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This thesis presents an in-depth analysis of Microbial Induced Corrosion (MIC) and the
impact of hydrogen sulfide (H-S) on municipal wastewater treatment plants. The study
aims to explore the mechanisms of H-S production, its effects on infrastructure, and the
various techniques for its removal. Emphasis is placed on both small- and large-scale
treatment facilities, including centralized and decentralized systems. A comprehensive
literature review forms the basis of the study, utilizing a wide range of scholarly articles
sourced through Google Scholar. The review covers the biological processes leading to
sulfide production, the role of sulfate-reducing bacteria, and the factors influencing
MIC. Environmental and health risks associated with HzS production and mitigation
were also evaluated. The findings highlight the significant role of sewer sediments in
H2S production, underscoring the importance of accurate modeling and simulation for
emission predictions. Furthermore, the economic implications of MIC, as well as the
costs and benefits of different H>S removal techniques, are examined. Various H:S
removal methods, including chemical, biological, and physical techniques, are assessed
for their effectiveness and practicality in different treatment plant settings.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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This study contributes to a better understanding of MIC and H>S impacts on wastewater
infrastructure, providing insights that can help develop more sustainable and corrosion-
resistant systems. The conclusions drawn emphasize the need for integrated approaches to
manage MIC and mitigate H>S effects, ensuring the longevity and efficiency of wastewater
treatment plants.
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1 Executive Summary

Microorganisms have been on Earth for billions of years before plants and animals, aiding in
the rise of higher life forms. They can also harm, causing disease and infrastructure damage
under certain conditions. Industrial systems create new environments for microorganisms,
leading to unwanted microbial activities, like microbiologically influenced corrosion (MIC).
MIC involves bacteria, archaea, microalgae, and fungi corroding metallic structures and
equipment. Microbiologically influenced corrosion (MIC) contributes significantly to global
corrosion costs, accounting for around 20% of total expenses, especially affecting
underground pipelines. MIC can result in rapid corrosion rates over 10 mm annually, leading
to premature equipment failure and environmental damage(Machuca Suarez, 2019). Prior to
the mid-1980s, the origins of the destructive effects caused by sulfate-reducing bacteria
(SRB) was linked to CMIC (Chemical Microbiologically Influenced Corrosion) parameters,
which emphasized the role of chemical species in the corrosion mechanism. Following this, a
novel viewpoint emerged with the advent of EMIC (Electrical Microbiologically Influenced
Corrosion) particularly concerning SRB, offering an alternative rationale for their corrosive
conduct alongside preexisting hypotheses. EMIC assumes that bacteria adhere directly to the
metal surface and acquire electrons from the metal via three mechanisms mention in (3.1.1.1)
are collectively referred to as Extracellular Electron Transfer (EET). This process designates
the bacteria as the cathode, while the metal functions as the anode. An established method for
evaluating the extent and advancement of corrosion involves quantifying the corrosion rate,
typically denoted in units such as mpy (miles per year), ipy (inches per year), or mm/y
(millimetres per year). Whereas CMIC can elucidate documented corrosion rates of 16 mpy,
EMIC provides a mechanistic foundation for scenarios in which the corrosion rate escalates
to 36 mpy. EMIC has been detected not only in sulfate-reducing bacteria (SRB) but also in
other bacterial types including nitrate-reducing bacteria and methanogens (Javaherdashti,
2023).

Microbial corrosion, a form of corrosion, is recognized by various interchangeable terms. It is
referred to as microbial corrosion, bacterial corrosion, bio-corrosion, microbiologically
influenced corrosion, or microbial induced corrosion (MIC). This form of corrosion arises
from biological entities or microorganisms. Depending on the metal base and the specific
setting, it may appear as localized corrosion like pitting or as general corrosion. It has the
potential to occur in all aqueous surroundings. MIC is prevalent due to the extensive presence
of microbes, sufficient nutrients, and corrosive substances in both liquid systems and
industrial operations and is relevant to both metallic and non-metallic substances. The
disintegration of materials, primarily metals, due to the influence of microorganisms,
characterizes microbiologically influenced corrosion. The phrase microbiologically
influenced corrosion is also utilized to describe corrosion stemming from the existence and
actions of microorganisms in biofilms on metal surfaces. MIC impacts not only metals but
also non-metallic surfaces like concrete, leading to significant losses in various industries.
This form of MIC stands out and has attracted substantial research attention from numerous
researchers and engineers in recent years, especially with the advancement of surface
assessment and electrochemical methodologies capable of measuring the microbial impact on
electrochemical occurrences and elucidating corrosion mechanisms (Loto, 2017).



1 Executive Summary

1.1 Objectives of the Research

The primary aim of this thesis is to conduct a rigorous and critical review focusing on the
overall impact of Microbial Induced Corrosion (MIC), with a specific emphasis on the effects
induced by hydrogen sulfide. The investigation will centre on both small- and large-scale
municipal wastewater treatment plants, encompassing variations in configurations such as
centralized and decentralized systems. Through this examination, the thesis aims to provide a
comprehensive understanding of the challenges posed by MIC in the context of wastewater
treatment, contributing valuable insights to the industry's knowledge base and addressing the
demand for effective strategies in both small and large-scale treatment plant infrastructures.

1.2 Scope of the Study

The thesis will thoroughly investigate the removal process of hydrogen sulfide (H2S) within
the specific context of wastewater treatment plant infrastructures. It will focus exclusively on
elucidating methodologies aimed at mitigating the effects of H,S, particularly in relation to
microbially induced corrosion (MIC). Both small- and large-scale municipal wastewater
treatment plants will be encompassed in this exploration, aiming to comprehensively
understand various removal techniques and their applicability.

This study will critically examine the effectiveness of different H.S removal processes,
evaluating their efficiency in diverse treatment plant configurations. Emphasis will be placed
on elucidating the underlying mechanisms and principles guiding each removal method,
ranging from chemical treatments to biological and physical processes.

Furthermore, the research will assess the economic implications associated with H2S
removal, considering the costs, benefits and limitations of different approaches. This analysis
will encompass not only the initial investment required for implementing H>S removal
technologies but also the long-term operational and maintenance expenses.

Moreover, the thesis will explore the environmental and human health impacts of H»S
production and removal processes, considering factors such as emissions, by-products, and
potential risks to workers and surrounding communities. Through a comprehensive
examination of these aspects, the research aims to provide valuable insights for enhancing the
sustainability and resilience of wastewater treatment plants in the face of H.S-induced
corrosion challenges.
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1. Literature Review

The methodology for this research involved a comprehensive review of literature pertinent to
the topic of Microbial induced corrosion. The initial exploration of available literature
highlighted a limitation in accessing comprehensive articles solely through platforms like
ScienceDirect and Scopus. Therefore, to ensure a thorough examination of relevant research
findings, Google Scholar was chosen as the primary platform for literature search and
retrieval.

2. Platform Selection

Google Scholar was selected due to its extensive database, which encompasses various
scholarly sources including journals, theses, and books. Unlike other platforms, Google
Scholar offers a broader range of publications, potentially overcoming the limitations
observed in accessing comprehensive articles solely through platforms like ScienceDirect and
Scopus.

3. Utilization of Filters

To improve the effectiveness of the literature search and to identify articles relevant to the
research subject within the specified time span (2014-2024), specific filters were
implemented in Google Scholar. These filters encompassed the activation of Library Links to
reach articles accessible through our institution's subscriptions, thereby guaranteeing the
availability of a broad array of scholarly articles not directly obtainable via Google Scholar
but accessible through our institutional subscriptions. Furthermore, Open-Access Links were
chosen to pinpoint freely accessible articles, thus broadening the range of accessible literature
beyond subscription-based outlets. The incorporation of open-access links enriched the
comprehensiveness of the literature survey by integrating articles openly accessible to
researchers globally.

4. Search Strategy

The search strategy involved the use of relevant keywords and phrases related to the research
topic such as "Microbially induced corrosion”, "Biocorrosion”, "Mechanisms of microbially
induced corrosion”. These keywords were carefully chosen to capture the breadth and depth
of the subject matter, ensuring that no relevant literature was overlooked during the search
process. The selected articles were then thoroughly analysed to extract key findings,
methodologies, and insights relevant to the research objectives.

5. Ethical Considerations

Throughout the literature review process, ethical considerations were paramount. Proper
citation and attribution were ensured to acknowledge the contributions of previous
researchers.
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In the literature review, details, and information about microbial-induced corrosion (MIC)
will be thoroughly assessed.

3.1 Introduction to MIC in wastewater treatment

MIC has been defined by NACE and ASTM as ‘corrosion influenced by the presence or
activity, or both, of microorganisms'(Knisz et al., 2023). Various expressions are utilized to
describe this occurrence such as microbial influenced corrosion (Microbially Influenced
Corrosion, Microbiologically Influenced Corrosion), MIC, biodeterioration, and biocorrosion.
Nevertheless, due to the presence or activity of microorganisms can also reduce the speeds of
corrosion. Therefore, utilizing the term "induced" to exclusively signify that microorganisms
always boost corrosion may not precisely capture the several ways in which microorganisms
can interact with metal surfaces. Consequently, expressions like "influenced" or "affected by"
are frequently favoured over "induced” when discussing MIC to encompass both situations
where microorganisms can either accelerate or decelerate erosion procedures (Knisz et al.,
2023). Microbiologically influenced corrosion (MIC) is the degradation process of materials
due to the direct or indirect influence of microscopic microorganisms. MIC is primarily
responsible for localized corrosion types such as pitting corrosion, crevice corrosion, and
stress corrosion cracking (M. Khan et al., 2023).

Microbial corrosion results from the interaction of metal, media, and microorganisms. The
process of colonizing a surface by bacteria is called bacterial adhesion, which is the start of
biofilm growth. Microbial biofilms are found ubiquitously as the predominant life forms for
microorganisms in various systems. Consequently, they offer numerous potential applications
across different industries. These biofilms have a significant impact on both human and
animal health, present challenges to food safety, disrupt oil and gas production, and
contaminate drinking water sources. However, they can also be advantageous in areas such as
wastewater treatment processes, enhancing nutrient availability in soil, and addressing oil
spill remediation. Biofilm process involves molecular and physical interactions. Bacterial
biofilm formation is a complex process that can be broken down into five main phases.
Firstly, in the reversible attachment phase, bacteria initially attach non-specifically to
surfaces. This is followed by the irreversible attachment phase, where bacterial cells interact
with the surface using adhesins such as fimbriae and lipopolysaccharide (LPS). Subsequently,
in the third phase, resident bacterial cells produce extracellular polymeric substances (EPS).
The biofilm maturation phase comes next, during which bacterial cells synthesize and release
signalling molecules to sense each other's presence, leading to the formation of microcolonies
and the maturation of biofilms. Finally, in the dispersal/detachment phase, bacterial cells
detach from the biofilms and return to an independent planktonic lifestyle (Camara et al.,
2022; Muhammad et al., 2020; Pal & Lavanya, 2022).

