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Abstract

Microorganisms in natural porous media can form biofilms that alter the pore structure and
medium permeability. This affects fluid flow and solute transport, with bioclogging shaping
the efficiency of, for example, bioremediation and hydrocarbon recovery. Here, we inves-
tigate the effect of biofilm growth on fluid flow across a wide range of flow and reaction
conditions using pore-scale numerical simulations in idealized porous media. The simula-
tion results show preferential biofilm growth and pore closure near the source of a growth-
limiting substrate. This spatially heterogeneous biofilm growth at the pore scale affects the
evolution of porosity and permeability. When approaching pore closure, permeability can
change significantly without large changes in porosity, differentiating this setting from the
empirical porosity—permeability relationships such as the Kozeny—Carman (KC) equation
commonly used at the bulk scale. We find for impermeable biofilms that spatially non-
uniform biofilm growths depend strongly on Péclet (Pe) and diffusive Damkohler numbers
(Da) governing heterogeneous substrate distribution. We also demonstrate that Pe and Da
can describe the evolution of porosity and permeability of porous media with various pore
geometries, including pore throat size and tortuosity. Finally, the simulations with porous
and permeable biofilms reveal significantly different evolution of porosity and permeability
compared to non-porous and impermeable biofilms, highlighting the importance of micro-
scale biofilm characteristics for macro-scale hydrological properties of porous media.
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Abbreviations

f Distribution function of water

g Distribution function of substrate concentrations
r Position vector

At Time step

Q Collision operator

c Lattice velocity

Macroscopic velocity
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g Speed of sound

p Macroscopic density

0] Lattice weights

7y Relaxation time for the distribution function f

T, Relaxation time for the distribution function g

Vg Kinematic viscosity of water

Vpr Kinematic viscosity of water in the biofilm

L, Domain length in x-direction

L, Domain length in y-direction

AP Pressure differences

D Diffusivity

X Viscosity ratio for biofilm permeability

¢ Porosity

b0 Initial porosity

¢, Critical porosity

¢gp,  Biofilm porosity

¢4a  Threshold porosity

b Porosity at the maximum reaction rate

K Permeability

U Average flow velocity

[ Characteristic length

L Pore throat size

Vr Total volume

Vp Pore volume

Vir Biofilm volume

k Rate constant

B Biomass density

Ky Half-saturation constant

C Substrate concentration

Rg Biomass growth rate

Rc Solute consumption rate

B,.. ~ Maximum biomass density

Ma Mach number

Pe Péclet number

Da Diffusive Damkohler number

AP Free parameters for the Kozeny—Carman equation

F Scaling factor for initial porosities

Simulations

BF Non-porous impermeable biofilm

PB Non-porous permeable biofilm

BP Porous permeable biofilm

GM  Non-porous impermeable biofilm with varying geometries
NBF"  Non-porous impermeable biofilm with uniform thicknesses
HPB™  Non-porous highly permeable biofilm with uniform thicknesses
LPB"  Non-porous less permeable biofilm with uniform thicknesses
NBP*  Porous impermeable biofilm with uniform thicknesses
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HBP® Highly porous and highly permeable biofilm with uniform thicknesses
LBP" Less porous and less permeable biofilm with uniform thicknesses

1 Introduction

Microorganisms often form biofilms in natural porous media and drive biogeochemical
processes of many elements (Stoodley et al. 2002). Such formation of biofilms is critical
in many engineering applications such as wastewater treatment (Miranda et al. 2017), bio-
catalysis for chemical syntheses (Halan et al. 2012), and enhanced oil recovery (Han et al.
2014; Hosseininoosheri et al. 2016). With sufficient supply of nutrients, biofilm growth
can lead to pore clogging that causes significant changes in flow and solute or colloidal
transport (Abdel Aal et al. 2010; Baveye et al. 1998; Cunningham et al. 1991). Bioclogging
can result in damage to mechanical systems and severe loss of efficiency in bioremediation
(Ellis et al. 2000; Lendvay et al. 2003), but it can also be utilized in well-curated engi-
neering strategies. For example, selective bioclogging of preferential flow paths has been
used to recover residual petroleum in low permeability regions in enhanced oil recovery
(Lazar et al. 2007), and biofilms degrading contaminants can also restrict the subsurface
contamination plume from spreading (Kao et al. 2001; Komlos et al. 2004). Therefore, it is
essential to properly estimate the impact of biofilms on flow and transport characteristics of
porous media.

Microbial growth in porous media is affected by hydrological features, such as pore
geometry and interstitial flow velocity, requiring pore-scale investigation for precise evalu-
ation of bioclogging (Carrel et al. 2018; HeBe et al. 2009; Stolpovsky et al. 2012). How-
ever, the scales of common engineering practices span meters to kilometers. For practi-
cal applications, therefore, it is necessary to represent pore-scale processes with a small
number of macroscopic parameters (Battiato et al. 2009; Quintard and Whitaker 1994;
Wood 2009). Two essential hydrologic parameters altered by biofilm growth are porosity
and permeability, which have been related to each other through empirical models, includ-
ing the Kozeny—Carman equation and power law relations (Hommel et al. 2018; Luquot
and Gouze 2009; Xie et al. 2015). These models account for the morphological complex-
ity of natural porous media using measurable parameters, such as tortuosity, grain shapes,
and specific surface area (Schulz et al. 2019). However, these approximations can deviate
substantially from actual permeabilities in heterogeneous porous media (Mostaghimi et al.
2013; Vandevivere 1995). Furthermore, these semi-empirical porosity—permeability mod-
els commonly do not account for the feedback of reactions on the flow and transport char-
acteristics of porous media (Kang et al. 2003).

