. They performed a comprehensive sensitivity analysis and showed that cal-
cite precipitation was most sensitive to the ureolysis rate and the attachment of biomass.

Continuum-scale models are popular, because they have the potential to be used in field applications [Bro-
velli et al.,, 2009; Ebigbo et al.,, 2010; Zhou, 2015]. However, the performance of a continuum-scale model
depends among other things on the determination of several material properties such as capillary pressure
saturation relationship and relative permeability [Hassanizadeh and Gray, 1990; Qin and Hassanizadeh,
2014]. In the context of MICP, for instance, the constitutive relationship between reduced porosity and per-
meability is very important, particularly for the evaluation of the performance of MICP. Also, there are a few
kinetic reaction rates such as biofilm growth rate, ureolysis rate, and calcite precipitation rate, which may be
scale-dependent due to various heterogeneities in porous media such as nonuniform distributions of micro-
organisms and pore structures [Noiriel et al., 2012, 2015]. To determine whether these reaction rates, which
are usually measured in well-mixed batch experiments, can be directly used in continuum-scale models, the
pore-scale modeling and associated upscaling techniques can be very helpful [Li et al., 2006, 2007; Lichtner
and Kang, 2007; Van Noorden et al., 2010; Kim et al., 2011].

In general, there are two kinds of pore-scale models, namely, direct-simulation [Von Der Schulenburg et al.,
2009; Kang et al., 2010; Deng et al., 2013] and pore-network models [Thullner and Baveye, 2008; Raoof et al.,
2012; Nogues et al., 2013; Qin and Hassanizadeh, 2015b]. The basic idea of a pore-network model is as fol-
lows. First, the porous medium of interest is geometrically represented by a network of idealized pore ele-
ments, in which pore bodies are used to approximate large pore spaces while the narrow regions between
large pore spaces are approximated by pore throats. Then, flow and transport equations are solved based
on the simplified pore elements [Qin, 2015]. In comparison to direct simulations, the pore-network model-
ing is very computationally efficient. This allows us to model a large computational domain with a number
of REVs (representative elementary volume) [Bear and Bachmat, 1991] for upscaling studies. In a pore-
network model, thermodynamic quantities (e.g., species concentrations and pressure) are usually defined
over each pore element. The assumption of small variation of quantities in a pore element needs to be
made. Otherwise, pore-element-scale effective parameters need to be derived [Qin and Hassanizadeh,
2015a], probably by conducting direct simulations. At this point, the pore-network modeling serves as a
bridge between direct numerical simulation and continuum-scale modeling. And, the present work contrib-
utes to the pore-network modeling of MICP processes.

There have been many pore-scale modeling studies of mineral precipitation and dissolution [Raoof et al.,
2012; Yoon et al., 2012] or biofilm growth in porous media [Tang et al., 2013; Rosenzweig et al., 2014; Peszyn-
ska et al., 2015]. Yoon et al. [2012] simulated mixing-induced calcium carbonate precipitation and dissolu-
tion in a microfluidic device using the lattice Boltzmann method (LBM). Due to the computational effort,
only a few two-dimensional pore spaces were modeled. Nogues et al. [2013] simulated carbonate precipita-
tion and dissolution using a pore-network model. The size of the computational domain was equivalent to
an REV size. Pintelon et al. [2012] investigated biofilm growth in a porous medium using the LBM. Most
recently, Qin and Hassanizadeh [2015b] developed a pore-network model for solute transport and biofilm
growth in a porous medium. A variable coefficient, which was shown to be a function of biofilm volume
fraction and Damkohler number, was used to account for the nonequilibrium mass exchange between
aqueous phase and biofilm.

To the best of our knowledge, there are few pore-scale modeling studies of MICP [Zhang and Klapper, 2010,
2014], particularly for a large domain of porous media. Thus, in this work, in light of the computational effi-
ciency of pore-network modeling, we have developed a comprehensive pore-network model for MICP. It
solves for flow and transport, biofilm growth, calcium carbonate precipitation, and geochemistry. As a first
attempt, we modeled a two-dimensional network structure with an extensive dimension in the flow direc-
tion, which is quite similar to a pseudo-3-D microfluidic device [Zhang et al., 2010]. The objective of this
work is to investigate pore-scale processes of MICP. Particularly, we studied the scale dependence (i.e., from
the pore-element scale to the REV scale) of biogeochemical reaction rates, which are very important for the
development of a simplified continuum-scale model.
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2. Model Development

Table 1. Ureolysis and Geochemical Reactions Under Consideration?