Biofilms are complex communities of microorganisms that adhere to surfaces, composed of
diverse species which offer enhanced resistance compared to single-strain biofilms. Within
these structures, some microbes are sessile (attached to surfaces) while others are planktonic
(suspended in the surrounding fluid), with sessile cells capable of detaching and colonizing
new areas. Extracellular polymeric substances (EPS), consisting of proteins, polysaccharides,
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and nucleic acids, are secreted by microorganisms to support the embedding of sessile cells
within the biofilm matrix. Biofilms are recognized as major contributors to Microbiologically
Influenced Corrosion (MIC), leading to material degradation across various environments
including industrial, medical, marine, and aerospace sectors. MIC can exacerbate other forms
of corrosion such as crevice corrosion, under-deposit corrosion, and stress corrosion cracking,
causing extensive damage to materials like aluminium alloy, magnesium, zinc, and even
concrete (Jia et al., 2019).

Wastewater treatment facilities play a crucial role in maintaining the environmental safety of
the hydrosphere within cities. However, the operation of these facilities involves unique
challenges due to the biologically active nature of the environment, leading to the formation
of biofilms on metal and concrete surfaces. Microbial corrosion within these biofilms, driven
by metabolic and corrosive activities, can lead to significant degradation of metal and
concrete surfaces (Abdulina et al., 2019). Sulfate reducing bacteria (SRBS) cause corrosion
due to sulfate presence in anoxic and anaerobic environments. Archaea are significant in
extreme environments with high temperatures. Fungi are key in warm, humid climates like
Southeast Asia for MIC studies. Bacteria and fungi produce organic acids leading to
corrosion of various metals. Organic acids cause corrosion on metals like magnesium alloy
and zinc (Jiaet al., 2019).

3.1.1 MIC Effect on Metallic Materials (e.g., Steel, Iron)

MIC contributes to 20% of corrosion losses with SRB being the main agents, utilizing
organic carbons for energy. The electrons harvested are used to reduce sulfate, producing
hydrogen sulfide gas that is toxic and corrodes infrastructure. SRB reside in biofilm
communities providing protection against environmental conditions. They adapt their
electron donor sources, transitioning from organic carbon to iron, initiating pitting corrosion.
Apart from SRB, other electrogenic microbes like nitrate reducing bacteria (NRB) and
methanogens are involved in MIC. Gu and Xu (2013) classify these microbes as X-reducing
bugs, with "X' representing various electron acceptors including sulfate, nitrate/nitrite, COo,
and others (Gu et al., 2015).

Xu et al. discuss the corrosion of metal under aerobic conditions, involving Fe?*-oxidizing
and Mn?* -oxidizing bacteria as early biofilm colonizers. These bacteria consume Oz, produce
oxide coatings on the metal, and create a low O> environment near the biofilm-metal
interface. Heterotrophic microorganisms help remove Oz within corrosion biofilms by
utilizing organics present in various environments where corrosion occurs. As Oz levels
decrease in biofilms, microorganisms with fermentative metabolism and anaerobic respiration
establish themselves near the metal-biofilm interface. In anaerobic conditions,
microorganisms are vital in promoting corrosion of ferrous metals like FeO. Nitrate, sulfate,
and COz do not react with FeO spontaneously unlike oxygen; microbial catalysis is required
for oxidation. Anaerobic microorganisms aid FeQ oxidation through various mechanisms
such as metabolite production and electron transfer mediation. These mechanisms involve
diverse microorganisms and have been studied rigorously in some cases, while in others they
are inferred from indirect evidence. Studying corrosion dynamics in complex environments is
challenging but focusing on FeO as the electron donor in studies, along with genetic or
molecular analysis, can provide valuable insights (D. Xu et al., 2023).

11
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Figure 1. Aerobic (a) and Anaerobic (b) mechanisms for microbial corrosion of ferrous metal (Xu et al., 2023).

In (Figurel), the processes described the initial stages under aerobic and anaerobic
conditions. Under aerobic conditions, iron-oxidizing microorganisms colonize metal surfaces
and form biofilms, creating zones of low oxygen. This facilitates the growth of anaerobic
sulfate reducers. Additionally, certain microorganisms oxidize iron, manganese, and iodine,
generating oxidants for the abiotic oxidation of metallic iron (Fe™0). Under anaerobic
conditions, sulfide minerals formed through microbial sulfate reduction, along with protons
released from organic acid fermentation, promote the oxidation of Fe”0 coupled with the
reduction of protons (H”+) to hydrogen (H2). Extracellular hydrogenases released from
microorganisms also contribute to this process (D. Xu et al., 2023).

3.1.1.1 Mechanisms and Theories

MIC has been categorized into three groups for the purpose of distinguishing the various
mechanisms. Nevertheless, there are two distinct types of anaerobic metabolisms: respiration
and fermentation(Gu et al., 2015; D. Xu et al., 2016). Type | MIC is initiated by electrogenic
bacteria, which have the capability to actively generate pili for electron transfer and energy
dissemination during respiration metabolism. These bacteria deliberately utilize carbon steel
or other non-noble metals as electron donors due to the sufficiently negative reduction
potentials of the ions present in these metallic substances, resulting in thermodynamically
favourable redox reactions when combined with the reduction of an oxidant like sulfate and
nitrate. The bacteria harness electrons released from the oxidation of elemental metal to
internally reduce the oxidant (Pillai, 2015). Type II-MIC is caused by metabolites like
volatile fatty acids secreted by microbes. The Microbially Influenced Corrosion (MIC)
induced by acid-producing bacteria (APB) is classified within this group as indicated by Gu
and Xu (2013). Similarly, the Copper MIC resulting from Sulfate-Reducing Bacteria (SRB) is
also categorized as Type II-MIC. Additionally, Type II-MIC is attributed to microbial
organisms that release enzymes or other corrosive substances, leading to the deterioration of
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non-metallic materials comprising organic carbon among their constituents (Pillai, 2015).
MIC impacts various metals by engaging microorganisms that adhere to the metal surface,
produce extracellular polymeric substances (EPS), and create biofilms. These biofilms can
trigger localized corrosion processes like pitting corrosion, crevice corrosion, and stress
corrosion cracking, compromising the structural strength of the metals. The presence of
microorganisms and their corrosive actions can expedite the degradation of steel alloys,
magnesium alloys, aluminium alloys, and titanium alloys, rendering them vulnerable to
damage caused by MIC (M. Khan et al., 2023).

Sulfate-reducing bacteria (SRBs) play a significant role in inducing corrosion through a
combination of biological, chemical, and physical processes. Although the precise
mechanisms are not fully understood, several hypotheses have been proposed (Y. G. &
Mulky, 2023).Two primary hypotheses for microbially influenced corrosion (MIC) by
sulfate-reducing bacteria (SRB) are widely acknowledged: the cathodic depolarization theory
(CDT) and the biocatalytic cathodic sulfate reduction (BCSR) theory. The former suggests
that SRB induce corrosion by forming a hydrogen film on corroded metal surfaces, which
they depolarize by removing hydrogen via the enzyme hydrogenase. The latter, more broadly,
involves SRB and other microorganisms deriving energy through extracellular electron
transfer (EET) mechanisms. EET is seen as a critical aspect of MIC, but it is also noted as a
bottleneck in EET-MIC processes (Anguita et al., 2022).

o Cathodic Depolarization Theory (CDT)

CDT, focuses on the role of SRB in accelerating corrosion by consuming hydrogen ions at
the metal surface, leading to increased corrosion rates. The theory examines hydrogen
produced by iron dissolution or water reactions consumed by SRB for sulfate reduction
pathway (Y. G. & Mulky, 2023).

8H,0 — 80H™ + 8H* (3.1)

4Fe — 4Fe?* + 8e~ (Anodic reaction) (3.2)
8e~ + 8H* — 4H, (Cathodic reaction) (3.3)
S02~ + 4H, — S*~ + 4H,0 (3.4)

CDT offers understanding of electrochemical processes in MIC. Yet, it lacks clarity on MIC
cases caused by hydrogenase-negative SRB and other non-sulfate-reducing bacteria (Pillai,
2015).

e Biocatalytic Cathodic Sulfate Reduction (BCSR)

Based on principles of bioenergetics, Gu et al. devised a theoretical framework known as
biocatalytic cathodic sulfate reduction (BCSR) theory. This framework aims to explain the

13
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thermodynamic processes involved in Type | microbially influenced corrosion (MIC) by
sulfate-reducing bacteria (SRB)(D. Xu et al., 2016).BCSR proposes that Sulfate Reducing
Bacteria (SRB) harness electrons from iron oxidation through sulfate reduction within their
cellular processes. This mechanism entails the reduction of sulfate (SO4"2-) as the final
electron acceptor, resulting in the generation of hydrogen sulfide (H2S) and the initiation of
corrosion on steel surfaces. The fundamental reactions in BCSR include:(Y. G. & Mulky,
2023).

Fe - Fe?t + 2e~ (3.5)
S02Z~ + 9H* + 8~ — HS™ + 4H,0 (3.6)

By employing these techniques, different SRB biofilms can be simulated, with some relying
on Direct Electron Transfer (DET) while others utilize Mediated Electron Transfer (MET). In
this scenario, there is no physical cathodic surface where the reduction reaction occurs.
Instead, the reaction takes place within the cytoplasm of SRB cells, which are located in
proximity to the metal surface to facilitate electron transfer across cell walls. Electrons
produced from iron oxidation are conveyed into the cytoplasm of SRB cells through
Extracellular Electron Transfer (EET). The term "cathodic” in the Biofilm-Corrosion-Sulfate-
Reducing Bacteria (BCSR) model is employed for consistency in depicting an
electrochemical corrosion process, which typically encompasses both anodic and cathodic
reactions, akin to classical CO2 corrosion modeling(D. Xu et al., 2016).

o Extracellular Electron Transfer Microbiologically Influenced Corrosion
(EET-MIC)

Biofilms have the capability to generate corrosive metabolites in high concentrations within
their vicinity, resulting in metabolite-MIC (M-MIC). Conversely, biofilms are also able to
acquire electrons from energetic metals, thereby facilitating extracellular electron transfer
(EET)-MIC. When an electron donor enters a microbe's cytoplasm, there is no need for EET
as oxidation and reduction reactions happen inside the cell. EET is necessary for electron
donor releasing electrons outside the cell like in Fe (0) corrosion. This process is referred to
as inward EET where a biofilm on metal surface acts as a biocathode. If oxidation happens
inside cells, the biofilm functions as a bioanode, where electrons generated by microbial
metabolism are transferred out of the cells to an external electron acceptor (Gu et al., 2021).

14
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(a) Inward EET

|
Fe 7~

(b) Outward EET

MFC anode

Figure 2.Bidirectional EET. a) Inward EET in a
biocathode of microbial fuel cell. b) outward EET in
a bioanode of a microbial fuel cell (Gu et al., 2021)

The concept that both outward and inward extracellular electron transfer (EET) processes can
involve Direct Electron Transfer (DET) mechanisms explained in (Figure 2).(Gu et al., 2021)

In the absence of a biofilm, the utilization of electrons by planktonic cells in the liquid is
hindered as electrons lack the ability to move freely in the liquid medium, unlike ions.
Electron Extracellular Transfer (EET) encompasses three primary mechanisms: direct
contact, conductive pilus, and electron mediator. The initial two strategies are referred to as
direct electron transfer (DET), while the third approach is known as mediated electron
transfer (MET) (Y. Li et al., 2018). MET involves the use of electron transfer mediators like
potassium hexacyanoferrate (K3[Fe (CN)6]), phenazine methosulfate, osmium complexes,
phenothiazin, and naphthoquinone. These small and mobile mediators transport electrons
from FAD, derived from an enzyme-catalytic process, to the electron acceptor (Ishida et al.,
2018). In other words, mediated electron transfer (MET) entails the use of electron carriers
like hydrogen or electron transfer mediators such as riboflavin and flavin adenine
dinucleotide (FAD) (Lv MeiYing & Du Min, 2018).

e The impact of sulfate-reducing bacteria on different type of steel.