Numerical studies have revealed that different porosity and permeability relationships
arise as a result of mineral dissolution and precipitation reactions under different flow
velocity (Péclet Number, Pe) and reaction rate (diffusive Damkohler number, Da) condi-
tions (Golfier et al. 2002; Kang et al. 2003; Soulaine et al. 2017). The evolution of poros-
ity and permeability induced by biofilm growth is expected to be even more pronounced
because exponentially increasing biomass might accelerate microbially mediated reactions
over time, while mineral reactions are limited to gradually evolving water—rock interfaces
(Ezeuko et al. 2011; Peszynska et al. 2016; Pintelon et al. 2009). However, unlike for min-
eral reactions, the porosity and permeability evolution induced by biofilm growth under
various Pe and Da conditions remains largely unexplored.
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Another important feature shaping bioclogging is the porosity and permeability of the
biofilm itself. Many pore-scale biofilm models have assumed that biofilms are non-porous
and impermeable while mass exchange occurs only through diffusion (e.g., Hel3e et al.
2009; Jung and Meile 2019; Tang et al. 2013). However, biofilms often exhibit high porosi-
ties (Cunningham et al. 1991; Zhang and Bishop 1994) and can contain micro-channels
that facilitate solute transport through biofilms (Rooney et al. 2020; Wilking et al. 2013).
This can enhance nutrient delivery to microbes in biofilms and determine biofilm growth
dynamics and evolution of system porosity and permeability (Pintelon et al. 2012; Thullner
and Baveye 2008).

In this study, we investigate the evolution of porosity and permeability using a pore-
scale reactive transport modeling approach to provide systematic and comprehensive
analysis on the effect of various pore-scale features on evolving porous media induced by
biofilm growth. To investigate the effect of Pe and Da on the evolution of porosity and
permeability, a series of simulations across an environmentally relevant range of Pe and
Da were carried out where non-porous impermeable biofilms grow in an idealized porous
medium. Here, the widely used Kozeny—Carman (KC) equation (e.g.,. Xie et al. 2015) was
chosen as the reference frame to discuss the porosity—permeability evolution observed in
our pore-scale simulation results. We also explore the effect of variations in pore geom-
etries, including pore throat size and tortuosity. Finally, we relax the impermeable biofilm
assumption and investigate the effect of biofilm porosity and permeability on the evolution
of porous media.

2 Methods

A two-dimensional pore-scale reactive transport model was developed using the open
source Lattice Boltzmann (LB) code palabos (Latt et al. 2021), leveraging the LB model
implementations presented in Jung and Meile (2019; 2020). Fluid flow was simulated by
solving the discretized Boltzmann equation:

fi(r +cAt e+ Ar) = fi(r, 1) + Q5% (x, 1) (1)

where f(r,t) is the ith discrete set of particles streamed from a position r to a new position
r+c;At after a time step Ar with lattice velocities ¢, using a D2Q09 lattice. The collision
operator (BGK; Bhatnagar et al. 1954) is given by

2
QFK(r, 1) = A{ lw,-p +wmo(u + we) _u u> _ﬁ(r’[)] )

c? 2ct 2c2
s N N

where w; are the lattice weights for a D2Q9 lattice, 7 is the relaxation time, p is the macro-
scopic density (p=2X f;), p, is the rest state constant, u is the macroscopic velocity calcu-
lated from the momentum (pu=ZX ¢, f;), and c, is a lattice-dependent constant.

Solute and biomass transport were simulated with a distribution function, g

gi(r+cAnt+ Ar) = gi(r, 1) + QK0 + QV(r, 1) 3)

with a BGK operator (QK; Eq. 2) and a reaction term (Q"; Eq. 4). The D2Q5 lattice
was chosen for numerical efficiency (Kriiger et al. 2017), where w, are the lattice weights
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for a D2Q5 lattice with lattice velocities ¢;. The solute consumption reaction rate (R.) was
represented by Michaelis—Menten kinetics so that:

C
QPNr, 1) = Ato.R. = —Atco,kB(KM " C> 4)

where k is the rate constant, B is biomass density, K, is the half-saturation constant set to
0.16 mM (estimated for acetate; MacQuarrie and Sudicky 2001), and C is the solute con-
centration. The Chapman—Enskog analysis of Egs. 1 and 3 yields the Navier—Stokes and
advection—diffusion-reaction equations with a kinematic viscosity v, = cf(rf - %) and

At

diffusivity D = cf(rg - 7) ith the relaxation time for flow solver (z) and transport

solver (z,) , respectively.