Reactions log Keq 2.1. Transport and Biogeochemical

Ureolysis CO(NH,), +2H,0 — 2NHs +H,CO5 Processes in MICP

Kinetic CaC0s « Ca®* +C03~ —848 The bacterial strain Sporosarcina pasteurii pro-

Equilibrium Ha0 ' +OH- - duces large amounts of urease [Bachmeier
HyCO3 < H* +HCO; -635 9
HCO; « H* +C0%™ -10329 et al,, 2002]. Urea is hydrolyzed by the enzyme
NH — H™+NHs; —9.252 urease in the biomass, which generates
CaHCO; « Ca*" +C03™ +H* —11.435 . d b id. Th b
Ca +H,0 o CaOH™ +H* i ammonia and carbonate acid. The subse-

quent protonation of ammonia to ammonium
“Equilibrium constants were given at 25°C [Parkhurst and Appelo, . . .
2013]. causes the increase of pH value. This dramati-

cally increases the availability of carbonate

ions leading to the precipitation of calcium
carbonate (i.e., calcite). Throughout the paper, we do not distinguish calcium carbonate from calcite,
because several XRD measurements have confirmed that calcite is the predominant polymorph in MICP
[Lauchnor et al., 2013; Phillips et al., 2015]. Table 1 lists the relevant ureolysis, as well as kinetic and equilibri-
um geochemical reactions. All equilibrium constants are given at 25° [Parkhurst and Appelo, 2013]. Biomass
grows in the presence of nutrient and oxygen (the electron acceptor) following double Monod kinetics (see
equation (6)). In this work, we considered saturated water flow in the porous medium. Biomass, urea, nutri-
ent, oxygen, and geochemical components (e.g., total C, N, and Ca) were transported under advection and
diffusion. Suspended biomass was assumed to interact with immobile biofilm by attachment and detach-
ment. The pore structure was updated based on biofilm growth and calcite precipitation. More detail can
be found in sections 2.3 and 2.4.

2.2. Pore Network Generation

We have developed a novel pore-network generator. The generation algorithm is briefly described as fol-
lows. First, predefined pore bodies are randomly filled into a given computational domain without overlap-
ping. Then, pore throats are generated by constructing triangles for a two-dimensional domain or
tetrahedra for a three-dimensional domain among all pore bodies. Third, an elimination process is applied
to the generated pore throats in order to reach an average coordination number [Raoof and Majid Hassani-
zadeh, 2010]. Finally, a search is conducted to find all isolated pore bodies and clusters. These are marked
and deleted from the network.

For the case studies in this work, we calibrated the generated pore network to represent the packed sand
porous media used by Ebigbo et al. [2012]. The pore network dimension is 112 mm in the flow direction
(see Figure 1a). Typically, the REV size of a homogeneous porous medium should be at least as large as
15-20 grain particles size in each direction, such that obtained material properties (e.g., porosity and perme-
ability) do not change by further increasing of the size of the average domain. In our work, we defined the
REV size of 15 and 10 mm along the x and y directions, respectively. This allows us to study the effect of
flow conditions on REV-scale calcite distributions. On the other hand, to reduce the computational effort,
only one layer of pore elements in the z direction were considered. A truncated lognormal distribution was
assumed for pore body sizes. The size of a pore throat was determined by the sizes of its neighboring pore
bodies. Figure 1b shows the distributions of pore body size, pore throat size, pore throat length, and coordi-
nation number. The generated network has a porosity of 0.37, and permeability of 1.6 X 10~ ' m% More
detail of the geometrical properties of the pore network can be found in Table 2.

2.3. Governing Equations

Table 3 lists the governing equations implemented in the pore-network model. They describe saturated
water flow, general species transport, suspended biomass transport, as well as biofilm and calcite evolu-
tions. In the following, we primarily explain the notions in these equations. For more detail, one can refer to
Qin and Hassanizadeh [2015b].

First, we solved Hagen-Poiseuille based volume balance equation of water to obtain pressure field and
pore-throat fluxes. In equation (1) (see Table 3), Q; [L3/T] is the volumetric flow rate of water from pore
body i to j, Gj [L>T/M] is the conductance of pore throat ij given by Appendix A1 in Supporting Information,
p [M/LT?] is the water pressure in a pore body, N; is the number of pore throats connected to pore body i,
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Figure 1. (a) Two-dimensional pore network used in this work; and (b) the distributions of pore-body size, pore-throat size, pore-throat length, and coordination number. The zoom-in
pore structure of an REV is schematically shown in Figure 1a.

and L; [L] is the pore-throat length. Next, equations (2a) and (2b) for the mass conservations of urea, nutri-
ent, oxygen, and all geochemical components (i.e., charge balance, total hydrogen, total oxygen, total car-

Table 2. Geometric Information of the Pore Network Used in This Work

Network Dimensions (x/y/z)? 112/10/0.5 mm

Number of pore bodies/pore throats 5968/14057
Minimum, maximum, and mean sizes of pore body 30/400/150 pm
Porosity® 0.37
Permeability” 1.6 X 10 "°m?

Average coordinate number 4.7 (estimated)

?One layer of pore elements in the z direction are considered. The lay-
er thickness is 0.5 mm.