Carbon steel is an extensively researched steel type in the context of corrosion induced by
Sulfate Reducing Bacteria (SRB). Its high iron content and limited resistance to
environmental conditions such as pH and temperature make carbon steel highly vulnerable to
SRB-induced corrosion. SRB can expedite the corrosion process in carbon steel through
multiple mechanisms, including the generation of corrosive byproducts like hydrogen sulfide
(H2S). Besides carbon steel, various other types of steel, such as stainless steel, low-alloy
steel, and galvanized steel, are also prone to corrosion caused by sulfate-reducing bacteria
(SRB). The impact of SRB on these diverse steel types can be attributed to a combination of
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direct and indirect processes. Direct processes may encompass the generation of corrosive
and the hindrance of protective coatings and inhibitors. In addition, among carbon steel, X70
steel, and X80 steel, studies have shown that X80 steel exhibits better resistance to SRB-
induced corrosion compared to carbon steel and X70 steel. Based on microstructure analysis,
they proposed that the issue is attributable to the less uniform structure of X70 relative to
other types of steel (Y. G. & Mulky, 2023).

The study on microbiologically influenced corrosion of X80 pipeline steel by sulfate-
reducing bacteria (SRB) involved immersing steel coupons in sterile and SRB-inoculated
culture media. Carbon source starvation tests were conducted with varying organic carbon
content (0%, 10%, and 100%). The exposure duration was 14 days, and analysis techniques
such as SEM and XPS were used for characterization. The experiments were carried out in a
controlled anaerobic environment with pH regulation. Sample preparation included
machining, grinding, polishing, cleaning, and sterilization of steel coupons. The findings
revealed that Sulfate-reducing bacteria (SRB) spurred the creation of FeS corrosion products,
leading to crust formation on steel surfaces. Despite this, the crust failed to mitigate corrosion
in carbon-deficient environments where electron transfer prevailed. Corrosion rates peaked in
a 10% carbon source medium, indicating heightened SRB activity accelerating the corrosion
process. Depletion of carbon sources resulted in a porous corrosion layer, exacerbating
corrosion by facilitating direct contact between the solution and the steel substrate. Overall,
SRB activity, carbon sources, and corrosion product characteristics significantly influenced
the corrosion behaviour of the steel (Laboratory Investigation of Microbiologically
Influenced Corrosion of X80 Pipeline Steel by Sulfate-Reducing Bacteria | Journal of
Materials Engineering and Performance, n.d.).

e Microbial corrosion affecting metal water supply pipelines

Distribution networks comprise various components like pipes, plumbing, valves, pumps,
meters, and storage tanks. Microbially-induced corrosion affects these components, releasing
harmful substances into the water. This corrosion can lead to the growth of metal-oxides
scale, causing pipeline blockages and breakages. Microbial attachment to the rough surfaces
of metal-based pipelines initiates the corrosion process, followed by the formation of mineral
deposits that create a protective barrier resistant to disinfectants. This sets the stage for
microbially induced corrosion (MIC) within the pipeline's microenvironment, driven by
microbial metabolic processes and extracellular polymer generation. As oligotrophic
microbes multiply, they dissolve metal pipe materials, causing damage to the pipe walls.
Interaction among corrosive microorganisms leads to various forms of corrosion, reflected in
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Figure 3. Potential MIC paths in DWDS (Song et al., 2023).

The development of scale layers on pipe surfaces that indicate microbial diversity. Microbial
metabolic activities, including acid production, contribute to the formation of porous scale
layers, enhancing microbial community stability and accelerating MIC (X. Song et al., 2023).

The MIC process in DWDSs comprises three stages is shown in (Figure3.) In the initiation
stage, HOS microbes attach to metal pipelines, initiating corrosion. Progression involves
mineral deposit formation induced by attached microbes, leading to metal dissolution and
pipe damage. Completion sees corrosive microorganisms interact with pipes, causing various
corrosion forms. Understanding these stages is vital for developing strategies to control MIC,
ensuring system integrity, water quality, and minimizing economic and environmental
impacts (X. Song et al., 2023).

Cast iron pipes utilized in urban water distribution systems are prone to corrosion upon
exposure to water, leading to the development of “corrosion tumours” which change the
colour and turbidity. Studies suggest that during the initial phases of biofilm development
within cast iron pipes, corrosion may be accelerated, whereas in later stages, mature biofilms
can offer protection against surface degradation. Thiobacillus ferroxidase, a specific
bacterium, is recognized as a significant corrosive agent on cast iron pipes under specific
temperature conditions, highlighting the crucial role of microbial activity in corrosion
mechanisms. The collective bacterial community plays a substantial role in the corrosion of
cast iron pipes in real-world scenarios, contributing significantly to the total weight loss
attributed to microbial corrosion. To combat microbial corrosion in cast iron pipes, protective
measures such as lining inner walls with materials like cement mortar, epoxy resin, and other
inert substances are commonly employed as effective mitigation strategies (Yang et al.,
2022).
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3.1.2 MIC Of Concrete and Cement and Other Advanced Materials

Microbiologically induced corrosion (MIC) represents a highly distinct form of deterioration
mechanism observed in concrete structures that are subjected to sewer environments. This
phenomenon has the potential to significantly decrease the durability of concrete structures
potentially reducing the expected lifespan from 100 years to a range of 30-50 years, and in
severe cases, as low as 10 years or less (J. Wu et al., 2019).

3.1.2.1 MIC In Concrete Exposed to Sewer Environments

MIC in concrete exposed to sewer environments initiates with anaerobic sulfate reducing
bacteria converting sulfates to hydrogen sulfide (H2S), which then accumulates and reacts
with moisture to form sulfuric acid. This acid, along with other biogenic acids, deteriorates
the concrete matrix, causing progressive disintegration (M. Wu, Wang, Wu, et al., 2020).

3. H,S + 0, — H,SO, Generation of sulfuric acid

Sulfur oxidizing bacteria

———__ Parts with especially
serious corrosion and
deterioration

Dew condensation caused by
temperature differences

v
T Sludge accumulation
1.80, +2C +2H,0 - 2HCO; +H,S

Sulfate reducing bacteria

Figure 4. The main events tied to microbiologically induced
corrosion of concrete in sewer environments (Wu, Wang, Wu, et
al., 2020).

The key phases in microbiologically induced corrosion (MIC) of concrete in sewer
environments comprise 4 main stages. According to (Figure 4.) the formation of hydrogen
sulfide in the solution, the release and buildup of hydrogen sulfide gas, the generation of
sulfuric acid, and the deterioration of the concrete materials. These processes entail a blend of
biological, chemical, and physical mechanisms that contribute to the corrosion of concrete in
sewer systems (M. Wu, Wang, Wu, et al., 2020).

Consequently, progression and the degradation of concrete structures by microbial concrete
corrosion (MICC), involve distinct phases including abiotic acid-base reactions, the
dominance of sulfur-oxidizing bacteria, and the intensification of corrosion rates. The initial
stage is marked by abiotic acid-base reactions, resulting in carbonation and the formation of
weak acids like thiosulfuric and polythionic acid. Following this, the biotic dominated part
ensues, where neutrophilic sulfur-oxidizing bacteria (NSOB) become prevalent in the
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concrete's pore spaces. These bacteria thrive in humid conditions and oxidize reduced sulfur
species, generating sulfuric acid that contributes to the corrosion of the concrete structure. As
the corrosion progresses, the last stage emerges, characterized by the dominance of
acidophilic sulfur-oxidizing bacteria (ASOB) with low pH levels and high corrosion rates.
Notably, Acidithiobacillus trioxidanes is a common bacterium found in this stage. The
corrosion intensifies in this final stage, leading to substantial material loss, with reported
corrosion rates exceeding 10 mm/year. This sequential progression from abiotic reactions to
biotic interactions underscores the complex nature of MICC and the detrimental impact it can
have on concrete infrastructure (Grengg et al., 2018).

Concrete corrosion in sewers begins with abiotic processes such as carbonation and H.S
acidification, leading to a decrease in surface pH. Subsequently, biological sulfide oxidation
produces sulfuric acid, further lowering pH levels. The corrosion process is influenced by the
water content of concrete, which is affected by sewer relative humidity (RH) and occasional
flooding. Higher RH levels accelerate corrosion initiation and progression. Moisture
condensation on sewer crown regions fosters microbial colonization and sulfide oxidation,
contributing to corrosion (X. Li et al., 2017). In concrete sewer pipes, corrosion is often
concentrated at the crown and waterline levels. Crown corrosion is intensified by temperature
variations, enhancing H2S(g) transfer to sewer walls. Acid-containing condensates around the
waterline trigger rapid corrosion rates, leading to the formation of deteriorated products that
are intermittently washed away by the waste stream, exposing fresh surfaces for further
corrosion (M. Wu, Wang, & Wang, 2020).

The mechanisms underlying Microbially Induced Concrete Corrosion (MICC) in sewer
wastewater were confirmed through 14-month laboratory experiments. The gradual decrease
in pH levels from 6.87 to 3.0 facilitated the growth of sulfur-oxidizing bacteria, leading to
corrosion product formation and concrete weight loss. This extended monitoring period
allowed for the observation of morphological changes and the identification of specific
corrosion by-products, highlighting the cumulative impact of biogenic sulfuric acid on
concrete degradation. Acidithiobacillus trioxidanes and similar bacteria were found to play a
critical role in sulfuric acid production, which led to the dissolution of calcium compounds
and the formation of corrosion by-products such as gypsum and ettringite. These findings
emphasize the complex interplay between microbial activity, pH levels, and sulfate
concentrations in sewer environments (D & R.H, 2021). Additionally, Biocorrosion, fuelled
by microbial activity, can trigger significant changes in both the outward appearance and
internal structure of concrete. These effects encompass alterations in geometry, surface crack
formation, material removal from the surface, and colour variation. Biocorrosion-induced
degradation can also lead to the formation of microcracks, permeable gaps, and changes in
the chemical composition of the concrete material (Chaudhari et al., 2022). The investigation
of the concrete structure within a sewage treatment facility in Curitiba, Brazil, which has
been subjected to an aggressive environment for close to 20 years, leads to observations of
variations in the concrete structure. These include the formation of surface cracks, removal of
material from the surface, and shifts in chemical composition due to the impact of biogenic
sulfur attack. Additionally, the study identifies the presence of microcracks and structural
modifications within the concrete as a direct result of biocorrosion-induced degradation
(Pereira Godinho & De Medeiros, 2021).
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Figure 5. Degradation of concrete. A and B - Walls of the drainage channels in the sanitary sewer show exposed
reinforcement. C - Supplementary metallic structures of the Upflow Anaerobic Sludge Blanket (UASB) reactor
exhibit intense corrosion. D - The slab above the flow channel displays exposed aggregates (Pereira Godinho &
De Medeiros, 2021).