Biofilm growth was simulated using a cellular automaton approach (Picioreanu
et al. 1998; Tang et al. 2013). The rate of biomass growth (Rp) was calculated for each
grid cell, assuming a net growth efficiency of 0.1 (Rz;=0.1R.) while ignoring sinks
of microbial biomass (e.g., detachment, which would potentially spread cells and bio-
film growth downstream; or cell death, counteracting rapid growth). After updating the
biomass density of every grid cells, any biomass that exceeded the maximum biomass
density (B> B,,,., where B, is the maximum biomass density allowed for a grid cell)
was redistributed as follows: First, pore and biomass grid cells adjacent to the cell with
excess biomass were identified and one cell among them was randomly selected. All the
excess biomass was moved to the selected grid cell if the biomass of the selected cell
did not exceed B,,,, after redistribution. If the selected cell was not able to hold all the
excess biomass, the remaining excess biomass was placed to another randomly selected
grid cell. If all the neighboring cells had biomass densities larger than or equal to B, .,
the distances of the neighboring cells from the solid interface were evaluated and the
excess biomass was placed in a grid cell that was further away or had the equal dis-
tance from the solid among the neighboring grid cells. This biomass redistribution was
repeated until all the excess biomass was redistributed (Benioug et al. 2017). A theoreti-
cal upper limit of excess biomass travel distance for impermeable biofilm simulations
corresponds to the width of a pore throat, approximately 25 grid cells, as the simulations
were terminated at the point of complete pore closure. Pore cells were designated as
biomass cells, in which solute transport occurred only through diffusive transport, once
the biomass reached a threshold density (B >0.5B,,,,; Benioug et al. 2017; Huber et al.
2014). Biomass density and substrate transport were updated every time step, while the
flow field was updated every 10 time steps. This decoupling significantly reduced com-
puting time and has been employed in investigating biofilm-induced evolution of pore
geometry (Thullner and Baveye 2008).

Numerical simulations were carried out in 2D domains with simplified pore geom-
etries consisting of circular solids (Fig. 1 and Table 1). The domain was discretized
into 1100 % 100 elements including two reservoirs of 50X 100 at the left and right side
of the domain for numerical stability (Fig. 1). Biofilms were distributed with an initial
density of 0.1B,,,, at each pore grid cell along the solid—fluid boundary grid cells, and
a growth-limiting nutrient was injected at the left domain boundary. This highly sim-
plified and idealized pore geometry helps clarify the governing processes and hence,
has been used to, for example, validate theoretical upscaling schemes (Davarzani et al.
2010), and study the evolution of the porosity—permeability relationship during calcite
dissolution reactions (Soulaine et al. 2017).
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pore space

pore throat (¢) SOlld gram

biomass X

Fig.1 Schematic illustration of a porous medium used for numerical simulations. It consists of 10 circular
solid grains (white). Biomass (red) was initially distributed along the surface of solid grains. The dashed
green line indicates the volume for which porosity and permeability are calculated (V)

Table 1 Simulation conditions used for dynamic biofilm growth, including impermeable biofilms (BFs;
X=v/u,;=0), permeable non-porous biofilms (PBs; X>0), impermeable and permeable porous biofilms
(BPs; ¢pgp>0), and varying geometries (GMs) of impermeable biofilms

Case name X gsp Pe Da Geometry
BF1 - BF100 0 0 0.17 - 1.70 0.18 - 1.81

PB1 0.33

PB2 0.03 0.85 0.18

PB3 0.33

PB4 003 | © 017 0.90 4o=0.6564, 1, = 0.17L,

PB5 0.33

PB6 0.03 0.85 0.90

BP1 0.33 0.9 0.09

BP2 0.03 0.63 0.33

BP3 0 0.56 085 0.40

BP4 0 0.56 0.90

¢o=0.6564, 1, =0.17L,
GM1 ——> GM1 GM2 «—

GM2

¢o=0.7812, , =0.24L,

4= 0.4860, s = 0.1L,

GM4 0.50 0.31

o= 0.6568, [y = 0.247L,

GMS — > GM5 GM6 «———

1.24 1.91
GM6

Where the grain arrangement at the left and right boundaries differs (GM1&2 and GM5&GM6), arrows
indicate flow directions. The index for case BF represents [(Pe entry —1)X 10+ Da entry] in the sets of
Pe€{0.17, 0.34, 0.51, 0.68, 0.85, 1.02, 1.19, 1.36, 1.53, 1.70} and Da € {0.18, 0.36, 0.54, 0.72, 0.90, 1.08,
1.26, 1.45, 1.63, 1.81}

