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Abstract: Microbially influenced corrosion (MIC) refers to any corrosion process caused or fostered
by microbial activity, and represents a global concern, impacting infrastructure, economies, and
the environment worldwide. MIC affects a wide range of materials and is particularly common in
wastewater concrete pipes, where it is associated with the proliferation of biofilm colonies of sulfur-
oxidizing bacteria (SOBs). SOBs oxidize hydrogen sulfide produced within wastewater effluents and
generate corrosive sulfuric acid that triggers the degradation of concrete. We propose here a one-
dimensional, two-layer diffusion model with double free boundaries to investigate the proliferation of
SOB biofilms and the related corrosion process in wastewater concrete pipes. The domain is composed
of two free boundary regions: a monospecies SOB biofilm in contact with the sewer atmosphere,
which grows towards the interior cavity of the pipe, sitting on a gypsum layer formed from corrosion,
that penetrates the concrete pipe. Diffusion-reaction equations govern the transport and metabolic
production or consumption of hydrogen sulfide, oxygen, and sulfuric acid within the biofilm layer. The
biofilm free boundary tracks the growth of the microbial community, regulated by metabolic activity
of SOBs and detachment phenomena. The corrosion process is incorporated in the model through a
Stefan-type condition, which drives the advancement of the gypsum free boundary into the concrete
pipe, governed by microbial production of sulfuric acid. Numerical simulations are carried out to
investigate the model behavior, encompassing the development and progression of the biofilm as well
as the corrosion advancement, with the aim of elucidating the influence of key factors such as hydrogen
sulfide level in the sewer, calcium carbonate concentration in concrete, detachment phenomena, and
acid diffusivity in the gypsum layer. Interestingly, the model suggests that, under specific conditions,
biofilms may impose limitations on sulfuric acid diffusion and act as a partial protective barrier for the
underlying concrete.
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1. Introduction

Microbially influenced corrosion (MIC), also known as biocorrosion, refers to any corrosion process
induced or fostered by microbial activity. It affects a wide range of materials and environments,
depending on microbial taxonomy and environmental conditions [21, 43]. MIC is recognized as a
leading cause of corrosion-related failures, and estimated to contribute to approximately 20%—-50% of
the global annual cost of corrosion, amounting to hundreds of billions of dollars [43,56].

Concrete, the most commonly used building material worldwide, is notably susceptible to
biocorrosion [37]. This process is associated with metabolic activity of specific microorganisms,
namely Sulfur-Oxidizing Bacteria (SOBs). They oxidize hydrogen sulfide H,S on the moist
concrete surface to sulfuric acid SO3~, a corrosive agent which attacks concrete components, thereby
compromising the integrity of concrete structures [52]. SOB microorganisms mostly live in biofilms,
microbial communities that adhere to a surface and are embedded within a self-produced extracellular
matrix of polymeric substances, which provides protection and support to the microbial community [3].

The proliferation of SOB biofilms poses a substantial risk of concrete corrosion, especially in
sewer systems. The interior surfaces of concrete sewer pipes, particularly those above the waterline,
present favorable conditions for SOBs growth. These conditions include high moisture levels and large
presence of essential compounds for SOB metabolism, such as oxygen and hydrogen sulfide, with the
latter typically produced within wastewater effluents [32].

Within this framework, numerous mathematical models have been proposed in recent years to
investigate biofilm dynamics across diverse environments [15,47, 48], including studies specifically
targeting concrete wastewater pipes [6,7,55]. These efforts aim to understand, predict, and manage
biofilm processes, ultimately contributing to more sustainable and resilient infrastructure systems.
Specifically, Bohm et al. [6, 7] formulated a one-dimensional, one-phase moving boundary problem to
study the biocorrosion process in sewer pipes, introducing a Stefan-type problem to capture the effects
of calcite transformation into gypsum. Gypsum serves here as a layer of interconnected pores and
fissures populated by cultures of sulfide-oxidizing microorganisms. In 2014, Yuan et al. [54] proposed a
reactive transport model to describe the neutralization process of concrete by H,S gas, including factors
such as gas absorption, dissolution of portlandite, decalcification of calcium silicate hydrates, and
precipitation of calcium sulfide. Later, the same authors incorporated in their model the production of
sulfuric acid by SOBs, and the subsequent chemical reaction with cement hydration products, leading
to corrosion [55]. However, in this model the surface neutralization and biodeterioration processes are
simulated separately rather than continuously. Additional modeling studies focused on specific phases
of the biocorrosion process. Vollertsen et al. [49] conducted experimental quantification of hydrogen
sulfide absorption and oxidation on corroding concrete surfaces, proposing a kinetic expression to
model the gathered data. Jensen et al. [18] modeled the hydrogen sulfide oxidation pathway in
a matrix of corroded concrete and the growth of SOBs through a system of ordinary differential
equations (ODEs), without considering the spatial evolution of the phenomenon. Nikolopoulos [31]
proposed macroscopic models to study the concrete corrosion due to sulfation, including the formation
of a mushy region. These models were derived through multiple-scale methods applied to the
microscopic Stefan-type problem introduced in Bohm et al. [6]. Fedosov and Loginova [12] tracked
the concentration of the target component of free calcium hydroxide in a one-dimensional concrete-
biofilm system, through a parabolic partial differential equation accounting for diffusive mass transport
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and microbial proliferation, quantified as a change in density. However, this work models microbial
growth as a generical stochastic process, without specific reference to the metabolic activities of SOBs
or the chemical compounds involved in the process. Additionally, they assume a fixed concrete layer
domain without considering the effect of corrosion on its thickness. Finally, Clarelli et al. [10] and
Bretti et al. [8] propose some free boundary problems that describe degradation processes in concrete,
accounting for both swelling and shrinkage of the material.