During the recent assessment, it was observed that the sewage treatment plant is operational,
with concrete showing surface disintegration in the form of flaking that can be manually
removed. This disintegration has caused a depletion in the reinforcement cover in certain tank
areas, leading to reinforcement corrosion and exposing the underlying carbon steel, as shown
in (Figure 5)(Pereira Godinho & De Medeiros, 2021).

e Addressing Corrosion Issues in Different Components of Wastewater Treatment
Plants

Various components in wastewater treatment plants are prone to corrosion due to exposure to
corrosive atmospheres and immersion in corrosive fluids. Critical components such as sludge
scrapers, gratings, ladders, electrical junction boxes, steel lamp posts, valve handles, and
immersed steel components are particularly susceptible to deterioration in high humidity,
corrosive atmospheres containing hydrogen sulfide (H.S), and corrosive aqueous
environments, leading to operational inefficiencies. Corrosion in wastewater treatment plants
is affected by various factors, including microbiologically influenced corrosion (MIC),
anaerobic conditions, Thiobacillus bacteria acting on sulfur compounds to produce hydrogen
sulfide (H2S), sulfur oxidizing bacteria (SOB) creating dilute sulfuric acid (H2SO4), and
environmental elements such as elevated temperatures, sunlight exposure, and humidity.
These combined factors play a significant role in the corrosion of both metallic and non-
metallic components within the wastewater treatment plant setting. To address this corrosion
challenge, advanced materials and coatings like coal tar epoxy, petrolatum tape coatings,
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corrosion-resistant steels, polymers, and fiberglass-reinforced plastics are employed to
safeguard these components. Furthermore, the implementation of corrosion prevention
measures such as cathodic protection (CP). systems for selected steel components and
ceramic anode ICCP systems in clarifiers plays a crucial role in effectively managing
corrosion issues and prolonging the lifespan of wastewater treatment plant
infrastructure(Stephenson & Kumar, 2009).

Figure 6.The valve handle on the clarifier displays significant corrosion.
(Stephenson & Kumar, 2009).

(Figure 6) illustrates an instance of dissimilar metal corrosion cells observed at the
wastewater treatment plant, where a bronze water valve experienced severe corrosion due to a
galvanized steel pipe fitting screwed into it. This example underscores the importance of
using compatible materials to prevent corrosion issues in such environments.

(@) (b)

Figure 7.The a) initial and b) final states of the valve-operator stands at a
wastewater treatment plant. (Stephenson & Kumar, 2009).
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The (Figure 7), shows the before-and-after states of the valve-operator stands, illustrating the
extent of corrosion damage, the abrasive cleaning process to achieve a particular finish, and
the application of protective coatings to prevent future corrosion. This visual representation
underscores the maintenance efforts undertaken to address.

3.1.2.2 MIC in Cementitious Materials and Mortar

Kashaija et al. (2024) studied cement mortars as a replacement for concrete in wastewater
treatment facilities. Degradation of cement-based materials in pumping stations and sand-trap
structures was examined. Exposure to wastewater vapours caused more deterioration than
liquid exposure, forming gypsum and ettringite due to biogenic sulfuric acid attack. An in-
situ experiment was conducted for 1 to 7 months on cement samples in wastewater treatment
structures. specimens exposed to wastewater environments within pumping stations and sand-
trap structures (Kashaija et al., 2024).

Specimens from
pumpingsite

Specimens from
sand-trap site

s L e, i
Reference 1-Month 2-Month 3-Month 7-Month

Figure 8. physical changes in cement paste specimens over time. Pumping station specimens at 2-, 3-, and 7-months display
surface deterioration, while sand-trap counterparts do not (Kashaija et al., 2024).

According to (Figure 8), the specimens located within the pumping station underwent a
noticeable transformation in coloration following a period of two months, contrasting starkly
with the specimens housed within the sand-trap structure which retained their original grey
hue. As the timeline extended to seven months, it was observed that the paste specimens
within the pumping station exhibited the development of white, tender, and pulpy by-
products, presenting a distinct contrast to the sand trap specimens which did not showcase
similar changes over the same duration.
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Figure 9. The physical changes in cement mortar specimens over different exposure periods. Pumping station
specimens at 2, 3, and 7 months display more significant surface changes compared to those from sand-trap
structures (Kashaija et al., 2024).

(Figure 9), shows more physical damage on pumping station specimens' edges compared to
sand trap specimens (Kashaija et al., 2024).The laboratory simulated microbially induced
corrosion test involved the evaluation of four types of mortars: low calcium fly ash based
geopolymer mortar (FA-GPm), alkali-activated slag-based mortar (AASm), calcium
aluminate cement-based mortar (CACm), and sulfate resistant Portland cement mortar
(SRPCm). These mortars were exposed to a nutrient solution containing sulfur oxidizing
microbes to assess their performance and resistance to biocorrosion over a six-month period.
The results showed varying degrees of deterioration and resistance to biocorrosion among the
different mortar types. Different mortars have distinct chemical compositions, porosities, and
microstructures, which can affect their susceptibility to biocorrosion. For example, mortars
with higher porosity may provide more favourable conditions for microbial growth and acid
formation compared to denser mortars. Additionally, the presence of certain minerals or
compounds in the mortars may influence the biodegradation process differently. Specifically,
the neutralization of CACm after exposure to the biotic reactor was lower compared to other
mortars, indicating its resistance to biocorrosion. Formation of sulfuric acid (H2SO4) and
growth of sulfur oxidizing microbes (SOMs) were dependent on the type of mortar, with
different mortars exhibiting varying levels of degradation (H. A. Khan et al., 2022).

3.2 Economic Implications

MIC is recognized as the most hazardous form of corrosion in industries like power
generation, wastewater treatment plant, and oil and gas production, among others, and it is

23



3 Literature review

classified as one of the eight distinct types of corrosion, known as biocorrosion (Lavanya,
2021).

Hydrogen sulfide emissions in sewer systems pose numerous challenges, including biogenic
concrete degradation, unpleasant odours in urban areas, and potential health risks to sewer
workers due to sulfide gas. Instances of minor concrete degradation have been observed when
the total sulfide concentration in wastewater ranges from 0.1 to 0.5 mg S L1, while
significant concrete corrosion tends to occur at sulfide levels exceeding 2.0 mg S L1, In Los
Angeles County, approximately 10% of sewer pipes suffer from substantial sulfide-related
corrosion, leading to restoration costs estimated at around $400 million. In Flanders,
Belgium, annual costs associated with biogenic sulfuric acid corrosion in sewers are
estimated to be about €5 million, representing roughly 10% of the total expenditure for
wastewater collection and treatment. To address the issue of biogenic corrosion, various
chemical and biological technologies have been proposed to prevent or reduce hydrogen
sulfide emissions in sewer systems, as will be detailed in chapter 10. However, the primary
drawback of current hydrogen sulfide emission control technologies is their cost (h1.9-7.2
kg? S removal). There is a need for a cost-effective and efficient method to manage
hydrogen sulfide emissions in sewer systems, such as the use of formaldehyde, MgO./CaO-,
microbial fuel cells (MFCs), and phages. Formaldehyde is a cost-effective chemical (h1.3—
3.6 kgt S removal) that inhibits sulfide generation in sewers. Solid-phase oxygen is
appealing because it can provide long-term inhibition of sulfate-reducing bacteria (SRB)
activity. Sewer MFCs is advantageous as they can generate electricity while preventing
sulfide formation. Additionally, phages that efficiently lyse SRB could be cost-effective due
to their potential to reproduce in sewers. (L. Zhang et al., 2008a).

A study conducted by Koch et al. (2002) evaluated the direct costs of corrosion across 26
industrial sectors where corrosion is commonly found. By extrapolating their findings
nationwide, they determined the total direct cost of corrosion to be $276 billion annually,
equivalent to 3.1 percent of the U.S. gross domestic product (GDP). Additionally, they
conservatively estimated the indirect costs to society to be equal to the direct costs. This
implies that the overall societal cost of corrosion could potentially amount to as much as 6
percent of the GDP. Typically, only the direct costs are accounted for, while the indirect
costs, despite being borne by society, are often overlooked as they are paid solely by the
owner/operator (Koch et al., 2002). In 2002, the total annual direct cost of corrosion for the
nation's drinking water and sewer systems was estimated to be $36.0 billion. This
comprehensive figure included expenses related to infrastructure replacement, water loss
through leaks, corrosion inhibitors, internal mortar linings, and protective coatings. The
drinking water and sewer systems sector was highlighted for its substantial contribution to the
overall corrosion cost, ranking among the industries with the highest direct corrosion impacts.
Moreover, this sector's corrosion cost was part of the total direct corrosion cost, which was
estimated at $276 billion per year, equivalent to 3.1 percent of the U.S. gross domestic
product (GDP). Conservatively estimated, the indirect costs of corrosion in the sewer and
water sector were deemed equivalent to the direct costs, suggesting an overall societal cost
that could potentially reach 6 percent of the GDP.

In 2015, the overall global cost of corrosion reached $2.5 ftrillion, and of this amount,
microbial-induced corrosion (MIC) accounted for approximately 20%, although the specific
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impact of MIC on corrosion losses in wastewater treatment was not clearly indicated
(Lavanya, 2021) .

According to (Grengg et al., 2018), microbial-induced concrete corrosion (MICC) poses
substantial economic burdens on wastewater networks globally. In Germany, annual
rehabilitation expenses for MICC-related damages exceed €450 million, while in the UK,
they surpass £85 million. Additionally, the United States is expected to allocate
approximately $390 billion over the next two decades to sustain the functionality of its
existing wastewater infrastructure.

The study (Zhong et al., 2023) examined the noteworthy economic consequences of
corrosion, which typically represents 3-4% of a nation's gross domestic product (GDP) and
results in substantial losses across diverse industries. To illustrate, in 2014, corrosion in water
distribution networks resulted in expenses of around 10 billion RMB in China, while public
drinking water systems suffered annual losses of $22 billion and sewage systems incurred
losses of $14 billion in the USA. Urban water systems are particularly susceptible to
corrosion, leading to system failures and economic setbacks, particularly in relation to
pipeline infrastructure and the quality of drinking water. The cost of corrosion varies
depending on the region, with China and the USA demonstrating significant research interest
and potential costs, while Belgium holds considerable influence in the field based on citation
rates. Ongoing research is focused on comprehending the effects of corrosion inhibitors and
biocides on wastewater treatment processes and elucidating the mechanisms of biocorrosion
in reclaimed water distribution systems.

the cost implications of microbial corrosion on concrete structures are indeed mentioned by
(D. Wang et al., 2023) which draws attention to the considerable financial burdens that arise
from the need to repair and rebuild sewer systems affected by microbially influenced
concrete corrosion (MICC). For instance, it is noted that the replacement of 11% of a
concrete pipe in Los Angeles, California, due to microbial corrosion incurred a cost of USD
400 million. Moreover, estimations for the restoration of sewage systems in the United States
indicate that the total costs could reach up to USD 1.6 trillion. These figures serve to
highlight the substantial economic impact that MICC has on the maintenance and repair of
infrastructure.
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4 Biological Processes involved in Sulfide
Production and MIC

A group of anaerobes, collectively called sulfate-reducing bacteria (SRB), generate different
sulfide species (H2S, HS- and S2-) that coexist in equilibrium in wastewater and the
distribution of each species is a function of pH(Mara & Horan, 2003).Over the past decade,
extensive research has been conducted on the reduction of sulfate to sulfide by sulfate-
reducing bacteria (SRB) under anaerobic conditions (Z. Zhang et al., 2022) Several factors
contribute to its notable performance:

I.  Sulfide formation is enhanced through sulfate reduction, which consumes more
substrates with limited electron donors, consequently reducing sulfate levels (J. Wu et
al., 2019) By reducing sulfide formation, this process mitigates the inhibitory effects
of sulfide on microorganisms, prevents the corrosion of metal pipelines or equipment
by sulfide, and enhances the purity of biogas (Oliveira et al., 2020; Shi et al., 2020).