Fluid flow in the porous medium was induced by imposing a fixed pressure gradi-
ent (AP/L) between inlet and outlet boundaries, and no-slip boundaries were imposed
at the top and bottom of the domain. The Mach number was kept low (Ma=u/c, < 1)
to ensure incompressible flow conditions. No-slip boundary conditions were imposed
for the flow solver (Eq. 1) at the biomass/fluid interfaces and solid/fluid interfaces for
impermeable and permeable biofilms, respectively, using the bounce-back algorithm
(Ginzbourg and Adler 1994). Fluid flows in permeable biofilm grid cells were approxi-
mated by increasing the kinematic viscosity in the biofilm (vy) with v ;=vy/X, where
X are 0.333 and 0.033 for high and low biofilm permeabilities, respectively, adopting
values used by Pintelon et al. (2012). For solute transport, the initial substrate concen-
tration was set to 1 mM, which was also set at the inlet boundary at the left of the
domain (Fig. 1). A no-gradient boundary condition was applied at the outlet, and no-slip
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boundaries were imposed at the top and bottom boundaries. Inside the domain, a no-
slip boundary condition was applied at the solid/fluid interfaces, allowing for diffusive
substrate transport through biomass grid cells with a reduced diffusivity of 0.8D (Tang
et al. 2013). The simulations for impermeable and permeable biofilm were terminated
at the point of percolation limit (Sects. 3.1-3.2) and at an arbitrary time point after
the pore throat nearest to the inlet is completely filled with biomass (Sects. 3.3-3.4),
respectively.

The porosity—permeability relationship in different flow and reaction conditions was
explored through 100 simulations with impermeable biofilms (BF1-BF100), covering a
range of Péclet (Pe=0.17-1.70) and diffusive Damkohler numbers (Da=0.18-1.81; see
Table 1) defined as:

Pe= 7 )
kB, [*
D= KD ©
M

where U is the average flow velocity at =0, and [ is the characteristic length scale set
to the pore throat size (I, 4; see column “Geometry” in Table 1). When modifying Da, k
was changed while fixing B, to maintain the same biofilm expansion characteristics. The
minimum Da value of 0.18 was determined with k=100 day~! (MacQuarrie and Sudichky
2001), B,,,,=900 mol m~ (Rittmann and McCarty 2001), and /,=170 pm. Note that Pe
and Da are computed for the initial flow and reaction conditions. For six permeable biofilm
simulations (PB1-PB6), three different combinations of Pe and Da were chosen for each
of the viscosity ratios X of 0.33 and 0.03. For porous biofilms (BP1-BP4), three biofilm
porosities ¢gp,=0.56, 0.63, and 0.9 were assigned to biofilm grid cells (covering the range
reported in Zhang and Bishop 1994), with viscosity ratios X=0, 0.03 and 0.33, respec-
tively. B,,,,, was adjusted to reflect the biofilm porosity, i.e., B, gps = (1=@ppy) X B, Bras»
while assuming no contribution of biofilm porosity to total porosity (¢=V,, /V;; where
V,=pore volume, Vy=total volume). For BP1-3, the same Pe and kP’IKyD (=DalB,,,)
conditions as BF45 were used. For BP4, k was increased to match Da of BF45 because
the adjustment of B,,,. alters Da (Table 1). The effects of pore scale geometric factors,
including tortuosity and pore throat size (/), on permeability were investigated by system-
atically varying pore geometries (GM1-GM®6, Table 1) while maintaining U/D (= Pe/l) and
kB, /K, D (= Dall?) of the reference case, BF45 (Pe=0.85 and Da=0.90; Table 1).

In addition to a total of 116 dynamic biofilm growth simulations, 50 flow simulations
were carried out to construct the porosity—permeability relationships in the presence
of uniformly distributed biofilms of constant thickness (Table 2; 16 impermeable bio-
films (NBFs"), 17 non-porous permeable biofilms for each X=0.333 (HPBs") and 0.033
(LPBs”)). An additional 50 porous uniform biofilm cases (NBPs*, LBPs*, HBPs") were
estimated by calculating macroscopic porosities with the assigned biofilm porosity ¢pp of
0.56, 0.63, and 0.9 while using the same permeabilities from the non-porous permeable
biofilm simulations (NPBS*, LPBs", HPBS*).

Macroscopic porosity (¢) and permeability (k=-vpUL/AP; where k=permeabil-
ity, U ,=the average x-directional flow velocity, AP=pressure difference) of dynamic
simulations were calculated periodically. The simulation results were compared to the
Kozeny—Carman equation (Schulz et al. 2019) as a general frame of reference for our pore-
scale simulation results:
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Table 2 Static biofilm simulations with pre-defined uniform biofilm thicknesses for non-porous imperme-
able biofilms (NBFs"), non-porous highly permeable biofilms (HPBs"), non-porous less permeable bio-
films (LPBs"), porous impermeable biofilms (NBPs"), highly porous permeable biofilms (HBPs"), and less
porous permeable biofilms (LBPs")

Case name bpps X Geometry
NBF1°-NBF16" 0 0 )= 0.6564, [,=0.17L,
HPB1"-HPB17" 0 0.33
LPB1"-LPB17" 0 0.03
NBP1°-NBP16" 0.56 0 mmm pore space
HBP1"-HBP17" 0.9 0.33 . = biofilm

* * NEil(:If;\IPBBPS)s H(LPB17 [ solid grain
LBP1"-HBP17 0.63 0.03 H(L)BP17"

H(L)BP5*

Asterisk indicates static (no growth) biofilms; the number of each case name (s) reflects the biofilm thick-
ness s/100xL, (e.g., biofilm thickness of NBF5"=HPB5'=LPB5"=NBP5 =HBP5 =LBP5"=0.05L,).
Examples of biofilm distribution with two different biofilm thicknesses (0,0SL), and 0.17L,) are shown with
the domain geometry used for static simulations

<£> _o-a) -

Ko)ke (=g

where ¢, is the critical porosity (¢.=1—n/4), at which porous media loses hydrologic con-
nectivity for simulations with non-porous impermeable biofilm (NBFs" and BFs), and two
free parameters (1=10.15, #=0.12) were estimated by fitting the data of NBFs" (Table 2
and Fig. 2a).