PThe generated network approximates the packing sand column from
Ebigbo et al. [2012].

bon, total nitrogen, total calcium, total
sodium, and total chlorine) were solved to
obtain their concentrations in each pore
body and pore throat, respectively. These
species can be present in both water phase
and biofilm. For simplicity, we assumed the
mass equilibrium of species between water
phase and biofilm in each pore element
such that there is equal concentration in
both phases. Note that unlike the mixing-
induced bioreaction [Acharya et al., 2007],
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Table 3. Governing Equations in the Pore-Network Model [Qin and Hassanizadeh, 2015b]

Descriptions Equations
Flow field N; N; —p
32036 o o
Ji U
Species (i.e., urea, " N; N cy o
nutrient, oxygen, VO(1—ef )—7—Cm2max Q;,0) Zc min (;,0)~>_ (DyAy +DjA}) VIR (2a)
and all geochemical - J e
components) v,;?(vsg.) 7 f(c'" c'")max (O,»,‘.O)+(CUW7C,-’")min (Q,j,o)+(D;YA;.V+D,fjA,fj) ’Lij /2” +
(2b)
DWAW+DfAf ij_cl;" +V0Rm
i i Lij/z i
Floating biomass dC""’ N N, bio _ Cbio )
Vel C""’Zmax Qj,0)= Y Cf°min (Q;,0)~  DyAY L+ VORbe (3a)

j j L/2

VO l/ dt = (Cf”"—Cg.”“) max (Qllv )+ (C?io _Clbr'o) min (QI[\ )+DWAW G T /zuq +DWAW C/ z /zya +V0Rbm (3b)
Solid phase (i.e., biofilm

and calcite)
volume fractions

V=V @

nutrient and oxygen are premixed before injected into the system in MICP. Therefore, the equilibrium
assumption is probably acceptable for small biofilm content and small ureolysis rate considered in this work
[Qin and Hassanizadeh, 2015a]. And, this needs to be further confirmed by direct simulations. In equations
(2a) and (2b), the superscript m denotes the species, C is the species mass/molar concentration, ¢ is the cal-
cite volume fraction, V7 [L3] is the original volume of pore body in the absence of calcite and biofilm, Dy
and DZ- [L/T] are the species dispersion coefficients in water phase and biofilm, respectively, A,‘;.V and A}]”/ L]
are the cross-sectional areas of water phase and biofilm in the pore throat, and R is the sink/source term.
Third, equations (3a) and (3b) for the transport of suspended biomass were solved to obtain its concentra-
tions in each pore body and pore throat, respectively. & is the volume fraction of water phase defined by 1
—&—¢f (¢ is the volume fraction of biofilm). The difference from the species transport equations is that sus-
pended biomass only exists in water phase. Finally, the biofilm and calcite volume fractions in each pore
element were updated by solving equation (4). The superscript s denotes the immobile solid phases, and p
[M/L3] is the density.

2.4. Constitutive Relations

To supplement the governing equations given in section 2.3, a number of constitutive relations need to be
provided. They include biomass and biofilm evolutions, bioreactions, calcium carbonate precipitation/disso-
lution, ureolysis, and source/sink terms for geochemical components. Usually, these relationships are scale-
dependent. In the following, we present individual constitutive equations which were derived at the pore-
element scale. Also, all geometrical relationships used by the pore-network model are given by Appendix A
in Supporting Information.

2.4.1. Suspended Biomass and Biofilm

The source/sink term for suspended biomass in equations (3a) and (3b) is assumed to be given by the fol-
lowing equation:

Qj
2
Rbio — ‘ugwcbio — Kgee (1 + mf—ﬁ) S b — ko SPOCH + (kder1+kdet2,u)p e o e K; (m pore throat)
N—— ’ KpH N—_—— )
growth p attachment O(In pore body)
lecay
detachment

Several mechanisms contribute to source or sink of the suspended biomass [see Ebigbo et al., 2012]. In
equation (5), on the right-hand side, the first term denotes the growth of biomass; the second term is the
decay of biomass with the pH effect taken into account; the third term shows the first-order kinetics of bio-
mass attachment; the last term denotes the detachment of biofilm due to the water shear force [Qin and
Hassanizadeh, 2015b]. The detachment of biofilm in a pore body was neglected due to the relatively small
pore velocity. The subscripts i/ij are omitted unless it is necessary.
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In equation (5), my-+ is the molality of proton, K4 is an empirical constant, kg1 is the endogenous decay
rate constant, kq;; is the attachment coefficient, S?® is the available specific area for biomass attachment in
a pore element, kger.1 is the detachment rate constant due to the water shear force, kgers is the second
detachment rate constant due to the biofilm growth, and u is the growth rate coefficient given by double-
Monod kinetics [Cunningham and Mendoza-Sanchez, 2006]

c ce
-k —
" K,+Cn K,+Co’

u (6)

where k,, is the maximum substrate utilization rate constant, C" and C° are the mass concentrations of nutri-
ent and oxygen, respectively, and K, and K, are the half saturation constants.

The source/sink term for biofilm in equation (4) is given as

ef Qy
e Ky, (7)

max (_rprec/di557 o) (Kder. +kd5t*2‘u)pfgw

gwpf +k nsbiOCbiO _
pe(1—¢) e
growth attachment 0
decay

Rf= el p’ — (kdec,1 +Kdec 2

detachment

where pf is the biofilm density, kg, is the second decay rate constant due to the calcite precipitation [De
Muynck et al., 2010a; Ebigbo et al., 2012], p° is the calcite density, M is the molecular weight of calcite, and
Iorec/diss 15 the calcite precipitation/dissolution rate that is specified later.