Notably, to the best of our knowledge, there are currently no literature works that model the spatial
growth of an SOB biofilm and how it affects the corrosion process in concrete. In the light of this,
we propose here a one-dimensional, two-phase diffusion model with double free boundaries aimed
at describing the biofilm dynamics and the spatial evolution of the corrosion front. The model is
formulated in a continuum two-layer domain: A biofilm layer in contact with the sewer atmosphere,
sitting on a gypsum layer, resulting from corrosion, that penetrates the concrete pipe. The biofilm
domain is represented as a growing monospecies colony of SOBs, where hydrogen sulfide H,S, oxygen
O, and sulfuric acid SO3~ diffuse and are metabolically produced or consumed. The biofilm boundary
is regulated by SOB metabolic growth processes and detachment phenomena. The Stefan-type problem
introduced by Bohm et al. [6] is incorporated to model the corrosion phenomenon. Sulfuric acid,
produced within the biofilm, permeates the gypsum layer and reacts upon contact with the uncorroded
concrete, thereby causing the corrosion front to advance.

A numerical investigation is conducted to elucidate key aspects of the model, encompassing the
formation and evolution of the biofilm as well as the advancement of corrosion. Original numerical
simulations describe the effects of significant model parameters on the process. Specifically, we
explore: The impact of hydrogen sulfide level in the pipeline, calcium carbonate concentration in
the concrete, detachment phenomena, diffusivity of acid in the gypsum layer, and the rate of acid
leaks at the sewer atmosphere-biofilm interface. The results shed light on how these parameters
influence biofilm dynamics, corrosion progression, and concentration profiles of key substrates within
the system. Moreover, they propose an interesting conclusion: Depending on their thickness, biofilms
— beyond their traditionally assumed role as contributors to corrosion — may significantly restrict
the diffusion of sulfuric acid toward the concrete surface, thereby acting as a protective barrier that
mitigates the rate of corrosion.

The work is organized as follows: Section 2 introduces the problem of biocorrosion of concrete,
including important biological, chemical and physical aspects; Section 3 describes the mathematical
model, including assumptions, variables, equations, and initial and boundary conditions; Section 4
presents and discusses the numerical results; lastly, Section 5 outlines conclusions and future
objectives.

2. Biocorrosion in concrete wastewater pipes

Microbially influenced corrosion was initially documented in the literature by Olmstead and
Hamlin [33] while studying the corrosion of sewage pipelines in concrete. Later, Parker [34]
recognized the pivotal role of SOBs in concrete corrosion, able to oxidize H,S and produce corrosive
metabolites. SOBs typically live in biofilms, aggregates of microbial cells attached to a solid surface
and incorporated into a matrix of self-produced extrapolymeric substance, which provides stability
and resistance to the aggregate [13, 14]. The biofilm lifecycle comprises different phases. After an
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initial adhesion stage, microcolonies evolve into a mature biofilm, constituting a complex cellular
structure characterized by water channels and pores. These porous architecture plays a crucial role
in facilitating the diffusion of nutrients [41]. Once the biofilm becomes mature, individual cells or
clusters may detach from the surface, due to external stressors like erosive shear stresses, as well as
internal factors such as microbial death [24]. Importantly, microbial cells living in biofilms have the
ability to cooperate, if necessary, in metabolic, reproductive, and infectious processes and may affect
the physical, chemical, and electrochemical properties of the environment where they proliferate [5].

The walls of wastewater pipes above the waterline provide an ideal environment for SOB biofilm
formation, i.e., high concentrations of hydrogen sulfide, moisture, and oxygen [32]. The difference
in temperature between sewer atmosphere and sewage results in elevated relative humidity, fostering
moisture condensation on sewer walls exposed to air [53]. This condensation establishes the favorable
environment for biochemical reactions and promotes microbial proliferation [37]. H,S is generated as a
by-product from anaerobic degradation of sulfur compounds present in wastewater by sulfate-reducing
bacteria (SRB) [29, 38, 53]. Due to its volatility, H,S is released from wastewater and accumulates
on the concrete surfaces exposed to air, where it reacts with CO, to neutralize the exposed concrete
section. This process establishes a favorable environment for SOBs to proliferate, thus initiating the
biofilm formation and the associated biocorrosion process [37].

As SOBs colonize concrete surfaces and develop biofilms, they metabolize hydrogen sulfide and
oxygen, and produce sulfuric acid, according to the following biochemical reaction:

H,S + 20, — H,SO4 «— 2H" + SO;~ 2.1

The sulfuric acid produced reacts with the constituents of the concrete matrix, causing progressive
material deterioration and leading to the formation of gypsum (CaSO, - 2H,0). Building on previous
studies [6, 7], we consider here a mature concrete — mainly composed of calcium carbonate
(CaCOs;) [25] — which is of particular interest due to its increased susceptibility to severe degradation
in sewage environments [22]. For this type of material, the main chemical process driving corrosion is
described by the following reaction:

2H,O+H" + SOﬁ_ + CaCO3 — CaS0, -2 H,0 + HCO; (2.2)

The presence of gypsum compromises infrastructure reliability by weakening the structural integrity
of pipes, increasing vulnerability to environmental stressors, and reducing overall durability [52].