I. By reducing sulfide formation, this process mitigates the inhibitory effects of sulfide
on microorganisms, prevents the corrosion of metal pipelines or equipment by sulfide,
and enhances the purity of biogas(Oliveira et al., 2020; Shi et al., 2020).

Il.  Metal sulfide precipitation occurs as sulfate is reduced to sulfide, leading to the
formation of metal sulfide, which can then be precipitated by adjusting pH for
removal or recovery(Y.-N. Xu & Chen, 2020).

In sulfate bioconversion, SRB play indispensable roles. They reduce sulfate through the
oxidation of low molecular weight substrates (such as hydrogen, acetic acid, lactic acid,
ethanol, etc.) to acetic acid salts as incomplete oxidation products, with CO2 produced as
complete oxidation products(Pifia-Salazar et al., 2011).SRB are obligate anaerobes that
derive energy for growth through the oxidation of organic substrates, utilizing sulfate as the
terminal electron acceptor as(O. J. Hao, 1996).

SO2™ + 2C + 2H,0 > SRB > H,S + 2HCO3 4.1)

The preferred carbon sources for sulfate-reducing bacteria (SRB) include low molecular
weight compounds such as organic acids (e.g., lactate, pyruvate, formate, and malate), fatty
acids (e.g., acetate), and alcohols (e.g., ethanol, propanol, methanol, and butanol). These
compounds are largely fermentation products resulting from the anaerobic degradation of
carbohydrates, proteins, and lipids. Consequently, SRBs act as terminal degraders, analogous
to methanogenic bacteria, which produce methane and CO2 as end products. The rate of
sulfide production in sewers has been observed to correlate with dissolved carbohydrate and
volatile fatty acids concentrations.

The pathways involved in sulfate reduction encompass assimilated sulfate reduction (ASR)
and dissimilatory sulfate reduction (DSR) (see Fig. 1). ASR is a vital biochemical synthesis
process that yields reduced sulfur, holding significant importance in industrial biotechnology.
Methionine production stands out as a crucial energy requirement within ASR, garnering
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considerable attention in biotechnological applications (Rickert, 2016). However, during
sulfate reduction, only a small portion.

of sulfate is converted into sulfur-containing compounds through the ASR pathway, while a
considerable amount is reduced to sulfide via the DSR pathway (J. Li et al., 2019). As a
result, the primary focus is on sulfate-reducing bacteria (SRB) involved in the dissimilatory
sulfate reduction (DSR) process.

In chemical reactions, E® (pronounced "E zero prime") refers to the standard reduction
potential. It represents the tendency of a chemical species to gain electrons and undergo
reduction, compared to a standard reference electrode, usually the hydrogen electrode. The
E? value is a measure of the "strength" of a redox couple, indicating how easily a species can
accept electrons. More positive E® values indicate a stronger tendency to accept electrons
(i.e., a better oxidizing agent), while more negative values indicate a weaker tendency to
accept electrons (i.e., a better reducing agent). The standard reduction potential is often
expressed in volts (V) or millivolts (mV). The dissimilatory reduction of sulfate can be
broadly divided into a two-step process. Sulfate poses challenges as an electron acceptor for
microorganisms due to its unfavorable redox potential (E® of the sulfate-sulfite pair is -516
mV), which cannot be efficiently reduced by intracellular electron mediators like ferrite
protein or NADH (having E® values of -398 mV and -314 mV, respectively). Thus, in the
initial step, sulfate is activated by sulfate adenylyltransferase (sat), forming adenosine-5'-
phosphosulfate (APS) at the expense of two ATP equivalents. APS reductase then utilizes
two electrons to reduce APS to bisulfite (HSOs") as represented in Eqgs 4.2) and (4.3). The
hydrolysis of the released pyrophosphate (HP207%) drives Eq.(4.4) activation reaction. The
redox potential (E”) of the APS-sulfite pair plus adenosine monophosphate (AMP) is
approximately -60 mV, facilitating the reduction of APS by reduced ferredoxin or NADH (Z.
Zhang et al., 2022).

SOZ~ + ATP*™ + H* — APS?~ + HP,03" 4.2)
APS?~ + 2e” + 0.5H* — 0.5HSO3 + 0.5S03~ + AMP?~ (4.3)
HP,03~ + H,0 — H,PO; + HPO}~ (4.4)

In the subsequent step, bisulfite reductase reduces HSO3- with six electrons to form sulfide
(HS) (Eq. (4.5), with a potential EQ' of approximately -116 mV for the redox sulfite-sulfide
pair. It's still under debate whether sulfite reduction to sulfide follows a route through
trithionate and thiosulfate, allowing for reduction in three two-electron steps (Muyzer &
Stams, 2008). The overall result of sulfate reduction involves the consumption of 8 moles of
electrons and 8.5 moles of protons (Keller & Wall, 2011).

0.5HSO3 + 0.5S03™ + 6e~ + 7H* — 0.5HS™ + 0.5H,S + 3H,0 (4.5)

SOF~ + ATP* + 8e™ + 8.5H"
- 0.5HS™ + 0.5H,S + AMP?~ + HPO?™ + 2H,0 (4.6)

27



4 Biological Processes involved in Sulfide Production and MIC

SO

Sulfate transporter QmoABC
ke d
ettt | Gabibidos 1 S
puvt 2z

b
fexas® Sulg ~ 4 2
A\ D) ate g,
S ol CYS“'CY SO* nylyltransferas ﬁ l9g
e e
ot s & f\ ATP ATP/—\ v . 3
e APS 5 ] APS
2 £O /\% %
¥ S 4 % % >
' S S 2e 7Y
¥ SO ATP 3
b“? § ~ d %» % yi
k‘j b@ ADP L AMP ® e m
- o APS reductase
8 PAPS  AMP+Trx> (CysH) SO, 2
A8 S > F
A
2 & @Pﬂrxox 58
"a& %J‘ s, $ &b ttw
V ’Go' 4 red Q"” g \.7
{} %, 5. ¥ 6 Fd™dor ! ,S~ NS 427
> %5 3 NADPH+H* (SH 4e DaC S & &
‘J& ¢ 6 Fd°*or DsrL b g & e
o
(? 3 NADP* g
%‘,7 (= » f%ﬁ{}
& % lllfite o s,,) vt

& i
HE EE&EHE”EHHEHEE EK“% )‘? DstMKJOP

Figure 10. . Assimilation and dissimilatory sulfate reduction pathways. (blue line: assimilated sulfate reduction
(ASR); red line: dissimilatory sulfate reduction (DSR)) (Z. Zhang et al., 2022)

For three bacterial phyla and one archaeal phylum, over 120 species and 40 genera of SRB
have been identified by (Barton & Hamilton, 2007), Zhang et al., 2022 lists the SRB for 40
species, the majority of which have morphologies that are rod, vibrio, or curved. Further
details are provided in (Appendix B)(Z. Zhang et al., 2022). SRB can be classified into three
groups based on their inability to further oxidise substrates to carbon dioxide in the absence
of acetyl-CoA: those that fully degrade organic compounds to CO2, those that partially
degrade organic compounds to acetate, and those that exhibit both complete and incomplete
degradation(Colleran et al., 1995). Some particular SRBs can also employ nitrate, nitrite,
iron, and other chemicals as electron acceptors in addition to sulfate, sulfite, thiosulfate, and
elemental sulfur(Muyzer & Stams, 2008). The species within the genus Desulfotomaculum,
such as Desulfotomaculum solfataricum, Desulfotomaculum kuznetsovii, Desulfotomaculum
australicum, and Desulfotomaculum thermoacetoxidans, are capable of using acetate as an
electron donor. However, Desulfotomaculum luciae, Desulfotomaculum thermocisternum,
Desulfotomaculum geothermicum, and Desulfotomaculum thermobenzoicum subsp.
Thermobenzoicum lacks the ability to metabolize acetate. Both Desulfotomaculum and
Desulfomonile genera contain species that exhibit both complete and incomplete oxidation,
which is attributed to different substrates(T. Hao et al., 2014).

Most SRB reactors use incomplete oxidation as their primary metabolic route since it
typically performs better than complete oxidants in terms of substrate utilisation during
anaerobic degradation (Muyzer & Stams, 2008). One of the causes for the SRB reactor's
inferior effluent is residual acetate from incomplete oxidative metabolism, which can be
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found in the bioreactor's effluent. Reports on SRB of full oxidants are scarce, nevertheless.
Therefore, in order to improve sulfate reduction technology in the future, it is required to
research the SRB of full oxidation(Z. Zhang et al., 2022).

4.1 Sulfide Production

Oxidized sulfur compounds like sulfate, sulfite, and thiosulfate are commonly found in
industrial wastewaters and to a lesser extent in municipal wastewaters. These compounds can
act as electron acceptors for sulfate-reducing bacteria, which utilize organic compounds in
anaerobic reactors and generate hydrogen sulfide H>S. The heightened toxicity of un-ionized
hydrogen sulfide (H2S) in comparison to its ionized counterpart emphasizes the crucial role
of solution pH in determining the overall toxicity of H.S. Moreover, the toxicity levels are
intricately influenced by factors such as the nature of anaerobic biomass (whether granular or
dispersed), the specific composition of methanogenic population, and the ratio of Chemical
Oxygen Demand (COD) to sulfate (SO4) in the feed. Elevated levels of COD lead to
heightened methane generation, resulting in the dilution of H>S and its subsequent transfer
into the gaseous phase. In aqueous mediums, hydrogen sulfide may manifest as HzS gas, the
bisulfide ion (HS"), or the sulfide ion (S*), depending on the prevailing pH conditions, as
illustrated in the equilibrium reaction provided (Tchobanoglous et al., 2014).

4.2 Effect Of Process Parameters on Sulfide Production and SRB
Activity

The effectiveness of biological treatments and its successful integration into water treatment
are determined by SRB metabolism. SRB is able to operate better in complex anaerobic
microbial communities when certain environmental factors and operational conditions are

fulfilled, including pH, temperature, COD/SO42' ratio, electron donor, ORP, HRT,
concurrent ions, and syntrophic/competitive bacterial groups(Z. Zhang et al., 2022).

pH

First, the breakdown of cell homeostasis resulting from a pH shift is caused by passive
transfer of free acid or alkali across the cell membrane and subsequent destruction within the
cell. Furthermore, pH is strongly correlated with the concentration of free acid or base in
relation to the equivalent ionic molecule(Sharma et al., 2014). More short-chain fatty acids
can be produced by hydrolyzed acidifying bacteria in an alkaline environment, and SRB can
use these fatty acids efficiently(J. L. Chen et al., 2014). More protons diffuse across the cell
membrane at lower pH values than at neutral pH, which puts diffusion pressure on the
membrane. Most of the energy from the redox process is needed to maintain pH homeostasis
if the pH gradient between the external and intracellular environments is too great. VVarious
ways for maintaining pH homeostasis comprise active processes like amino acid
decarboxylase and proton pump as well as passive ones such changes in lipid composition
and positively charged surface protein expression. Due to this procedure, very little redox
energy is used for cell development, which is highly harmful to the metabolism of SRB
growth(Meier et al., 2012).
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Second, different types of chemicals have varied impacts on SBR, and the pH will influence
each substance's presence in the solution (Egs. (4.7) and (4.8)) because pH can alter the
chemical equilibrium among the sulfide species, the sulfide (H2S, HS and S?) species in
solutions rely on the pH of the solution(H. Wang et al., 2013).