2.4.2. Bioreactions for Nutrient and Oxygen

The consumptions of nutrient and oxygen in equations (2a) and (2b) are modeled by

R'=— % (pfsf-i-swa"o)7 (8a)

R°=FXR", (8b)

where Y is the yield coefficient and F denotes the mass of oxygen consumed per unit mass of nutrient.
2.4.3. Calcium Carbonate Precipitation and Dissolution

The calcium carbonate precipitation/dissolution rate was slightly revised based on the equation given
by Chou et al. [1989]. Compared to other types of minerals, like anorthite and kaolinite, the calcite pre-
cipitation is much faster. As a result, the mass transfer limitation of reactive species (e.g., carbonate ion)
may prevail in a pore element, particularly for sandy porous media whose pore spaces are relatively
large. To take into account the effects of possible mass transfer limitation and complex nucleation
mechanism on calcite precipitation rate at the pore-element scale [Noiriel et al., 2012], we simply intro-
duced a constant correction coefficient f. It is worth noting that in reality, this correction coefficient
may be very variable depending on local pore morphology. On the other hand, if ureolysis rate is much
slower than calcite precipitation rate, the selection of f value has minor effect on the predicted calcite
precipitation. This will be shown in section 4.4. Here the equation for calcite precipitation/dissolution
rate reads

cat _cor-\""
rprec/diss:ﬂ<k1 aH+ +k2aHZC03 +k3) <1 - aKa3> 567 9)
sp
where k;, ky, and k3 are the reaction rate constants, a is the species activity, K, is the solubility of product
of calcite, n, is an empirical parameter, and 5 is the available specific area for calcite precipitation in a pore
element. Therefore, the source/sink term for calcite phase is given as

RC:_rprec/dissMC7 (10)

where M¢ is the molecular weight of calcite.

2.4.4. Ureolysis and Geochemistry

The revised ureolysis kinetics by Lauchnor et al. [2015] was used in this work. It takes into account additional
mass transfer processes of reactants and products across the cell wall and regulatory processes within the
cells. It is suitable to our pore-network model. The form of ureolysis was derived by fitting the Michaelis-
Menten kinetics as [Hommel et al., 2015a]
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mu

RY=kKyreakuppef ———
ureaKub P Ku+m“’

(1)
where kyreq is the maximum activity of urease, k, is the mass ratio of urease to biofilm, m“ is the urea molal-
ity, and K, is the half saturation constant for urea.

Finally, according to biogeochemical reactions shown in Table 1, the source/sink terms for individual geo-
chemical components are given as follows:

For the total hydrogen: R"=4XRY, (12a)
For the total oxygen: RO=R"+3XIyrec diss: (12b)
For the total carbon: RS =R"+rpyec diss, (120)
For the total nitrogen: RN =2XRY, (12d)
For the total calcium: R“=rprec giss- (12e)

2.5. Numerical Implementation

Twelve species transport equations were solved in the pore-network model. They include urea (mol/L),
nutrient (g/L), oxygen (g/L), suspended biomass (g/L), charge balance (mol/L), HT (total hydrogen, mol/L),
OT (total oxygen, mol/L), CT (total carbon, mol/L), NT (total nitrogen, mol/L), CaT (total calcium, mol/L), NaT
(total sodium, mol/L), and CIT (total chlorine, mol/L). In the developed MICP model, we distinguish dissolved
oxygen molecules in the water with its consumption rate given by equation (8b) from bonded oxygen
atoms in geochemical compounds (see Table 1). The two forms of oxygen do not interact with each other;
and both mass conservation equations were solved. In the modeling, the chloride and sodium were intro-
duced into the system during the injection of calcium-rich medium (i.e., CaCl, solution). The sequential non-
iterative approach was used for the mixed kinetic-equilibrium system [Steefel et al., 2005]. The verification
and discretization scheme of a general species transport equation in our pore-network model were pre-
sented in Qin and Hassanizadeh [2015b]. To obtain all primary and secondary species concentrations at
each time step, the geochemical speciation was conducted using the open source PHREEQC module [Charl-
ton and Parkhurst, 2011].

The time step is determined by the following criterion [Qin and Hassanizadeh, 2015b]:

VOoew 2
At=min [ 2L 2L ). (13)
(\Q,-j| 4Dy

Note that we used the same diffusivity for all geochemical components in order to keep the charge balance
[Li et al., 2006]. In the employed pore network (see Figure 1b), a few pore throats have such small lengths
that the time step calculated by equation (13) was too small. Without losing numerical accuracy and to
reduce the computational effort, we increased the basis time step by 10-100 times depending on applied
operating conditions. Due to the slow biofilm growth and calcite precipitation, we updated the pressure
field only every 20 time steps. Also, the geochemistry speciation calculation was conducted every 10-50
time steps depending on the calcite precipitation rate and flow conditions.

Finally, the implemented boundary conditions for different operating conditions studied in this work are as
follows. For the flow field equation (1), at the inlet, we had three types of boundary conditions, namely,
pressure inlet, flux inlet, and no-flow conditions; at the outlet, a constant water pressure was specified. For
the species transport equations (2) and (3), at the inlet, constant concentrations were specified; at the out-
let, zero concentration gradient was imposed. Also, if the system was closed, zero concentration gradients
were specified at the inlet.