3. Mathematical model

We propose a double free boundary problem to model the biofilm proliferation and the related
biocorrosion process in concrete wastewater pipes. The biofilm-gypsum system is formulated as a
one-dimensional two-layer domain (depicted in Figure 1). The biofilm-gypsum interface is assumed
to be fixed, and located at x = 0. The biofilm layer is defined for —L(#) < x < 0, where L,(¢) denotes
the biofilm thickness, and the gypsum layer for 0 < x < L,(¢), where L,(¢) denotes the gypsum layer
thickness. Both the biofilm and gypsum regions are assumed to grow perpendicularly to the interface,
in the x-direction. The biofilm is modeled as a single species domain composed of SOBs, with a
constant microbial density Xsop. The biofilm layer is in contact with sewer atmosphere and its growth
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towards the interior cavity of the pipe is regulated by metabolic growth of SOBs and detachment
processes. Gypsum is the product of corrosion, formed from the chemical reaction between acid
produced by SOBs and calcium carbonate present in the uncorroded concrete. As in [6], we assume
the reaction is fast and complete, consuming all the available calcium carbonate immediately at the
interface. Accordingly, the corrosion process is modeled as a localized conversion of concrete into
gypsum at x = L,(#), leading to an expansion of the gypsum layer within the concrete. It’s worth noting
that the proliferation of SOB biofilms on concrete pipes is typically associated with pH variations that
initiate an ecological succession of multiple strains of SOBs [37]. To simplify we do not include here
the pH as a model variable. Instead, we group the biofilm community into one single functional class,
and employ a kinetic expression that reasonably approximates the overall metabolic activity of SOBs.
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Figure 1. Cross section of the sewer cavity (left). Schematic representation of the model’s
double free boundary domain (right). The biofilm region, defined for —L(f) < x < 0,
evolves towards the sewer cavity. The gypsum layer, formed from corrosion and defined
for 0 < x < Ly(t), penetrates the concrete wall. Both layers expand in the x-direction,
perpendicular to the biofilm-gypsum interface fixed at x = 0.

3.1. Model equations

The model considers the dynamics of three chemical compounds, expressed in terms of
concentrations:

e Hydrogen sulfide H,S, S y(x, 1), —L1(f) < x <0, > 0.
e Dissolved oxygen O,, So(x, 1), —Li(t) < x < 0,1 > 0.
e Sulfuric acid SOi‘, Salx, 1), —Li(t) < x < Ly(1),t > 0.

Notably, hydrogen sulfide and oxygen are not modeled in the gypsum layer as they are presumed to
play no direct role in the corrosion process.

A system of parabolic partial differential equations describes the reaction and diffusion transport of
chemical compounds within the biofilm layer:

S ax.t) S 4(x, 1)
ot AT 942

= Fa(Su(x,1),So(x, 1), —=Li(t) < x <0, 3.1
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OSu(x, 1) N 0%S p(x, 1)

8t H,b axz = FH(SH(X7 t)9 SO(X, t))9 _Ll(t) <x< 09 (32)
S o(x, t 0*S o(x, t
0D 0, PO oS .11, S ot 0), ~Li() < x <0 (33)

with # > 0, where a4, app, @op are the diffusivity coeflicients of SO?~, H,S, O, in the biofilm,
respectively. F,, Fy, Fo denote the conversion rates of SOff, H,S, O,, respectively, related to the
metabolic growth of SOBs, and are modeled through Monod-type kinetics:

_ Mimax SH SO

Fy= X508, 34
A Y KH+SHKO+SO 0B ( )
Mmax SH SO
Fy=— X508, 3.5
" Y KH+SHKO+SO S0B ( )
2-Y S S
Fo=- HMimax # 9 Xsoss (3.6)

Y Ky+Sy Ko+ S 1)
where (., 1S the maximum growth rate, Y is the yield of SOBs on H,S, Ky and K, are the half-
saturation coeflicients of hydrogen sulfide and oxygen, respectively. Note that F; and F are negative
and represent the consumption of hydrogen sulfide and oxygen while F, is positive and denotes the
production of sulfuric acid. Notably, —Z%Y represents the stoichiometric coefficient for oxygen, derived
according to stoichiometric considerations related to chemical reaction (2.1).
A homogeneous parabolic equation governs the diffusion of SO3~ in the gypsum layer:

Salx, 1) N 0%8 4(x, 1)

Y e 0, 0 <x<Ly®), t>0, (3.7)

where @, , denotes the diffusivity coefficient of SO~ within the gypsum layer.