3 Results and Discussion

3.1 Permeability Reduction Under The Growth of Non-Porous Impermeable
Biofilms

The simulation results illustrate that the early stage evolution of ¢ and « induced by bio-
film growth is well represented by the KC equation (Fig. 2a). However, as biofilms grow
over time (i.e., decreasing ¢), the simulated permeabilities drop below the KC curve (sym-
bols representing simulations deviate from the red KC fit; Fig. 2a). Investigating an early
time point of BF21 (P1; Fig. 2a) reveals that the biofilm is distributed uniformly because
substrate removal is limited at low biomass density (B), and thus, the substrate concen-
trations, consumption, and growth rates are rather homogeneous throughout the domain
(Fig. 2b). At this stage, the substrate consumption rate (<R,> = fRCdVT 1¢,Vy) increases
with biofilm growth because the increase in cell numbers outweighs the reduction in per-
meability and solute influx (Fig. 2c). At later times (e.g., P2), however, the decrease in
substrate influx becomes a limiting factor, lowering <R, > (i.e., at porosities lower than the
porosity at which < R >is maximal; Fig. 2¢). Reduced interstitial velocity also increases the
residence time of the injected solute, allowing upstream biofilms more time to consume
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Fig.2 (a) The porosity (¢) and permeability (x) relations of three simulations with different Pe and Da
(BF21, BF25, BF51). The Kozeny—Carman (KC) curve (Eq. 7; red line) is plotted with NBFs" (x markers)
used for estimating A and f of Eq. 7. Black lines are the estimated ¢-x curves from the empirical equations
(Equations S1 and S2). One early time point (P1) and three late time points (P2—P4) are selected to show
(b) spatial biofilm and substrate distribution, (¢) volume-averaged substrate consumption rate (<R,.>) and
(d) volume-averaged concentration distribution within biofilm grid cells (< Cy;>)

the injected substrate before the solute is transported downstream. As a result, biofilms
near the inlet rapidly consume the injected substrate, providing only a small fraction of
the substrate to downstream regions. For example, the substrate concentration near the
inlet (x-grid point nx="70 out of 1100, y-grid point ny=35 out of 100) and downstream
(nx=370, ny=35) locations decreases from 0.99 to 0.92 at a time point P1 to 0.83 and
0.06 at P2. This rapid substrate consumption near the inlet results in preferential upstream
biofilm growth and limited growth downstream (e.g., Ry (nx=70, ny=35)=3.07X Ry
(nx=370, ny=35) at P2).

The permeability in the simplified regular porous media of this study is determined pri-
marily by the pore throat size at the left-most solid grain where biofilms grow preferen-
tially, ultimately disrupting hydrologic connectivity even if there was little biofilm growth
further downstream. Because the porosity calculation includes biofilms throughout the
entire domain, the preferential biofilm growth results in complete pore clogging at a higher
porosity than if biofilm growth was uniform within the model domain. This observation
suggests that the scales of representative elementary volumes (REVs) for permeability and
porosity evolve differently as a result of spatially heterogeneous biofilm growth. Therefore,
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the slopes of ¢-k curves increase rapidly with preferential biofilms growth near the inlet
and no longer be captured by the KC equation postulating the same REV scale for both
porosity and permeability (Schulz et al. 2019). These simulation results correspond to the
observation that KC overestimates permeability because of disproportional closure of pore
throats (Doyen 1988).

Comparing ¢-x curves from simulations that differ only in flow (i.e., Pe; BF21 vs.
BF51) or reaction conditions (i.e., Da; BF21 vs. BF25) shows that low Pe and high Da
lead to highly non-uniform biofilm growth (Fig. 2a-b). Strong advective transport at high
Pe conditions prevents extensive substrate consumption near the inlet, with short fluid
residence times promoting the substrate delivery to downstream locations (compare sub-
strate concentration fields at P2 and P3 in Fig. 2b). As a consequence, biofilms of simu-
lation BF51 experience higher average substrate concentrations (<Cp> = /C dVy [ Vi
Fig. 2d) and grow more uniformly across the domain than BF21. High Pe also causes the
highest <R,>to occur at lower ¢ (compare brown (BF51) and green (BF21) symbols in
Fig. 2¢) and thus, results in the simulated ¢-x curves to be closer to KC (Fig. 2a). In con-
trast, fast reaction compared to diffusion (i.e., high Da conditions) fosters fast localized
biofilm growth and substrate consumption (compare blue (BF25) and green (BF21) sym-
bols in Fig. 2¢). Because most substrate (95%) is consumed by the biofilms on the left-most
solid for BF25 (P4), biofilm growth occurs primarily very close to the inlet and biofilms
further downstream are substrate limited (Fig. 2b). Therefore, biofilms grow predominantly
near the inlet leading to a more rapid reduction in « for a given reduction in ¢ for BF25
than BF21.