3. Description of Test Cases

With the developed pore-network model, we studied a typical three-stage process in the engineering of
MICP [Ebigbo et al., 2012; Hommel et al., 2015a], namely, injection of growth media for microorganisms,
injection of calcium-rich media, and a period of calcite precipitation (with the system closed). In column
experiments [e.g., Ebigbo et al., 2012], the process was usually repeated many times for achieving certain
amount of precipitated calcite. In this work, we focused on the first cycle. Stage 1 lasts for 15 h, followed by
stage 2 which lasts for the time of two pore volumes. Finally, stage 3 lasts for 4 h. It is noted that, in this
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1 sk work, stage 1 lasts for much longer
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Figure 2. Distributions of REV-scale biofilm volume fraction at three instants (i.e., we varied the coefficient of f to check
5,10,and 15 h) in case 1, case 2, and case 3 at stage 1. Case 1 and 3 have a flow rate
of 1.88 X 10”2 ml/min, while case 2 has a lower flow rate of 3.76 X 10> ml/min. the effect of the mass transfer limita-

tion of carbonate ions on the calcite
precipitation. Finally, we considered variants of case 1 and case 2 without complex geochemistry speciation.
Instead, the calcite precipitation rate was assumed to be stoichiometric to the ureolysis rate. The aim is to
determine under what conditions the MICP model can be simplified by dropping the calculation of geo-
chemistry. All physical parameters used in the pore-network modeling are given in Table S1 of Supporting
Information. Table S2 of Supporting Information lists the employed initial and boundary conditions for all
case studies in this work.

4, Results and Discussion

Due to the lack of quantitative data on the interaction between biofilm growth and calcite precipitation in a
pore element, in this work, we only modeled the first cycle of a three-stage injection strategy. As a result, in
our case studies, the total amounts of biofilm and calcite in the system were relatively low. In this section,
we present the results of biofilm and calcite distributions at the three stages. Focus is given to the discus-
sion of scale dependences of biofilm growth rate, ureolysis rate, and calcite precipitation rate. In addition,
we investigate whether the geochemistry speciation can be neglected when the calcite precipitation rate is
limited by the concentration of carbonate ions.

4.1. Biofilm and Calcite Evolutions

The period of cell inoculation was not modeled [Sham et al., 2013]. Instead, in each case, an initial distribu-
tion of biofilm volume fraction was assumed to exist. In case 1 and case 2, the biofilm volume fraction was
set to 0.01 initially in all pore bodies and pore throats. In case 3, randomly one third of pore elements had
the initial volume fraction of 0.01; and the remaining pores were empty. This patchy distribution may be
used to mimic natural formation of biofilm in the subsurface. To obtain a REV-scale quantity distribution
along the flow direction, the average domain (i.e., the REV) was smoothly moved from the inlet to the out-
let. Meanwhile, the REV-scale biofilm volume fraction was defined as & =3, V0 /3" 5r, V0. With the inlet
boundary conditions of stage 1 given in Table S2 of Supporting Information, Figure 2 shows the distribu-
tions of REV-scale biofilm volume fraction at t =5, 10, and 15 h in case 1, case 2, and case 3. It is seen that
the distributions in case 1 and case 3 were uniform through the whole stage, which was due to the
employed high flow rate. In case 2, the flow rate was reduced by 5 times as given in Table S2 of Supporting
Information. Much less oxygen was delivered into the domain. At high biofilm volume fractions, most oxy-
gen was consumed in the inlet region. Therefore, at the end of stage 1, the biofilm volume fraction
decreased dramatically along the flow direction.

Biofilm evolution is a complex process which is determined by several mechanisms (see equation (7)). Dif-
ferent operating conditions may result in totally different pore-scale biofilm distributions, which correspond
to different permeability-porosity relations at the macro scale. Figure 3 shows the distributions of pore-scale
biofilm volume fraction at the end of stage 1 in the domain 0.4 dm < x < 0.6 dm for the three cases. Larger
biofilm volume fraction was seen in a pore throat in comparison to the surrounding pore bodies. This is
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Figure 3. Distributions of pore-scale biofilm volume fraction (bvf) at the end of stage 1 in the domain of 0.4 dm < x < 0.6 dm in case 1, case 2, and case 3. For better visualization, the dis-
tribution for each case has its own color map range.

because the larger specific area of the pore throat resulted in more specific biomass attachment. Meanwhile,
under the operating conditions used in this work, the biomass attachment rate was much larger than the
detachment rate in a pore throat. In case 2, along the flow direction, a strong decrease of biofilm volume frac-
tion was seen due to the limitation of oxygen availability. In case 3, the biofilm kept the patchy distribution.
This is because biofilm growth needs initially attached biomass. Biofilm serves as the primary catalyst of
hydrolysis of urea. It may determine the calcite precipitation locations and distributions. Therefore, predicting
the distribution of biofilm is important in the modeling of MICP. The current challenges lie in the detachment
mechanism of biofilm, and the subsequent transport of the detached biofilm [Kim and Fogler, 2000; Horn
et al.,, 2003]. In our model, the biofilm detachment was simplified by a first-order kinetic model.