The time evolution of the gypsum free boundary L,(#), which also represents the corrosion front,
is modeled using a semi-empirical approach, consistent with the works of [6,7,31]. We assume here
that L,(f) is proportional to the rate of calcium carbonate consumption associated with the corrosion
reaction (2.2), expressed as Fc K¢S 4(Lo(1),t), where K- denotes the dissolution rate constant. Since
S 4 is expressed in grams, the molar mass ratio between CaCO; and SO3, given by F¢c = 1.04, is
incorporated into the formulation. Furthermore, it is reasonable to expect that higher concentrations of
calcium carbonate in concrete, C¢, impede the progression of the reaction front, indicating an inverse
dependence. Combining these assumptions yields the following relation:

FoK,
é €S A(Ly(1), 1), > 0. (3.8)

C

Ly(r) =

An equivalent interpretation of Eq (3.8) is that the product CcL,(f) represents the mass of calcium
carbonate consumed per unit time, which corresponds to the aforementioned consumption rate
KcS 4(Ly(1), 1), adjusted by the conversion factor F.

The thickness of the biofilm layer L;(¢), on the other hand, is governed by the following equation,
derived from a global mass balance on the biofilm domain [51]:

- Li(t) = Ut — o(Li(2)), t > 0, (3.9)
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where U(?) is the biofilm velocity, induced by the overall growth processes of SOBs in the biofilm

0

SH So

U(t) = f o dx, t >0, (3.10)
_L](t)lu KH+SHKO+SO

and o(L,(t)) is the detachment velocity, accounting for phenomena of biomass loss, modelled as a
quadratic function of biofilm thickness [51]:

a(Li(0)) = AL, (¢)?, (3.11)

with A representing the detachment coefficient, that accounts for erosion phenomena induced by
external stressors. Formulation (3.11) reflects a widely adopted detachment criterion in biofilm
modeling [1]. In particular, it captures the experimentally observed behavior of thicker biofilms to
exhibit higher detachment rates due to increased shear stress exposure [50], while also supporting the
emergence of a steady-state biofilm thickness [11,45].

3.2. Initial and boundary conditions

The biocorrosion problem is described by Eqs (3.1)—(3.3) and (3.7)—(3.9). The following initial
conditions are considered for Eqs (3.1)—(3.3) and (3.7):

Sa(x,0) =S 40(x) - L(0) < x < L,(0), (3.12)
Su(x,0) =S po(x) -L;(0)<x<0, (3.13)
So(x,0) =S00(x) -Li(0)<x<0. (3.14)

Dirichlet prescribed conditions on the biofilm free boundary x = —L;(#) (sewer atmosphere-biofilm
interface) ensure an infinite reservoir of hydrogen sulfide and oxygen

Su(=Li(®), ) = Sy, (), 1> 0, (3.15)
So(=Li(®),) = Sor, (), t >0, (3.16)
while homogeneous Neumann conditions (null flux) are set at biofilm-gypsum interface x = 0

oS

—=(0,0)=0,1>0, (3.17)
ox
oS

—2(0,=0, 1> 0. (3.18)
Ox

For sulfuric acid, a Robin boundary condition is prescribed on the biofilm free boundary x = —L;(¢),
assuming a leak of sulfuric acid, regulated by the rate /,, due to physical factors such as gravity

OS a(Li(0), 1)
g o0x
At biofilm-gypsum interface, we impose continuity conditions for both the concentration and flux
of sulfuric acid:

aa = h,Sa(Li(), 1), t > 0. (3.19)

SA(O_9 t) = SA(0+a t)’ > 09 (320)
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0S40, ¢ 0S 40", ¢t
b—A( ):aA,g—A( ), t>0. (3.21)
ox ox

A second Robin boundary condition is considered at the gypsum-concrete interface x = L,(?),
modeling a consumption of acid, regulated by the dissolution constant rate K¢, due to the chemical
reaction with calcium carbonate

IS a(La(0), ) _

aAng - _KCSA(LZ(t)5 t)a t>0. (322)

Q’A’

It is worth noting that, based on relation (3.22), Eq (3.8) can alternatively be expressed in the more

conventional form:
Feap, 05 4(Lx(1), 1) ;

C. ox
Finally, Eqs (3.8) and (3.9) regulate the evolution of two free boundaries over time, and are
associated with the following initial conditions:

Ly(n) = -

> 0. (3.23)

Li(0) = Ly, (3.24)
Ly(0) = Lyyp. (3.25)

4. Results and discussion

The model is integrated by developing an in-house MATLAB code. The multilayer domain
is discretized using two distinct, uniform spatial mesh grids for the biofilm and gypsum layers.
The element sizes adjust over time according to the evolving free boundaries. Diffusion-reaction
equations (3.1)—(3.3) and (3.7) are solved through the method of lines, a well-established numerical
method for solving boundary value problems for parabolic PDEs in one spatial dimension [16].
The free boundary equations (3.8) and (3.9) are addressed using the finite differences method, and
boundary conditions (3.19) and (3.22) are approximated through three-point discretizations. The target
simulation time is 365 days, corresponding to computational times in the order of days.

We conducted numerical studies to examine the behavior of the model. Section 4.1 present an
illustrative simulation, depicting key aspects of the biocorrosion process, including the formation
and evolution of the biofilm and the subsequent progression of corrosion. Sections 4.2—4.4 feature
simulations varying significant parameters to study their effects on the process. Specifically,
Section 4.2 investigates the process for different H,S levels in the pipeline and Section 4.3 for different
calcium carbonate concentrations in the concrete C¢. Finally, Section 4.4 analyzes the effects of the
detachment coeflicient A, the diffusivity of sulfuric acid in gypsum a4, and the acid leak rate /i, on
the model outcome.