3.2 Threshold Porosity and Pore Geometry

To investigate the evolution of porosity and permeability as a function of flow (Pe) and
reaction (Da) conditions, we identified the threshold porosity (¢, ) at which the grow-
ing biofilm leads to a substantial deviation from the KC equation (Fig. 3a). This is the
point where the development of a steep concentration gradient within the simulation
domain leads to non-homogeneous biofilm growth. As a consequence, the initial REV
assumption no longer holds. ¢, were determined as the maximum porosity at which

¢(hrd/¢0

¥ =0.018

0.8

1
0.85

0.9

0.95

Pl o

Fig.3 (a) The threshold porosity (¢,q) Where ¢-k curves start to deviate from KC at e=107*. The mesh
points are Pe and Da of each simulation run for BFs. (b) The scatter plot comparing ¢, 4 and the simulated
porosity at the maximum volume-averaged reaction rate <R, > (). %> denotes the goodness of fit
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(K/%0)model-(K/)kc €xceeds a threshold e = 107*. The results underline that the effect of bio-
film growth on flow emerges at high porosities at slow flow (i.e., low Pe) and fast reaction
conditions (i.e., high Da) but occur only at low porosity under slow reaction (i.e.,. low Da)
and fast advection conditions (i.e., high Pe).

The estimated ¢,y were also compared with porosities at the maximum volumetric
rate <R_.> (¢g; Fig. 3b). ¢by,q determined with different e (1073, 107, and 107>) shows that
the relationship between ¢, 4 and ¢y is not sensitive to e (Figure S2). Figure 3b shows
clear positive correlations with the slope of 1 indicating the correspondence between ¢y, 4
and the porosity at the maximum reaction rate. This correspondence suggests that knowing
¢ e can be particularly useful in optimizing the efficiency of bioengineering applications
because the time when permeability and reaction rates start to decrease can be approxi-
mated a priori.

We further extended the analysis to assess the effect of pore geometry on the evolution
of porosity and permeability. For this purpose, we derived functional approximations from
the simulation results of BFs (Equations S1 and S2) and applied them to simulation results
with different pore geometries, GMs (Table 1). When tortuosity was increased by chang-
ing only the grain distribution (GM1-2), the simulation results show slightly higher « than
BF45, but the difference is largely negligible (Fig. 4). This similarity may not be surprising
because flow and reaction properties were maintained under the same Pe and Da condi-
tion despite the changes in pore geometry. However, ¢-k curves of GM3-4 are also similar
to BF45 despite different Pe and Da (Table 1). Here, the difference in Pe and Da between
BF45 and GM3-4 solely originates from different grain sizes, hence initial porosities. To
account for the effect of different porosities on Pe and Da, we introduced the scaling factor
F (=1,/1,) relating pore throat sizes of porous media with different initial porosities with a
solid circular grain (/,=0.5L,-L, /(1 — ¢) /) to the pore throat size of BFs (/;), on which
the curve fitting analysis is originally based (see Supplementary Information). The scaled
fitting curves (Equations S1 and S2) correctly capture the evolution of not only GM3-4
but also GM5-6 (different [ but the same ¢,; Table 1) which illustrate the earlier onset and
more rapid reduction in « than BF45 (Fig. 4). These results indicate that the effect of bio-
film growth on porosity and permeability can be captured when accounting for Pe, Da, and
initial porosity (and hence F) conditions for idealized porous media consisting of circular
grains with well-defined characteristic lengths.

Fig.4 ¢-k curves of six simula- 1
tions with a set of idealized Estimation
pore geometries (GM1 — GM6) sl ke
compared to the reference case ’ —— BF45
(BF45), where Pe=0.85 and - - - GM5, GM6
Da=0.90. Detailed simula- 0.6 -
tion conditions can be found in v
Table 1 ¢
04 Simulation
e BF45
* GM1 v GM4
0.2 + GM2 GMS5
A GM3 % GM6
0 1 1

0.7 075 “‘0.8 085 09 095 1
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3.3 Permeable Biofilms

Porous media with uniform permeable biofilms (HPBs" and LPBs") exhibit, unsurpris-
ingly, higher bulk permeabilities than impermeable biofilms (NBFs"; Fig. 5a). Advective
flows are maintained even when the pore throats are completely clogged, reflected in finite
permeabilities for HPB17 and LPB17 at ¢, (Fig. 5a). A notable difference between perme-
able and impermeable biofilm simulations is the slopes of ¢-x curves. Permeabilities of
uniformly distributed, non-porous low and highly permeable biofilms (LPBs" and HPBs")
decrease continuously until intermediate ¢/¢, and increase again at low ¢/¢,, while the
slope for non-porous impermeable biofilms (NBFs") decreases continuously with ¢lg,. At
¢/¢p,=0.64 (LPB10 and HPB10), maximum flow velocities for both HPB10 and LPB10
occur in the pore water (Fig. 5b), but a much larger fraction of flow occurs through the free
fluid for LPB10 than HPB10 (85.6% and 70% of total fluid flux, respectively). The velocity
profiles at the critical porosity ¢.=0.21 (¢ /¢,=0.33), where the pore throat at nx=100
is completely clogged (LPB17 and HBP17), show lower maximum flow velocities than
LPB10 and HBP10 that occur near the center of the biofilm with a more pronounced focus-
ing of flow into the low permeability biofilm (LPB17), reflecting stronger contrast of flow
velocities in biofilm and pore grid cells (Fig. 5b).