Figure 4a shows the distributions of REV-scale biofilm and calcite volume fractions in case 1, case 2, and
case 3 at the end of stage 2. It was found that at the REV scale the shape of calcite distribution curve almost
followed that of the biofilm distribution (note that the scale of calcite volume fraction in Figure 4a is one-
order magnitude smaller than that of biofilm volume fraction). Similar results were also given by the
continuum-scale MICP modeling [Hommel et al., 2015b]. Figure 4b shows the distributions of REV-scale urea
concentration in all three cases at the end of stage 2. The REV-scale concentration of a species in the water
and biofilm was defined as C=Y p, VO(1—£)C/> e VO(1—¢°). The urea concentration and calcite distri-
butions in case 2 indicated that the calcite precipitation was limited by the ureolysis rate in the presence of
plenty of calcium ions. Under the condition of continuous injection of urea and calcium-rich medium, the
biofilm distribution determined the distribution of calcite precipitation. Note that the time of two pore vol-
umes of case 2 (i.e., 1.85 h) is much longer than that of the other two cases (i.e.,, 0.37 h). Therefore, we
observed much more calcite precipitation throughout the domain in case 2.

To further study the effect of flow rate on calcite precipitation, we run three cases for the same time of
1.85 h at stage 2. Figure 4c shows the distributions of REV-scale calcite volume fraction in case 1, case 2,
and case 3. In comparison, case 1 and case 3 gave more uniform distributions of calcite volume fraction,
except there were much less calcite in the inlet region in either case. This is because of the low-pH medium
injection (pH of 5.4). Case 2 gave a much lower amount of calcite precipitation. In addition, the distribution
followed the biofilm distribution as mentioned in Figure 4a.

At stage 3, the system was closed for 4 h. Figure 4d shows the distributions of REV-scale biofilm volume
fraction in all three cases at the end of stage 2 and stage 3. No obvious changes of biofilm distribution were
found. This is because the endogenous decay and the decay due to calcite precipitation almost counter-
acted the growth of biofilm at stage 3. Figure 4e shows the distributions of REV-scale calcite volume fraction
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Figure 4. (a) Distributions of REV-scale biofilm (bvf) and calcite (mvf) volume fractions at the end of stage 2; (b) distributions of REV-scale urea molar concentration at the end of stage 2;
(c) distributions of REV-scale calcite volume fraction after running all cases for 1.85 h at stage 2; (d) distributions of REV-scale biofilm volume fraction at the end of stage 2 and stage 3;
(e) distributions of REV-scale calcite volume fraction at the end of stage 2 and stage 3.

at the end of stage 2 and stage 3. Because the calcite reaction rate was much larger than the diffusive rate
of carbonate ions, the amount of precipitated calcite over stage 3 in each case was determined by the distri-
bution of urea concentration at the end of stage 2. Therefore, the calcite distributions in case 1 and case 3
were still uniform along the flow direction at the end of stage 3. But, in case 2, the amount of precipitated
calcite at stage 3 decreased along the flow direction, which was in accordance with the distribution of urea
concentration at the end of stage 2 shown in Figure 4b.

4.2. Upscaling of Reaction Rates

To investigate the scaling effect on biogeochemical reaction rates, we defined the averaged reaction rate
and the upscaled reaction rate (usually used in a continuum-scale model). First, the averaged biofilm growth
rate (i.e., double-Monod kinetics of equation (6)) was calculated with the obtained pore-scale results as
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Figure 5. (a) Distributions of the averaged and upscaled biofilm growth rates along the flow direction at the end of stage 1; (b) distributions of the averaged and upscaled urea con-
sumption rates along the flow direction at the end of stage 2; (c) distributions of the averaged and upscaled calcite precipitation rates along the flow direction at the end of stage 2; (d)
distributions of the averaged and upscaled calcite precipitation rates along the flow direction in the middle of stage 3.
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where the summation is over all pore elements in the REV; here the pore-element indices i and ij are omit-
ted. Also, R{*¢ is called the “true” REV-scale reaction rate [Li et al., 2006]. We assumed that the microscale
form of reaction kinetics was kept at the REV scale but in terms of averaged concentrations. Then, the
upscaled biofilm growth rate was given as
~n ~0

RP =k, pf ﬁﬁ (15)
where C and & are the averaged (i.e,, REV scale) concentration and averaged biofilm volume fraction. The
difference between the two reaction rates shows the scaling effect. It is worth noting that in convention an
upscaled quantity like R;”* should be experimentally measurable. Figure 5a shows the distributions of the
averaged and upscaled biofilm growth rates along the flow direction at the end of stage 1. In case 1 and
case 3, much larger concentrations of substrate and oxygen, compared to their half saturation constants,
prevailed along the flow domain. For instance, in case 1, at the outlet the oxygen concentration was 1.7 X
1072 g/L which was much larger than its half saturation constant of 2.0 X 10> g/L. Therefore, the biofilm
growth rate at either the pore scale or the REV scale reduced to the zeroth order. This explains why there
was no scaling effect for case 1 and case 3. In case 2, the biofilm growth rate varied from the zeroth order
to the first order. There was strong scaling effect in the transitional zone (around x = 0.35 dm). The upscaled
biofilm growth rate was overestimated. But, away from the transitional zone, the scaling effect was
negligible.
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Figure 5b shows the distributions of the averaged and upscaled urea consumption rates along the flow
direction at the end of stage 2. The definition of the averaged and upscaled urea consumption rates is simi-
lar to that of the biofilm growth rates. Reexamining the form of the ureolysis kinetics (equation (11)) and
the distributions of the urea molar concentration in Figure 4b, it is seen that the kinetics in all three cases
could be approximated as the zeroth-order reaction. There was no transitional zone between the zeroth-
order and first-order reactions. This explains why the scaling effect on the urea consumption rate was
negligible.