All model parameters are listed in Table 1. The concentration of O, at the sewer atmosphere-
biofilm boundary is assumed equal to the saturation value in water, while the concentration of H,S
in the pipeline and the concentration of CaCOj; in concrete C¢ are set in the range of typical values
observed in wastewater pipes [7,38]. The detachment coefficient A is selected to achieve a biofilm
thickness within the range of values reported in the literature [35]. Diffusion in biofilm is assumed to
be 80% of the diffusivity in water, in accordance with [51]. Initial biofilm and gypsum thicknesses are
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fixed at 100 um. The initial concentrations of O, and H,S, S and S 4, are set equal to the values at
the biofilm free boundary, while the initial concentration of SOi‘, S 4.0, 18 set to zero.

Table 1. Model parameters and boundary values.

Parameter Definition Unit Value Ref
Uimax Maximum growth rate 1.3 1/d [19]
Ky H,S half saturation coefficient 0.032 g/m? [36]
Ko O, half saturation coeflicient 0.1 g/m’ [18]

Y Yield of SOB on H,S 0.2 glg [28]
Xsos SOB microbial density 5000 g/m’ [51]
K¢ Dissolution constant rate 8.08 m/d [7]

ay Diffusion coefficient of H,S in biofilm 1.1-10™* m?*/d [46]
@0 Diffusion coefficient of O, in biofilm 1.75-10~* m?/d  [40]
AAp Diffusion coefficient of SO%‘ in biofilm 7.3-107° m?/d [42]
g SO3~ Diffusion coefficient of SO3~ in gypsum [1-10°—-1-1073] m?/d  Varied
Cc Calcium carbonate concentration [20000 — 100000] g/m’ Varied
A Detachment coeflicient [50 — 20000] 1/m/d  Varied
hy Acid leak rate [0.05 - 10] m/d Varied
SHr, Concentration of H,S at the biofilm free boundary L;(#) [0.16 — 0.80] g/ m? Varied
So.r Concentration of O, at the biofilm free boundary L (¢) 9.81 g/m’ Assumed

4.1. Illustrative simulation

In this section we investigate the dynamics of biofilm growth and corrosion advancement,
showcasing the main aspects of the biocorrosion process. Results are reported in Figures 2—4.

Figure 2 illustrates the growth of the biofilm (left) and the advancement of the corrosion front
against ¢ (middle) and V7 (right). As can be seen, the evolution of the biofilm thickness L, ()
is marked by two distinct phases. It increases linearly during the first 20-30 days. Later on,
detachment phenomena intensify, proportionally to L,(¢), leading to a steady-state biofilm thickness
of approximately 1 mm, which is consistent with typical values reported in experimental studies [24].
This is a characteristic behavior observed in the biofilm development process [20]. On the other hand,
the gypsum layer, tracked by the free boundary L,(#), continues to expand indefinitely, achieving
a thickness of approximately 3 mm within a year, consistent with the range of values reported in
literature [23, 30, 32, 38, 53]. Similar to biofilm development, the corrosion process exhibits two
distinct phases. In the initial phase, when the biofilm is still growing, L,(f) advances more rapidly.
This is followed by a second phase, starting around 50 to 100 days, in which the biofilm has reached its
steady-state thickness and the progression of L,(f) approaches a vt behavior. This latter trend aligns
well with a wide range of modeling [2, 10] and experimental [27,39] results available in the literature.

Figure 3 shows the evolution of the corrosion rate over time. Initially, the corrosion velocity is at its
maximum and decreases as the biofilm-gypsum system thickness increases. This trend shows a steeper
linear decline in the first days, coinciding with the growth of the biofilm, while a sharp reduction
in slope is observed when the biofilm reaches its steady state, in line with the behavior observed in
Figure 2.
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Figure 2. Time evolution of biofilm thickness L;(#) (left), and corrosion concrete interface
L;(¢) plotted against ¢ (middle) and V7 (right). The biofilm-gypsum interface is fixed at x = 0.
Cc=50000gm™>, Sy, =031gm>, as, =104 m*d"',A=50m™" d™', h, =0.05md".
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Figure 3. Time evolution of the biocorrosion rate. C¢ = 50000 g m™3, Sy, = 0.31 gm™3,
Apg = 104m?d",A=50m"'d"', h, =005md".

These findings point to an important conclusion: In thicker biofilm-gypsum systems, the intensified
diffusion limitation significantly reduces acid availability at the gypsum-concrete interface, resulting
in a slower corrosion process. This effect, and its implications for long-term durability, will be further
examined in an upcoming numerical investigation.