Velocity profiles depending on biofilm permeability indicate that varying shear stresses
are imposed on pore-biofilm interfaces. For example, the shear stress (vplou,l/1dyl) at a
pore—biofilm interface for LPB10 is about seven times larger than that for HPB10 at the
same location. If shear-induced sloughing was an important biofilm detachment mecha-
nism (Knutson et al. 2005; Paul et al. 2012), strong stress imposed on biofilms with low
permeability would prevent large biofilm accumulation promoting more uniform spatial
biofilm distribution (Pintelon et al. 2012).

The simulated ¢-x curves for permeable biofilms (PBs) share a few similar responses
to Pe and Da with impermeable ones (BFs; Fig. 6a). This includes relatively uniform
biofilm growth under high Pe (PB3 and PB4) and preferential growths of upstream
biofilm under high Da (PB5 and PB6) (Fig. 6b). The average solute concentrations in
biofilms (< C,;>) and average substrate consumption rates (<R.>) of PBs also show
largely similar responses to Pe and Da compared to BFs (Fig. 6¢c-d). However, PBs
experience higher < Cy;>and < R_>than BFs at the same Pe and Da. This is because

9
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Fig.5 (a) ¢-« curves of uniformly growing permeable biofilms with high (HPBs") and low permeabilities
(LPBs”), and impermeable biofilms (NBFs"). Two biofilm thicknesses (0.1L, and 0.17L,) were selected to
investigate (b) the velocity profiles across a pore throat
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Fig. 6 (a) Simulated ¢-x curves for permeable biofilms (PB1 — PB6) and three impermeable biofilms (BFS,
BF41, and BF45) where PBs and BFs with matching Pe and Da conditions are marked with the same sym-
bol. HPBs”, LPBs", KC are simulations with static, uniform biofilms with high, low, and no biofilm per-
meability, respectively. Red-filled markers indicate when the most upstream pore throat is first clogged by
biofilms. (b) Spatial biofilms and substrate distributions at the time indicated by the red-filled markers of
PBs. (¢) Volume-averaged substrate consumption rate (<R,>) and (d) volume-averaged concentration dis-
tribution within biofilm grid cells (< Cy;>)

of the facilitated downstream solute transport which also leads to maximum <R, >to
occur at lower ¢ than BFs by delaying the onset of non-uniform biofilm growth.

¢-k curves from simulations with spatially varying biofilms (PBs) differ from those
with uniform biofilm distributions (HPBs* and LPBs” in Fig. 6). Unlike BFs, however,
the rapid reduction in x occurs primarily after the clogging of the pore throat nearest
to the inlet (red-filled markers in Fig. 6) for PBs. Moreover, the rapid reduction in «
slowed down after clogging occurred because further biofilm growth does not signifi-
cantly influence the flow velocity through the pore throat. As a result, the reduction in
k is much less for PBs than BFs, especially for high permeable biofilms (PB1, PB3,
and PB5). This result shows that biofilm permeability is an essential factor determin-
ing the sensitivity of porosity—permeability relations to Pe and Da conditions.
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3.4 Biofilm Cell Density

The effect of biofilm packing was considered by adjusting the maximum biomass den-
sity B,,,, based on the biofilm porosity (B,,,.sps=(1—@pp,) X B, pras). To reflect the
unique nature of fluid in biofilm structures (Flemming and Wingender 2010; Schmitt and
Flemming 1999), biofilm porosity is not accounted for in calculating total porosity. This
implies that the water in the biofilm is not or negligibly contributing to the effective poros-
ity, in line with previous studies (e.g., Cunningham et al. 1991). As a result, ¢-x curves
with imposed uniform biofilm distributions but with different biofilm porosities—NBPs",
HBPs*, LBPs" (Fig. 7a)—exhibit patterns identical to non-porous permeable uniform bio-
film cases—NBFs", HPBs", LPBs" (Fig. 5a)—respectively.