The study of the scaling effect of calcite precipitation is somewhat complex. Again, we note that the upscal-
ing here denotes the scaling from the pore-element scale to the REV scale. The scaling effect inside a pore
element due to the mass transfer limitation (i.e.,, molecular diffusion) and complex nucleation mechanism
[Noiriel et al., 2012] was simply accounted for by the correction coefficient, f5. First, the “true” calcite precipi-
tation rate was calculated as

ca cor-\ "
. a a
> />’<k1a"’ +k2aHZC°3+k3> (1——3 ) 5
ave _ REV KSP

rprec/diss - Vo (16)

REV

In the calculation of the upscaled precipitation rate, we first obtained the averaged geochemical compo-
nent concentrations; then, the PHREEQC module was called to compute the averaged activities of proton,
carbonate acid, calcium, and carbonate. This procedure is in accordance with laboratory measurements.
The final form of the upscaled precipitation rate was given as

ups + gt geos npfc
T O el B (17)
sp

where S¢ is the REV-scale specific area for calcite precipitation. Also, the correction coefficient f was
assumed to be unchanged. Figure 5c shows the distributions of the averaged and upscaled calcite precipi-
tation rates along the flow direction at the end of stage 2. Figure 5d shows the distributions of the averaged
and upscaled calcite precipitation rates along the flow direction in the middle of stage 3. It is seen that
there was no scaling effect in either the advection-dominant operation (stage 2) or the diffusion-dominant
operation (stage 3). This is probably due to the fact that the injected calcium-rich medium had a very high
concentration of calcium. As a result, the calcite precipitation was totally dominated by the ureolysis rate as
discussed in Figure 4a. This explanation will be further confirmed in section 4.3. In Figure 5d, we can see
that the calcite precipitation rate was smaller near the inlet in case 2. This is because the biofilm volume
was larger there such that the calcium and carbonate ions were consumed faster; and the precipitation rate
was much faster than the diffusion rate of carbonate ions. In the following, we further discuss why the het-
erogeneous distribution of biofilm had no scaling effect on the calcite precipitation in case 3. Figure 6
shows the pore-scale distributions of biofilm volume fraction, calcite volume fraction, pH value, and calcium
concentration in the domain of 0.4 dm <x < 0.6 dm in case 3, in the middle of stage 3. It is seen that the
calcite precipitation always followed the biofilm distribution at the pore scale. As a result, the pH values
were relatively high around the biofilm due to the ammonium formation. Meanwhile, the calcium concen-
trations were a little bit low due to the consumption. But, by examining the three precipitation rate coeffi-
cients in equation (9), it was found that in MICP, due to alkaline conditions, the calcite precipitation rate was
dominated by the third constant coefficient, k3. This means the precipitation rate is insensitive to the het-
erogeneity of pH field. Therefore, it explains why the heterogeneous distribution of biofilm had no scaling
effect on the calcite precipitation. In comparison, in upscaling anorthite and kaolinite reaction rates relevant
to geological CO, sequestration, there was very strong scaling effect with a heterogeneous distribution of
reactive minerals [Li et al., 2006; Kim et al., 2011]. This is because those precipitation and dissolution rates
were strongly dependent on the local pH values (acidic condition).

4.3. Simplification of the Geochemistry Calculation

In the MICP modeling, geochemistry calculations account for a large amount of computational efforts. If
only calcite distribution is of interest, we may considerably simplify geochemical reactions. Also, from the
previous analysis in this work, we found that the calcite precipitation rate was limited by the slow ureolysis
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Figure 6. Pore-scale distributions of biofilm volume fraction (bvf), calcite volume fraction (mvf), pH value, and calcium concentration in the domain of 0.4 dm < x < 0.6 dm in case 3, in

the middle of stage 3.

rate in the presence of rich calcium, which was the operating condition used in many other studies [Sham
et al, 2013; Martinez et al., 2014; Hommel et al.,, 2015a, 2015b]. Then, the calcite precipitation rate may be
approximated by

u

Fprec/diss = —R'= _kureakubpfgf (18)

m
K,+mu’
This way, the PHREEQC module was not used in the modeling. The transport of geochemical components
was not modeled. This reduced the computational effort considerably. Figures 7a and 7b show the distribu-
tions of REV-scale calcite volume fraction in case 1 and case 2, at the end of stage 2 and at the end of stage
3, respectively. It is seen that the results of modeling without the geochemistry calculation were adequately
accurate. Only small discrepancies were observed at the inlet region. This is because of the neglected low
pH effect on the calcite precipitation at the inlet and the embedded mass equilibrium assumption of car-
bonate ions in the simplified model. After stage 3, the difference was negligible.