The concentration profiles of H,S (top-left) and O, (top-right) in the biofilm and SO7™ in the biofilm-
gypsum system (bottom) are depicted in Figure 4. O, and H,S present their maximum levels at the
sewer atmosphere-biofilm interface and exhibit a decreasing trend across the biofilm, primarily due to
consumption by SOBs. Specifically, the concentration of H,S decreases significantly in the outermost
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layers until reaching zero, while oxygen remains at high levels throughout the biofilm. This suggests
that the metabolic process of SOBs is constrained by the concentration of H,S in the inner layers of
the biofilm. This metabolic process also results in the production of SO3™ in the outer region of the
biofilm, which diffuses towards the gypsum layer and the corrosion front. The concentration of SO3
decreases with increasing depth due to diffusion limitation and consumption at the gypsum-concrete
interface. Note the slight decrease in acid concentration near the sewer atmosphere-biofilm interface,
attributed to mass leaks occurring at that interface.

Hydrogen sulfide Oxygen
03 ‘ ‘ ‘ 9.2 ‘
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‘E 0.2 ’mE
2 9
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0 ' 8.8 ' : : : :
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 -1.2 -1 -0.8 -0.6 -04 -0.2 0
Space [m] %107 Space [m] %107
Sulfuric acid
I I I
— 10 \ 4
=
2
< 5 i
wn
0 | | | | | | |
-1 -0.5 0 0.5 1 1.5 2 2.5 3
Space [m] %107

Figure 4. (Top) Concentration profile of H,S (left) and O, (right) within the biofilm at
t = 365 d. (Bottom) Concentration profile of SO3~ within the biofilm-gypsum system at 7 =
365 d. The biofilm-gypsum interface is set at x = 0. C¢ = 50000 g m™>, Sz, = 0.31 gm™3,
apg =104 m*d ', A=50m"d", h, =0.05md™".

4.2. Effect of hydrogen sulfide level on biocorrosion

The severity of biocorrosion in wastewater pipes is frequently correlated with the presence of
hydrogen sulfide. Elevated levels of H,S can lead to large acid production, and accelerate the
deterioration of pipes. To assess the impact of H,S on the corrosion process, we carried out
numerical simulations across a range of concentrations of H,S at the biofilm free boundary L, (%),
S 1.1, » encompassing the typical range found in wastewater pipes (0.16 —0.8 g/m?®) [38]. The numerical
results are presented in Figures 5 and 6.
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Figure 5. Time evolution of biofilm thickness L;(#) (left) and corrosion concrete interface
L,(2) (right), for different hydrogen sulfide levels S 5 ;,. The biofilm-gypsum interface is set
atx =0. Cc =50000 gm™>, ax, =104 m*d', A =50m™" d™', h, =0.05md™".
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Figure 6. (Top) Concentration profile of H,S (left) and O, (right) within the biofilm at
t = 365 d, for different hydrogen sulfide levels Sy ,,. (Bottom) Concentration profile of
SO;~ within the biofilm-gypsum system at ¢ = 365 d, for different concentrations of Sz, .
The biofilm-gypsum interface is set at x = 0. Cc = 50000 g m™, s, = 107 m* d°',
A=50m"'d" h,=005md™".
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Figure 5 illustrates how hydrogen sulfide at the boundary S 5 ;, affects the evolution of the biofilm
thickness (left) and gypsum-concrete interface (right). As expected, higher levels of hydrogen sulfide at
the boundary result in thicker biofilms and faster corrosion. It is noteworthy that while S 5 1, affects the
steady-state biofilm thickness, it does not impact the time required to reach this state. The influence
of Sy, on the corrosion front is further revealed when observing how it impacts the concentration
profiles of substrates, reported in Figure 6. These profiles display consistent qualitative trends, yet
quantitative differences. Specifically, a higher concentration of hydrogen sulfide at the boundary leads
to more intense metabolic processes by SOBs, consequently resulting in greater oxygen consumption
and increased acid production, which directly governs the corrosion progression.

In all simulations, oxygen consistently maintains high concentrations throughout the biofilm
compared to the related half saturation constant. This suggests that the main limiting substrate is
hydrogen sulfide while oxygen does not restrict or impede the microbial growth process. Notably,
when combined with the availability of other nutrients like organic carbon and ammonium, such high
oxygen levels may promote the emergence of alternative aerobic metabolic pathways not accounted
for in our model, such as those associated with heterotrophic and nitrifying bacteria [24].

4.3. Effect of calcium carbonate concentration on biocorrosion

As explained in Section 2, the corrosion process in carbonated concrete pipes is driven by sulfuric
acid produced within the biofilm reacting with calcium carbonate. Hence, the propagation of the
corrosion front is strongly related to the calcium carbonate concentration in the concrete Cc. In this
context, different simulations have been conducted to examine the effect of C¢ on the model output.
C¢ has been varied within the range of values provided in the literature [6,7]. Results are shown in
Figures 7-9.

Figure 7 illustrates the progression of the biofilm thickness (left) and the corrosive front (right)
over time, for different C values. The evolution of the corrosion front exhibits notable sensitivity
to changes in C¢. In particular, higher concentrations of calcium carbonate in the concrete lead to a
slower progression of the corrosion front. This correlation is also evident from Eq (3.8). Remarkably,
the concentration of calcium carbonate solely influences the corrosion process, with no impact on
biofilm growth dynamics.

Figure 8 offers insights into the concentration profiles of sulfuric acid within the biofilm-gypsum
domain at t = 365 d, for different Cc values. These profiles display similar qualitative trends but
differ quantitatively: Increased C, values result in greater acid consumptions per unit of volume,
consequently leading to lower acid concentrations throughout the system. Note that, as previously
mentioned, variations in calcium carbonate concentration do not impact the biofilm growth dynamics
and, consequently, the consumption of hydrogen sulfide and oxygen, whose concentration trends
remain unaffected by C¢ (data not shown).