The effect of maximum biofilm cell density is visible in dynamic biofilm growth sim-
ulations (BP1-3). The results show rapid growth of biofilm volume without substantial
increase in substrate consumption because of the reduced B,,,, and Da (Eq. 6). For exam-
ple, B, and Da of BP1 is 10% of the reference case BF45 (Table 1). Higher biofilm poros-
ity (i.e., lower B,,,,) results in relatively homogeneous substrate distribution promoting
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Fig.7 (a) Simulated ¢-x curves with biofilm porosity (BP1 — BP4), and a non-porous impermeable bio-
film case (BF45). HBPs", LBPs", and NBPs" are uniformly distributed biofilms with biofilm porosity of
0.9, 0.63, and 0.56, respectively. (b) Spatial biofilms and substrate distributions at the simulations showing
complete pore closure for the first time, (¢) volume-averaged substrate consumption rate (<R.>), and (d)
volume-averaged concentration within biofilm grid cells (< Cy;>) of BPs and BF45
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more uniform biofilm growth, which also can be understood as a consequence of the low
Da (Fig. 7a-b and Table 1). Thus, the simulation with the highest biofilm porosity and
the lowest Da, BP1, shows more uniform substrate and biofilm distributions than those
with lower biofilm porosities and higher Da, BP2-3. As a result of uniform biofilm growth
across the domain, BP1 follows the ¢-«x curve of HBPs", while BP2-3 deviate from the
corresponding uniform distribution curves (LBPs" and NBPs"; Fig. 7a). The uniform bio-
film growth of BP1 is also identifiable from <R, >, which keeps increasing with decreas-
ing porosity until complete pore closure (Fig. 7c). At later times, unlike BP1, BP2-3 show
a decrease in < R, > due to non-uniform biofilm growth.

Although the reaction conditions (Da/B,,,) of BP1-3 were maintained the same
as for BF45, these cases illustrate various evolution patterns of <R,>. At early times
where <R, >increases with decreasing ¢/¢,, simulation cases with lower biofilm porosity
exhibit higher <R, > at a given porosity (Fig. 7c). For example, at ¢/¢,=0.9, the sequence
of <R.>is BF45 (¢pgp=0)>BP3 (¢pgp=0.56) > BP2 (¢pgp=0.63)>BP1 (¢p5p=0.9). Here,
¢gp does not affect total medium porosity (¢); thus, the volume of biofilm is identical for
BP1-3 and BF45 at a fixed porosity condition. The difference in < R.> stems from differ-
ent biofilm porosity conditions where, for example, a high biofilm porosity results in a low
biomass and hence, low <R_.>. As expected, when Da is increased by increasing the rate
constant k (compare BP4 to BP3), biofilm growth of porous biofilms becomes less uni-
form showing early deviation from the ¢-« curve of KC (Fig. 7a-b), higher < R.> and rapid
reduction of <R, > after reaching the maximum <R > (Fig. 7¢), and lower <C,>due to
fast substrate consumption (Fig. 7d). This result shows that biofilm porosity substantially
alters the co-evolution of porosity and permeability, altering the porosity at which reaction
rates are maximal, and promoting uniform biofilm growth by reducing Da.

4 Conclusions

This study investigated pore-scale factors that determine the evolution of porosity and per-
meability driven by biofilm growth. Our two-dimensional pore-scale reactive transport
simulations demonstrate that pore-scale heterogeneity, hydrological features, and biofilm
characteristics are important factors shaping the evolution of porosity and permeability.
Localized biomass growth gives rise to the differentiation of REVs for porosity and per-
meability. Bioclogging, manifested in a strong reduction in permeability associated with a
small reduction in porosity, depends on flow and reaction conditions, reflected by Pe and
Da numbers. Fast consumption of growth-limiting nutrient at high Da conditions intensi-
fies preferential biofilm growth and results in the deviation from KC with rapid permeabil-
ity reduction. In contrast, fast advection under high Pe conditions homogenizes the concen-
tration distribution along the main flow path and hence, promotes uniform biofilm growth
weakening the rapid permeability reduction. The Pe and Da analysis also revealed that
maximum substrate consumption rates, which is determined by the balance between sub-
stance delivery (i.e., permeability) and biomass abundance (i.e., biomass density), occur
when permeability begins to deviate from commonly observed permeability—porosity rela-
tionships such as, for example, the Kozeny—Carman equation (Schultz et al. 2019; Zhang
et al. 2000).

Estimating the permeability of a porous medium from porosities in the presence of
biofilm growth also depends on the characteristics of the pore geometry and biofilm. The
effect of geometric factors, including tortuosity and pore throat sizes, on the evolution of
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porous media can be explained—at least in the idealized porous media considered here—
in terms of Pe and Da as well with a scaling factor F accounting for pore throat sizes
set by different initial porosities. When biofilm porosity and permeability are considered,
¢-x curves are substantially different from non-porous impermeable biofilm simulations.
When biofilms are non-porous, permeable, porous media exhibit higher bulk permeability
at a given porosity and permeabilities become less sensitive to non-uniform biofilm growth
depending on Pe and Da. Biofilm porosity promotes uniform biofilm growth as a reduced
biomass density at a given porosity allows for downstream transport of growth-limiting
nutrients. While capturing important patterns, we note that in natural subsurface envi-
ronments, heterogeneities in a three-dimensional porous medium structure may also sub-
stantially influence the evolution of porosity and permeability (Carrel et al. 2018; Thull-
ner 2010) under microbial growth, with patchy biofilms (Deschesne et al. 2007; Nunan
et al. 2002) leading to bioclogging. Microbial growth and distribution can also be affected
actively (chemotaxis, quorum sensing) or passively (e.g., shear-stress-induced sloughing)
(Ford and Harvey 2007; Kim and Fogler 2000; Solano et al. 2014), highlighting the impor-
tance of detailed experimental studies.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11242-021-01654-7.
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