4.4. Local Mass Transfer Limitation

Due to the fast precipitation rate of calcite in a pore element, there may be strong mass transfer limitation
of carbonate ions from biofilm to precipitation sites. But, if precipitation happens locally inside biofilm, the
mass transfer limitation would be weak. Also, it depends on the pore size and biofilm distribution in a pore
element. A mass transfer limitation of carbonate ions would induce local pH value variation. But, as men-
tioned above, the calcite precipitation is insensitive to the pH value under alkaline conditions. On the other
hand, it is worth noting that a possible mass transfer limitation of carbonate ions had minor impact on the
transport model of total carbon element in the pore-network model. This is because the species HCO;
accounts for the majority of carbon element.

Here we assumed three values (0.01, 0.1, and 1.0) of the correction coefficient f§ to investigate the effect of
mass transfer limitation on the calcite precipitation. Figure 8a shows the distributions of REV-scale calcite
volume fraction in case 1 at the end of stage 2 for three different correction coefficients. Only small differ-
ences in the calcite distribution between f=1.0 and 0.1 were found. This indicated that the calcite precipita-
tion was still limited by the ureolysis rate. When the correction coefficient was further reduced to 0.01 (i.e,,
strong mass transfer limitation), the mass transfer rate of carbonate ions started to play a role in determin-
ing the precipitated amount of calcite. As a result, much less calcite precipitation was calculated. At stage 3,
the system was closed. Obviously, over the whole stage, the precipitated calcite was determined only by
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the local urea concentration. Therefore, the mass transfer limitation had a negligible effect on calcite precip-
itation as shown in Figure 8b, which shows the temporal evolutions of the total calcite volume in case 1.

5. Conclusions and Outlook

In this research, we developed a pore-scale network model of MICP. Key parameters of biogeochemical
reactions were obtained from the literature with experimental verifications. A typical three-stage (i.e., bio-
film growth, injection of calcium-rich medium, and calcite precipitation) process was modeled to under-
stand the pore-scale processes of MICP and the scale dependence of biogeochemical reaction rates. This
can help us develop reliable and efficient field-scale models of MICP. Based on our study of three test cases
by the pore-network modeling, we have drawn the following main conclusions.

In the stage of biofilm growth, more biofilm was observed in a pore throat compared to the surrounding
pore bodies. This is because of the larger specific area of the pore throat resulting in more specific biomass
attachment. Reducing the flow rate would cause the limitation of oxygen availability resulting in nonuni-
form distribution of biofilm along the flow direction. Then, in stage 2, i.e., injection of calcium-rich medium
(similar to a continuous injection strategy in Hommel et al. [2015b]), the calcite precipitation was dependent
on the biofilm distribution obtained from stage 1. This is because the calcite precipitation was limited by
the ureolysis rate. Finally, in stage 3, the system was closed. The distribution of precipitated calcite was
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Figure 8. Under different mass transfer limitation conditions (=0.01, 0.1, and 1.0), (a) distributions of REV-scale calcite volume fraction in case 1 at the end of stage 2; and (b) temporal
evolutions of the total calcite volume in case 1.
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determined by the distribution of urea concentration at the end of stage 2. This indicated that in a pulsed
injection strategy, the distribution of precipitated calcite was not sensitive to the biofilm distribution. This
would considerably simplify the development of MICP model. However, in a continuous injection strategy,
the calcite distribution was determined by the biofilm distribution, which may cause severe clogging
around an injection well.

In the study of scaling effect on biogeochemical reaction rates, it was found that under the operating condi-
tions used in this work, there were negligible scaling effects on urea consumption rate, biofilm growth rate,
and calcite precipitation rate. The only exception was that strong deviation between the averaged and
upscaled biofilm growth rates was seen, when the biofilm growth rate varied from the zeroth order to first
order in the averaged domain. However, notice that the transitional zone is very thin such that this scaling
effect can be also neglected at the continuum scale. As a whole, no scaling effect may allow us to directly
use the biogeochemical reaction rates measured from the lab.

Given the fact that the calcite precipitation rate was limited by the ureolysis rate in the presence of rich cal-
cium ions, the calcite precipitation rate could be assumed to be stoichiometric to the ureolysis rate. This
considerably reduced the computational effort. It was found that without severe mass transfer limitation of
carbonate ions, similar modeling results of the calcite distribution were obtained without calculating the
geochemical speciation.

Due to the local complexity of pore structure, biofilm and calcite distributions, there may be the mass trans-
fer limitation of carbonate ions. We found that in stage 2 (similar to a continuous injection strategy), moder-
ate mass transfer limitation had minor influence on the calcite precipitation. But, under severe limitation,
much less calcite precipitation was predicted. In stage 3, the calcite precipitation was dominated by the
local ureolysis rate. Therefore, the mass transfer limitation had negligible effect on the calcite distribution.

In future studies, the developed pore-network MICP model will be used to obtain the relationship between
reduced porosity and permeability for the porous medium of interest. As mentioned in the beginning, this
material property serves as an important input to a continuum-scale MICP model, and determines the per-
formance of the MICP engineering. To this end, first, pore elements with complex geometries for represent-
ing a realistic porous medium need to be incorporated in the present pore-network model; second, direct
simulations and micromodel experiments of the MICP need to be conducted for understanding the interac-
tion between biofilm and calcite precipitation. This information will be also included in the pore-network
model for predicting the relationship between reduced porosity and permeability.
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