Finally, an overview of the combined effect of S 51, and C¢ on the corrosion thickness is provided
in Figure 9.
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Figure 7. Time evolution of biofilm thickness L;(¢) (left) and corrosion concrete interface
L,(¢) (right), for different concentrations of calcium carbonate Cc. The biofilm-gypsum
interface is set at x = 0. Sy, = 031 g m™, aa, 10*m>d', A =50m'dl,
he =005md™".
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Figure 8. Concentration profile of SO;~ within the biofilm-gypsum system at r = 365 d,
for different concentrations of calcium carbonate C¢. The biofilm-gypsum interface is set at
x=0.8Syr, =031gm>, ax, =10*m>d', A=50m" d', h, =0.05md".
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4.4. Effect of A, au, and h, on biocorrosion

We conduce here further numerical studies with a specific focus on parameters associated with high
uncertainty.

Detachment phenomena in wastewater pipes are affected by a range of factors including human
activity, weather conditions, shear forces, and hydraulic load. The influence of all these factors is
included in the model through the detachment coefficient A, whose value is consequently associated
with a high level of uncertainty. To assess the impact of this parameter on the model output, we
performed simulations for different A values. Results are shown in Figures 10-12.
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Figure 10. Time evolution of biofilm thickness L;(#) (left) and corrosion concrete interface
L,(?) (right), for different values of the detachment coefficient 4. The biofilm-gypsum
interface is set at x = 0. Cc = 50000 g m™>, Sy, = 031 g m™, @p, = 107 m?* d7',
he =005md™".

Figure 10 depicts the spatial evolution of the biofilm-gypsum domain. A more intense detachment
(higher A value) results in thinner steady-state biofilms. On the other hand, the effect of 1 on the
corrosion thickness is not straightforward. This is further highlighted in Figure 11, where the corrosion
thickness is shown at t+ = 100 d as A varies. This outcome can be elucidated by considering the
diffusion-reaction dynamics of substrates. Acid production by SOBs only occurs in the outermost
region of the biofilm, where hydrogen sulfide is not limiting (see Figure 4). Elevated A values result
in thinner steady-state biofilms, causing the acid production region to shift closer to the uncorroded
concrete wall. As a result of reduced diffusion limitation, a greater amount of acid reaches the concrete
interface, leading to faster corrosion. However, for extremely high values of A, the corrosion rate slows
down. This likely occurs when the steady-state biofilm becomes so thin that its entire thickness is
smaller than the potential acid production region, thereby diminishing overall acid production. In light
of this result, the model suggests an interesting conclusion. The maximum intensity of the corrosion
phenomenon is reached when the steady-state biofilm thickness coincides with the thickness of the
acid production region. A thinner biofilm may lead to an overall lower production of acid, resulting in
a slowdown of the phenomenon. Conversely, a thicker biofilm may play a protective role by imposing
limitations on the acid diffusion towards the concrete interface.
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In support of this, Figure 12 reports the profiles of hydrogen sulfide and sulfuric acid across three
distinct values of A which thoroughly describe this behavior. Importantly, the extent of the acid
production region is strongly influenced by the hydrogen sulfide concentration in the pipeline, leading
to a complex interplay between biofilm thickness, substrate availability, and acid generation, which
ultimately governs the dynamics of the corrosion process. This finding serves as a perfect illustration
of the importance of accounting for the spatial description of the microbial aggregate when dealing
with biofilm-induced phenomena.

Significant uncertainty is also associated with the acid diffusion coeflicient within the gypsum layer
@4,. The gypsum layer may be composed by various corrosion products and exhibit varying porosity,
posing challenges in determining its diffusion properties. In light of this, simulations were conducted
by varying a4 ,, with the results depicted in Figure 13. The obtained results suggest that an increased
diffusivity within the gypsum layer may markedly accelerates the progression of acid towards the
uncorroded interface, thereby fostering the corrosion process. Notably, the thickness of the biofilm
layer remains unaffected by a4 ,, as the latter does not influence the biofilm dynamics.
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Figure 13. (Top) Time evolution of biofilm thickness L(¢) (left) and corrosion concrete
interface L,(r) (right), for different values of @, ,. (Bottom) Concentration profile of SOﬁ‘
within the biofilm-gypsum system at ¢ = 365 d, for different values of @,,. The biofilm-
gypsum interface is set at x = 0. C¢ = 50000 g m™>, Sy, = 031 gm™>, A =50m™" d7!,
he =005md™".