H,S — HS™ + H*pK,; = 6.97 (25°C) (4.7)
HS™ — S2~ + H*pK,, = 12.9 (25°C) (4.8)
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Figure 11. Fraction of hydrogen sulfide in H2S form is
dependent on the pH level (Tchobanoglous et al., 2014).

According to the (Figure 11), The distribution of hydrogen sulfide (H2S) and bisulfide ions
(HS") in a solution varies with pH and temperature. In acidic conditions, H>S predominates,
with its percentage higher as the pH decreases. Conversely, as pH becomes more neutral or
basic, the proportion of HS™ increases due to its greater stability under less acidic conditions.
At pH 7, the intersection point, both H>S and HS™ are equal in percentage. Temperature
influences this equilibrium, with higher temperatures favouring the formation of HS™ over
H>S. For instance, at 30°C, at pH 6, H>S might be around 80%, decreasing to 20% at pH 8,
while HS™ increases proportionately. At 40°C, these percentages would shift slightly towards
HS™ at lower pH levels compared to 30°C. While these values are hypothetical, the exact
percentages depend on specific conditions and concentrations, typically determined through
chemical equilibrium models or direct experimental measurements.

At lower pH levels, approximately 99% of sulfide species exist as H.,S, which poses risks of
corrosion and toxicity, particularly as a major component of biogas. Conversely, under
neutral to slightly alkaline conditions (pH 7-8), the bisulfide ion (HS") becomes predominant,
while at highly alkaline conditions (pH > 9), the sulfide ion (S%)) prevails, crucial in industrial
processes for forming stable metal sulfides.
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Figure 12. The relationship between pH, temperature, and the emission of sulfide species in
wastewater system (Anwar et al., 2022).

A lower pH levels (4.5-5), based on (Figurel2), hydrogen sulfide (H2S), can diffuse through
cell membranes, causing denaturation of proteins and cellular disruption in microorganisms,
including sulfate-reducing bacteria (SRB). The optimal pH for sulfate-reducing bacteria
(SRB) activity, key contributors to biogenic corrosion, is 6.5-7.5, where they produce sulfide
by reducing sulfate. Changes in pH levels can lead to shifts in the dominance of SRB and
methane-producing prokaryote (MPP) strains in the biofilm layer(Tran et al., 2021).
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Figure 13. Inhibitory mechanism of low pH on SRB (full line: increasing trend; dashed line: decreasing trend)

Eventually, the inhibitory impact of low pH on sulfate-reducing bacteria (SRB) is
multifaceted and intricate (see Fig.13). The influence of pH on SRB can be elucidated from
several perspectives. Firstly, pH directly impacts the metabolism of SRB, disrupting cellular
homeostasis, disrupting the pH balance inside and outside the cell, ultimately leading to
energy loss. Secondly, pH indirectly affects SRB by altering the chemical forms of certain
substances in the environment, such as sulfides, heavy metals, and organic acids. Thirdly, pH
influences the metabolism of microorganisms that interact or compete with SRB, such as
acidogenic bacteria and methanogenic archaea(Z. Zhang et al., 2022).

Temperature

SRBs are capable of thriving across a broad range of temperatures, although the majority
prefer moderate temperatures. Psychrophilic SRB exhibit optimal growth between 7-
18°C(Knoblauch & Jgrgensen, 1999). Moderately temperature-resistant SRB thrive best
between 40-60°C(Adllo et al., 2013). Thermophilic SRB, on the other hand, have an optimal
growth temperature ranging from 65-70°C, with those able to grow above 80°C being
exclusive to marine hydrothermal environments(Sanchez-Andrea et al., 2013). The ideal
temperature range for most sulfate-reducing bacteria to grow is between 28-30°C.
Furthermore, temperature affects the solubility of H.S in wastewater, with higher
temperatures resulting in decreased solubility of H,S. This, in turn, reduces the inhibitory
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effect of H.S on sulfate-reducing bacteria SRB(Kaksonen & Puhakka, 2007a). While
moderate temperature increases benefit both SRB and methanogenic archaea (MA), their
competitive dynamics vary depending on temperature conditions. Research indicates that
SRB outperform MA in wastewater treatment at high temperatures particularly when
temperature rises to 55-65° (Omil, Bakker, et al., 1997). Sulfate reduction rates are
significantly influenced by temperature, typically increasing by 2 to 3.9-fold with a
temperature rise of 10°C. The optimal temperature for most pure cultures of SRB falls within
the range of 28 to 32°C. Among SRB, some Desulfobacterium strains and a curved
Desulfobacter strain exhibit lower optima at 24-28°C, while the highest observed temperature
is around 70°C for Thermodesulfobacterium commune. However, most SRB species
experience rapid death at temperatures above 45°C (O. J. Hao et al., 1996a).

Temperature Mechanism

Temperature changes affect the average structural composition of membrane lipids, such as
acyl and alkyl Mines located in remote cold climate regions are particularly interested in
removing sulfate and metals using SRB at low temperatures. Virpiranta et al. successfully
enriched SRB with high metabolic activity (with reduction rates ranging from 13- 42 mg/L/d)
at 6°C using sediment samples from the Arctic in northern Finland(Virpiranta et al., 2019).
The primary mechanism through which low temperatures affect SRB metabolism is the
stiffening of cell membrane lipids and the subsequent reduction in the activity of membrane
proteins. This phenomenon limits the transport capacity of cell membranes for both electron
donors and acceptors(Nevatalo et al., 2010a). Temperature influences membrane fluidity by
altering lipid order, protein lateral and rotational diffusion, and membrane resistance to shear
forces. Although chains, they do not alter the ratio of different lipids(Vingon-Laugier et al.,
2017). Microorganisms adapt to temperature changes by adjusting the properties of fatty acid
(FA) composition and phospholipid head groups to maintain sufficient membrane transport
capacity(Ernst et al., 2016). One-way microorganisms adapt to temperature variations is by
adjusting the carbon chain length of phospholipid fatty acids. Longer carbon chain lengths
result in higher melting points and reduced membrane fluidity at higher temperatures, and
vice versa(Mykytczuk et al., 2007). Maintaining the fluid state of the cell membrane and the
activity of transporters are crucial for ensuring the metabolic activity of microorganisms at
low temperatures.

COD/SO4*

The ratio of chemical oxygen demand to sulfate (COD/SO4?) directly impacts the proportion
of SRB in the microbial community, as SRB can utilize some carbon sources shared by other
microorganisms. When the COD/SO4? ratio is below 0.67, organic matter can be fully
degraded through sulfate reduction, with all electrons flowing to SO4?". However, when the
ratio exceeds 0.67, competition between SRB and other microorganisms for common electron
donors intensifies(Dar et al., 2008). Predicting the outcome of this competition becomes more
feasible at higher COD/SO4? levels. When the ratio falls between 1.7 and 2.7, there is intense
competition between SRB and MA. It is generally accepted that excessive sulfate favors the
dominance of SRB over methanogens. Under high COD/SO4* ratios, it is challenging to
prevent SRB from utilizing hydrogen, and acetate methanogens play a significant role in this
competition with SRB(Paulo et al., 2015).

The higher the ratio COD/SO4%, the higher the rate of sulfate removal. The consumption rate
of substrate by sulfate-reducing bacteria depends on the concentration of the electron donor
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and sulfate, thus affecting the competition between SRB and MA. Mizuno et al. found that
when the COD/SO4? ratio was 2.0 or higher, MA utilized over 80% of the total electron
flow, while SRB accounted for more than 50% of the total electron flow at a COD/SO4?" ratio
of 0.5(Mizuno et al., 1994). However, O'Reilly and Colleran noted that SRB species could
not outcompete MA species for acetate when influent COD/SO4? ratios ranged from 2 to
16(O’Reilly & Colleran, 2006a). These discrepancies may be due to variations in carbon
source composition, sulfate concentration, and other environmental factors such as PH,
temperature, and oxidation-reduction potential (ORP). Hu et al. demonstrated that at both
higher and lower COD/SQ4? ratios, all SRBs exhibit incomplete oxidation(Hu et al., 2015).
Li et al. conducted upflow anaerobic sludge blanket (USAB) treatment of sulfate-containing
pharmaceutical wastewater and found that a COD/SQO4? ratio of 8 resulted in nearly 70%
COD reduction with biogas containing 63% methane, while a COD/SO4* ratio of 1.5
inhibited methanogenesis (W. Li et al., 2015).

Electron donors

An electron donor, in the context of sulfate-reducing bacteria (SRB) and environmental
processes, refers to a substance or compound that can donate electrons to support biological
reactions, particularly sulfate reduction. The consumption of electron donors is a significant
constraint in the application of sulfate-reducing bacteria (SRB), particularly in scenarios like
mine wastewater, where the dissolved organic carbon is below 10 mg/L(Ayangbenro et al.,
2018). Hence, it is essential to introduce supplementary electron donors (carbon sources) and
maintain the COD/SO4?* ratio above 0.67 or higher to ensure complete sulfate reduction. The
following aspects need to be considered when selecting additional electron
donors(Ayangbenro et al., 2018; Cao et al., 2012; Papirio et al., 2013).

The ability of sulfate-reducing bacteria (SRB) to utilize extra carbon sources.
The residual organic load resulting from incompletely degraded carbon sources.
The expense of carbon sources utilized in reducing sulfate to sulfide.

The appropriateness of external carbon sources for specific applications.

PwbhE

Autotrophic SRB are capable of growth using carbon monoxide, carbon dioxide, or hydrogen
as sole electron donors (Muyzer & Stams, 2008). Houten et al. utilized H2 and CO2 as
substrates and observed that medium-temperature bioreactors achieved high sulfate reduction
rates within a span of 10 days(R. T. Van Houten et al., 1997).Research has demonstrated that
using syngas (a mixture of H2, CO2, and CO, with small amounts of other components such
as methane and nitrogen) as electron donors, a sulfate conversion rate of 15 kg/m3/d was
attained after 7 weeks, with an average removal rate of 88% of sulfate(B. H. VVan Houten et
al., 2006). Syngas proves to be economical with no organic residues in the effluent, and SRB
surpasses MA in hydrogen production, making it an ideal electron donor for large-scale
applications. However, there are challenges associated with syngas utilization, such as
limitations in reaction rate due to H2 transfer, competition with other organisms, reduced
efficiency of hydrogen utilization caused by methane formation, and safety requirements
related to hydrogen. Moreover, CO is toxic to SRB within concentrations ranging from 2% to
70% (volume fraction) (Parshina et al., 2010), highlighting the need to investigate SRB's
resistance to CO toxicity.
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Oxidation Reduction Potential

The oxidation-reduction potential (ORP) reflects the redox properties of the solution and
affects SRB metabolism. The sulfate reduction reaction occurs only under suitable ORP
conditions. The reduced potential indicates that sulfates' capacity to accept electrons is much
lower than that of Oz and nitric acid (NO?*). A negative reduction potential in the system
maximizes the reduction effect of sulfate(Liamleam & Annachhatre, 2007). Research has
shown that SRB can maintain metabolism with ORP below -100 mV, whereas metabolism is
inhibited when ORP exceeds -100 mV (M. Y. Wang et al., 2005). In anaerobic treatment,
ORP is influenced by dissolved oxygen in the system and some redox substances, such as
nitrite (NO2’), nitrate (NOs3’), and zero-valent iron (ZVI). ORP accurately reflects trace
amounts of dissolved oxygen (DO) in the reactor, with ORP increasing as DO levels rise (Z.
Zhang et al., 2021). Although SRB are strictly anaerobic microorganisms, they remain active
when exposed to trace amounts of oxygen, mainly because the anaerobic zone inside
aggregate particles provides a suitable environment (Van Den Brand et al., 2015).
Additionally, increasing DO appropriately benefits sulfide oxidation, thereby reducing
sulfide's toxic effects on microorganisms. Khanal's research demonstrated that dissolved and
gaseous sulfides were completely eliminated when ORP was increased by 50 and 100 mV
(Khanal & Huang, 2003).