Lastly, we performed simulations for different acid leak rates at the sewer atmosphere-biofilm
interface h,. Determining this parameter value presents challenges due to its dependence on various
factors, such as biofilm properties, the biofilm’s position within the sewer, and airflow dynamics.
As can be seen in Figure 14, the influence of 4, on the corrosion process seems substantial. With
increasing h,, the residual acid concentration in the system diminishes, resulting in a reduced corrosion
process. This could explain the occurrence of localized hotspots of corrosion in concrete wastewater
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pipes [17,44], in regions where specific local conditions might mitigate acid leaks leading to more
intense corrosive reactions on the concrete surface. Furthermore, it should be noted that the acid leaked
from the reference domain could induce corrosive phenomena on different regions of the concrete
surface, even those not affected by biofilms.
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Figure 14. (Top) Time evolution of biofilm thickness L,(¢) (left) and gypsum thickness L,(?)
(right), for different acid leak rates 4,. (Bottom) Concentration profile of SOﬁ‘ within the
biofilm-gypsum system at t = 365 d, for different acid leak rates h,. The biofilm-gypsum
interface is set at x = 0. Cc = 50000 g m™>, Sy, = 031 g m™, @p, = 107 m?* d7',
A=50m="d".

5. Conclusions

This study proposes a model aimed at describing the biocorrosion process in concrete sewer pipes,
induced by the proliferation of SOB biofilm colonies and the related production of sulfuric acid. For
the first time, this process is modeled including the biofilm spatial dynamics and the microbially-
induced corrosion of concrete, through the formulation of a double free boundary problem within a
one-dimensional two-layer domain, which accounts for biofilm and gypsum components.

The numerical results provide valuable insights into the dynamics of biofilm growth and corrosion
advancement over time. The biofilm growth exhibits two distinct phases: An initial linear intense
growth until reaching a steady-state configuration induced by detachment phenomena. Conversely, the
gypsum layer shows indefinite growth, indicating continuous corrosion progression. The corrosion
process also displays two phases: Initially, the corrosion velocity is at its maximum and shows a rapid
linear decline as the biofilm thickness increases, followed by a sharp reduction in slope when the
biofilm reaches its steady-state configuration. This decrease in corrosion velocity can be attributed to
diffusion limitations of acid in thicker biofilm-gypsum systems, resulting in lower acid concentrations
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at the gypsum-concrete interface.

We performed different numerical studies to explore the dynamics of biofilm and corrosion
advancement, assessing the impact of important factors such as hydrogen sulfide concentration in
the sewer, calcium carbonate concentration in concrete, detachment phenomena, diffusion of acid in
the gypsum layer, and acid leak rate at the sewer atmosphere-biofilm interface. These factors play
a crucial role in the biocorrosion process and understanding their effects is essential for formulating
efficient strategies to mitigate biocorrosion in wastewater pipes. The presence of hydrogen sulfide in
wastewater pipes turns out to be a determining factor for the occurrence of biocorrosion phenomena.
The numerical results shows that higher levels of hydrogen sulfide in the sewer atmosphere intensify the
metabolic processes of SOBs and lead to thicker biofilms and faster corrosion. The corrosion process is
significantly influenced by the calcium carbonate concentration in concrete. Higher concentrations of
calcium carbonate result in greater acid consumption per unit of space, leading to a slower advancement
of the corrosion front. Furthermore, the model suggests that elevated diffusion of acid in the gypsum
layer enhances acid concentration at the concrete interface, thereby speeding up corrosion. Simulations
across different acid leak rate values highlight its substantial impact on the corrosion process, with
higher rates leading to reduced corrosion due to decreased acid concentration within the system. The
acid leak rate may also play a role in the localization of corrosion hotspots experimentally observed in
concrete wastewater pipes.

Finally, the model results suggest that biofilms may play a complex dual role in the system
by regulating mass transport processes. Specifically, thinner biofilms reduce diffusion limitations,
allowing more sulfuric acid to reach the concrete surface and accelerating corrosion. In contrast,
thicker biofilms impose stronger diffusion barriers, limiting the acid flux toward the concrete and
thus slowing the corrosion process. However, when the biofilm becomes extremely thin, its overall
capacity for acid production diminishes, ultimately reducing corrosion despite the lower diffusion
resistance. These insights highlight the importance of considering both biofilm thickness and spatially
dependent transport phenomena when assessing microbially induced corrosion and may have practical
implications for developing strategies to improve the durability and service life of concrete wastewater
infrastructure.

To specifically target the corrosion phenomenon and its key contributing factors, we limited our
model to a single functional group, sulfur-oxidizing bacteria. This assumption appears to be reasonable
for biofilms exposed to the sewer atmosphere, where nutrients like organic carbon and nitrogen are
often limited and SOBs tend to dominate [24]. In contrast, these substrates play a much more
prominent role in submerged biofilms, where their higher concentrations can support the development
of alternative aerobic and anaerobic metabolic pathways — including those involving heterotrophic
and nitrifying bacteria — and lead to the production of harmful gaseous compounds [24]. These
microbial interactions can include cooperative behaviors that significantly influence population growth
and community dynamics [9]. In light of this, expanding the model to include interacting microbial
groups and deeper characterize the gas phase [4,26] would be a valuable direction for future research,
offering a more comprehensive view of microbial dynamics in sewer systems.

Future perspectives may also involve the calibration and validation of the present mathematical
model through comparison with experimental data. Importantly, while our current modeling approach
adequately describes the general aspects of biocorrosion of concrete, a more detailed biochemical
description of the biofilm system, including pH modeling and the integration of multispecies biofilm
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dynamics, could provide further insights into biofilm ecology and dynamics. Furthermore, a valuable
extension of the model could involve accounting for swelling phenomena and concrete heterogeneity
to achieve a more detailed representation of the concrete compartment.
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