Hydraulic Retention Time

The hydraulic retention time (HRT) impacts reactor efficiency by altering microbial activity
and reactant composition. The balance between organic matter degradation and sulfate
reduction is crucial for stable SRB bioreactor operation, partly determined by HRT, microbial
metabolism, and community structure(Cunha et al., 2019; Vasquez et al., 2016). A short HRT
may result in incomplete reactions and reduced biomass. Moreover, a short HRT leads to
rapid inflow of DO into the anaerobic environment, elevating ORP and disrupting the
favorable anaerobic conditions for SRB. In acid mine drainage (AMD), a shorter HRT
increases acid and heavy metal concentrations in the reactor, inhibiting SRB due to excess
acidity and inadequate metal precipitation. Conversely, a longer HRT may deplete the
substrate, leading to excessive microbial growth and mineral precipitation, ultimately
reducing hydraulic conductivity and causing system short-circuiting(Aoyagi et al., 2017).
Longer HRTs inhibit SRB, increase residual sulfide, and diminish effluent quality. The
optimal HRT must be determined based on reactor type and influent characteristics. In
packed bed bioreactors, the optimal HRT is 6 hours under neutral PH conditions, increasing
to 20 hours under acidic conditions, attributed to microbial adaptation and the production of
abundant HCOs' to neutralize acidity. In UASB and down-flow fluidized bed (DFB) reactors,
a low HRT enhances sulfate reduction rates(Pifia-Salazar et al., 2011). Furthermore, HRT
affects the interaction between SRB and other microorganisms. Longer HRTs increase H2
production, intensifying competition between SRB and MA. For instance, shorter HRTs
reduce the efficiency of hydrolytic acidifying bacteria in degrading macromolecular organics,
resulting in fewer degradation products utilized by SRB.
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Concomitant lons (Metal Cations and Oxyanions)

The primary challenge for SRB in practical engineering applications is the inhibition caused
by high concentrations of metal cations and oxyanions. It is widely acknowledged that heavy
metals have toxic effects on microorganisms in anaerobic systems, including SRB. Since
heavy metals are resistant to biodegradation, they tend to exert inhibitory effects(Nguyen et
al., 2020; Zhu et al., 2022). Heavy metals bind to thiols and other groups or replace naturally
occurring metal cofactors in enzyme prosthetic groups, disrupting enzyme function and
structure(J. L. Chen et al., 2014). The toxicity of metals depends on factors such as
temperature, PH, carbon source, metal type, concentration, and complexes (Y. Chen et al.,
2020; Qian et al., 2015). Additionally, the negative effects of metals on SRB are diverse,
including (a) inhibiting SRB growth, (b) reducing SRB metabolism, (c) delaying sulfide
production, and (d) causing microbial decay (Papirio et al., 2013) . Previous studies have
shown that pure cultures of SRB could tolerate 0.3-0.8 mM Cu and 1.5 mM Zn. Furthermore,
the half-inhibitory concentration (ECso) for pure culture of SRB for Cu/Zn/Cd/Pb was
0.17/0.25/0.35/0.4 mM, respectively (Shahsavari et al., 2019).

Various oxidation states of elements, such as As(V), As (1), Se (VI), and Se(lV), can cause
various toxic effects. Inorganic cations may affect heavy metal toxicity by competing with
heavy metals for anionic sites on the cell surface(Kaksonen et al., 2004a). The combined
toxic effect of several heavy metals may be higher than the sum of the individual
components, attributed to a synergy effect. Many metal oxyanions could inhibit SRB. For
example, selenate (SeOs?), molybdate (MoO4?), and monofluorophosphate are competitive
inhibitors. Molybdate ions (MoO4%) inhibit sulfate reduction by depleting ATP reserves,
while selenate (SeO4%), and monofluorophosphate do not affect the reduction of sulfite or
thiosulfite. High concentrations of Na* and Ca?* inhibit SRB activity, although moderate
levels of Na* and Ca?* can be beneficial. Studies have demonstrated that in up-flow anaerobic
sludge bed (UASB) reactors fed with ethanol and propionate, when the NaCl concentration
exceeded 50 g/L, the sulfate reduction rate decreased to 3.7 g/L d (Vallero et al., 2004). Ca?*
can indirectly cause toxicity by leading to the precipitation of CaCO3s and Cas(PQOa4)2, which
cover biomass and hinder assimilation. Furthermore, the precipitation of Cas(PO4)2 can result
in phosphorus deficiency in cells(Kaksonen & Puhakka, 2007a).

On the other hand, the sensitivity of SRB to heavy metals varies among genera. Some genera,
such as Desulfovibrio desulfuricans or Desulfovibrio vulgari, can alleviate toxicity by
reducing MoOs%, Se04*/Se03%, As®*, and Pd** to MoO2, Seo/Se?, As®*, and Pdo,
respectively, thereby reducing metal toxicity (Paulo et al., 2015) Sulfides produced by SRB
are beneficial for heavy metal detoxification because they react with heavy metals to form
metal sulfides (MeS), which precipitate rapidly, reducing sulfide content and alleviating
metal toxicity(Y.-N. Xu & Chen, 2020).

Syntrophic/Competitive Groups of Bacteria

In a syntrophic relationship in a chemical reaction, two or more organisms work together
cooperatively to degrade complex organic compounds into simpler substances. This
relationship is characterized by the mutual dependence of the organisms involved, where the
metabolic activities of one organism depend on the byproducts produced by another
organism. In other words, one organism carries out a metabolic step that produces
compounds needed by another organism for its own metabolism, and vice versa. This
interdependence allows the organisms to achieve reactions that they cannot accomplish
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individually, making syntrophic relationships crucial in various environmental processes,
such as anaerobic degradation of organic matter.
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Figure 14. Conceptual diagram of sulfate reduction and other biological anaerobic
processes. (Red line: SRB; Green line: MA,; Blue line: SRB and MA) (Z. Zhang et al.,
2022)

In intricate sulfate reduction systems, the primary biological transformations include sulfate
reduction, acetogenesis, methanogenesis, hydrolysis, and fermentation. A schematic
representation of sulfate reduction and other anaerobic processes is depicted in (Fig. 14).
These diverse microbial communities possess complementary roles in their niches, enhancing
the reactor's stability(T. Hao et al., 2014). However, concerning SRB metabolism, the impact
of these various bacterial groups varies, broadly classified as either syntrophic or competitive
relationships.

In anaerobic environments, the competition between SRB and methanogenic archaea (MA) is
significant(Hidalgo-Ulloa et al., 2020). When sulfate enters the methanogenic zone, there are
notable changes in the anaerobic microbial community. In low redox potential environments,
SRB competes with other anaerobic bacteria, including MA, for common substrates. SRB has
an advantage in competing with MA for electron acceptors like hydrogen, formate, and
acetate, as well as for electron donors such as propionate and butyrate. For instance,
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comparing the Gibbs free energy (See Appendix C) changes for the conversion of Hz and
acetate, sulfide formation from acetate has a much higher Gibbs free energy value than
methane formation as it showed in Eqs 8 to 11.

SO2™ + 4H, + H* — HS™ + 4H,0AG® = —151.9KJmol~? (4.9)

SO2~ 4+ CH;C00™ — HS™ + 2HCO3 AG® = —47.6KJmol™? (4.10)

HCOj + 4H, + H* — CH, + 3H,0AG® = —135.6KJmol™* (4.11)
CH;C00~ + H,0 — CH, + HCO3AG® = —31KJmol™* (4.12)

Therefore, the H2 and acetate conversion to sulfate reduction has a thermodynamic advantage
over methane generation. In addition to their superior thermodynamics, SRB have a higher
affinity for H2 than MA, making them more competitive in environments with excessive
sulfate (Paulo et al., 2015). Consequently, in anaerobic systems, organic carbon sources are
more efficiently utilized by SRB, without being disrupted by external conditions.
Interestingly, SRB can also thrive without sulfate by forming syntrophic associations with
methanogens or other hydrogen-scavenging organisms(Plugge et al., 2011).

When dealing with complex macromolecular compounds as substrates, SRB depend on
hydrolytic and fermentative bacteria to break down these complex organics into simpler
electron donors, as SRB lack the ability to directly degrade complex organics(Mulopo et al.,
2011). The degradability of cellulose plays a crucial role in its performance as a substrate for
reactors. The main genera of bacteria that utilize cellulose as a substrate include Bacteroides,
Clostridium, Acetivibrio, Spirochaeta, Ruminococcus, and Cellulomonas.Acetogenic bacteria
convert CO2 into acetate via the acetyl-CoA pathway, providing acetate as an electron donor
for sulfate reduction(Sanchez-Andrea et al., 2014). Acetogens found in reactors treating acid
mine drainage (AMD) include Acetobacterium and Clostridium, as well as other acetogenic
bacteria like Ruminococcus or Treponema(Hiibel et al., 2011; Sanchez-Andrea et al., 2012).
Additionally, Oxobacter and other acetogens have been detected in acid sulfide
enrichment(Sanchez-Andrea et al., 2013). Acetogens and heterotrophic SRB exhibit
synergistic behavior, but whether they compete with autotrophic SRB for CO2 remains
unreported and requires further investigation.

The interaction between SRB and other microorganisms during sulfate reduction is highly
intricate and influenced by microenvironmental factors, process parameters, and products like
HoS(Lu et al., 2016). Enhancing the performance of bioreactors for sulfate reduction
necessitates considering the entire microbial community, not just the SRB.
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Table 1.Common factors affecting the efficiency and performance of sulfate reducing bioprocesses in reactors
summarized in (T. Hao et al., 2014)

Table 1 - Common factors affecting the performance of sulfate reducing reactors.

Factor Effects Conditions Preferred reference
Sludge type (flocs/ Biomass concentration; Reaction |SRB granular (T. Hao, Lu, et al.,
biofilm/ aggregate) rates, local pH, temperature, sludge/biofilm 2013)

toxicity resistance etc.

SRB species

Organics oxidations complete to
CO or acetate (effluent COD
concentration); Growth rate;
aggregation ability

Organics complete
oxidizers
SRB species

(Omil, Oude Elferink,
et al., 1997)
(Z. Zhang et al., 2022)

Syntrophic structure

Enhance sulfate reduction rate

SRB collaborates with
other organisms to acquire
electron or energy source

(T. Hao, Wei, et al.,
2013)
(Mulopo et al., 2011)

Competition model

Compete with methanogens,

acidogenic/hydrogenotrophic
bacteria and acetoclastics for
the available substrates

SRB predominate the
microbial

community with syntrophic
bacteria

(Muthumbi et al., 2001)
(Koschorreck et al.,
2004)

(O’Reilly & Colleran,
2006b)

Influent components
Sulfate concentration

Affects SRB growth and activity;
May be out-competed at low
concentration; High
concentrations inhibit SRB
activity

Typical COD/SO4* values
range between 0.7 and 1.5
depending on the carbon
source

(0. J. Hao et al., 1996b)
(Rzeczycka et al., 2010)

Trace element

Fe, Cu, Zn, Co, Mo, Ni are
needed in electron transport,
redox-active metalloenzymes and
composition of some protein and
enzymes: High Mo level inhibits
SRB metabolism

High levels of Fe in culture
media to compensate for
that precipitated by sulfide.
Mo above 2 mM
completely inhibits SRB

(Bridge et al., 1999)
(Biswas et al., 2009)
(Postgate, 1984)

Metal concentration
Not mostly present in
domestic sewage

Elevated heavy metal
concentration

can reduce or terminate SRB
activity

Desired concentration and
the order of decreasing
toxicity. (mg/L) Cu<4, Cd
< 11,Ni<13,Zn < 16.5,
Cr<35,Ph<80

(Kaksonen & Puhakka,
2007h)

(Utgikar et al., 2001)
(Naz et al., 2005)

Nitrate concentration
Nitrite is a strong
inhibitor in growth and

Nitrite is a strong inhibitor in
growth and activity of SRB

The impact level: 70 mM
NO3- inhibits growth
significantly; Long term

(L. Zhang et al., 2008b)
(He et al., 2010)
(Bgdtker et al., 2008)

activity of SRB 0.25_0.33 mM injection
inhibits the number and
activity
pH Effect the growth and activity; pH range for SRB:5.5-10 |(Aerts, 2009)
Influence the SRB species (Gormly, 2005)
diversity and out-compete with
methanogens.
Effects dissolved sulfide quantity
Salinity Influence the species of SRB Optimum salinity range 6- |(Kerkar & Loka

present; Generally, sulfate
reducing rate is inversely
correlated with salinity

12%.

Bharathi, 2007)
(Srensen et al., 2004)
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Operation Conditions
Substrate/Sulfate

Effect growth and activity and
microbial diversity; Proper C/S
ration

favors SRB out-compete with
other organisms

Optimal COD/SO4?* ratio
for COD removal is 0.6-
1.2; for sulfate removal is
2.4-4.8

(Rzeczycka et al., 2010)

Oxidation reduction
potential (ORP)

Effect the competition between
SRB and other organisms i.e.
mathanogens.

Effect the performance of SRB

Suitable ORP for SRB is
-50 to -300 mV; Optimal
ORP readings of -270 mV
using standard hydrogen
probe.

(Kamlage, 1996)
(Khanal & Huang,
2006)

Temperature

Control the activity and growth;
Initial cultivation temperature.
effects SRB diversity; Lower H,S
solubility at high temperature

SRB tolerate temperatures
between -5 and 75 °C.
Optimum temperature for
most

SRB ranges 28-32 °C

(Nevatalo et al., 2010b)
(Mara & Horan, 2003)

Sludge retention time
(SRT)

Effect the reactor's performance
and sludge production; Effect the
competition between SRB and
methanogens/homoacetogenic
bacteria

Elevated SRTs delay the
outcompetition of
methanogens, and
methanogens could be
rapidly removed by
applying a low SRT

(Esposito et al., 2003)
(Weijma et al., 2002)

Hydraulic retention
time (HRT)

Influence SRB activity; Biomass
concentration; Competition with
other organisms

Overall optimum HRT of
20-30 h for SRB activity

(Sipma et al., 2007)
(Polo et al., 2006)

H,S concentration

High H,S direct and reversible
toxicity effect on SRB, and inhibit

Nitrogen purging: Decrease
the activity when H,S is

(Reis et al., 1992)
(Kaksonen et al.,

the activity higher. 2004b)
than 60-70 mg/I (Jin, 2010)
Mixing condition Mixing frequency significantly (Gantzer & Stefan,
impacts SRB activity; Effect the 2003)

SRB distribution and detachment

and hydraulic loss of biomass
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5 Quantification of Sulfide Production in
Sewer System

The quantification of sulfide production is a critical aspect of understanding and managing
wastewater treatment processes, particularly in systems prone to sulfide build-up. Sulfide
accumulation can lead to severe odour issues, toxic environments, and infrastructure
corrosion. Accurate measurement and modelling of sulfide production are essential for
developing effective control strategies.

The study by L. Sutherland-Stacey et al. describes the development and validation of a
continuous monitoring method for dissolved sulfide in sewer systems using an in-situ UV-
VIS spectrometer and a pH probe, similar to the work of Guenther et al. (2001) on bisulfide
ion detection. Hydrogen sulfide, generated under anaerobic conditions in wastewater, causes
infrastructure corrosion, health risks, and foul odors. The spectrometer identifies bisulfide ion
peaks around 230 nm, and calibration involves curve fitting and Partial Least Squares
algorithms. Field validation at sites in Gold Coast, Australia, showed accuracy with a
prediction error under 1.2 mg/L. In addition to UV-VIS spectroscopy, the method uses ion
chromatography(Keller-Lehmann et al., 2006) for calibration, where sodium sulfide standards
are prepared and analyzed to validate the spectroscopic measurements. This continuous
monitoring technique provides real-time data and can be integrated into existing wastewater
systems, offering improvements in speed, safety, and cost-effectiveness over traditional
sampling methods(Sutherland-Stacey et al., 2008).

In the study "Sulfide and methane production in sewer sediments,” sulfide production was
quantified using batch tests, microsensor measurements, and pore water analysis (Liu, Ni, et
al., 2015). In batch tests, the reactor was filled with fresh sewage, and liquid samples were
taken at intervals to measure dissolved sulfide concentrations using ion chromatography, with
production rates calculated via linear regression. Microsensors provided high-resolution
profiles by recording H>S concentrations at fine depth intervals within the sediment.
Additionally, pore water samples were extracted from various depths, preserved to prevent
oxidation, and analyzed for sulfide species. These methods together enabled detailed
quantification of H.S production rates and their spatial distribution within the sediment
layers(Y. Liu, Ni, et al., 2015).

In parallel study, Liu et al.2015 used an advanced online measuring device for monitoring of
dissolved methane and total dissolved sufide concentrations in sewers(Y. Liu, Sharma, et al.,
2015). This device uses a gas-phase sensor to measure methane concentrations under
equilibrium conditions after being stripped from the sewage. For sulfide measurements, the
device employs a similar principle, capturing sulfide in the liquid phase and converting it into
a detectable form. The device is equipped with sensors capable of continuously measuring
dissolved sulfide levels directly in the sewer environment. These measurements are taken by
the online device, which maintains equilibrium conditions to ensure accuracy. The sulfide is
stripped from the sewage, and its concentration is determined using specialized sensors that
provide real-time data. This continuous monitoring approach offers several advantages over
traditional methods. It allows for the immediate detection of fluctuations in sulfide
concentrations, which is critical for managing odour and corrosion in sewer systems.
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Additionally, the online system reduces the need for frequent manual sampling and
laboratory analysis, saving time and resources. The data collected from the online
measurements help in identifying trends and variations in sulfide levels, enabling prompt and
effective responses to potential problems in the sewer network. Overall, this method provides
a reliable and efficient solution for monitoring dissolved methane and sulfide concentrations
in sewers, enhancing the ability to manage and mitigate associated risks(Y. Liu, Sharma, et
al., 2015).

The study (Y. Liu, Ni, et al., 2015)focuses on quantifying sulfide production in sewer
sediments using discrete sampling methods and laboratory analysis, while the study by (Y.
Liu, Sharma, et al., 2015), describes the use of an advanced online device for continuous
monitoring of sulfide and methane in sewers. The continuous monitoring device provides
real-time data, which is advantageous for managing immediate fluctuations in sulfide
concentrations.

In Table 2, the sulfide production rates from different studies have been summarized in to
provide a clear and detailed overview of the results from various conditions and research
methodologies.

Table 2. Different quantification methods of sulfide production

Quantification Scale of Test | Condition Sulfide Units Types of Reference
Method Production Rate sulfide form
Batch Tests Laboratory Every 2-3 weeks 9.20£0.39 g S/m2-d Total (Y. Liu, Ni, et
Reactor after 300 days of Dissolved al., 2015)
reactor operation Sulfide
Online Monitoring | Field Scale Rising main sewer 0.75t0 1.4 mg/L Total (Y. Liu,
network during mg/L Dissolved Sharma, et al.,
summer and winter Sulfide 2015)
Empirical Model Various hydraulic 0.3t070 mgS/m2-h | Total (Carrera et
Modelling Simulation conditions mgS/mz2-h Dissolved al., 2016)
Sulfide
Field Full Scale Two stretches of an Dissolved mg S/L Total (Matias et al.,
Measurements intercepting sewer sulfide (dissolved) | Dissolved 2017)
system with concentrations , ppm (gas) | Sulfide,
intermittent flow around 12 mg Gaseous
conditions in a S/L; H2S gas Hydrogen
coastal village, concentrations Sulfide
Portugal above 250 ppm
upstream,
below 40 ppm
downstream
Empirical Full Scale Different seasons 2.30t03.24 ¢ g S/mz.d Total (Matos et al.,
Modelling and operating S2mz2.d Dissolved 2018)
conditions in a Sulfide
sludge rising main
Batch Test Lab Scale Anaerobic, Marine 5-50 mg/L mg/L Total (Moura et al.,
Sediments (varies with Dissolved 2019)
experimental Sulfide
setup)
Batch Lab Scale Cider fermentation UCD522 strain: | pg/100 ml | Gaseous (Y. Song et
Fermentation with varying YAN Low (123.75 Hydrogen al., 2020)
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levels (Low: 86 pg/100 ml), Sulfide
mg/L, Intermediate: | Intermediate
208 mg/L, High: 433 | (288.25 pg/100
mg/L) ml), High
(44.125 pg/100
ml)
Dynamic Field Scale Spatially 0Oto45¢g g S/mz.d Total (Zuo et al.,
Quantification heterogeneous S/m2-d Dissolved 2021)
sediments in gravity Sulfide
sewers
Empirical Model Various hydraulic 0.3t0 70 mgS/m2-h | Total (Zuoetal.,
Modelling Simulation conditions and sewer | mgS/m2-h Dissolved 2021)
factors Sulfide
Physical Twin Pilot Scale Controlled 0.8 mg/L mg/L Total (Kim et al.,
introduction of throughout the Dissolved 2024)
ferrous iron to system Sulfide

reduce sulfide
concentration
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6 Human Exposure to H.S In Different
Treatment Plants (I.E., Centralized Or
Decentralized), Seasons (Temperature)
and Geographical Location.

Hydrogen sulfide (H.S) is crucial in cellular physiology and pathology, acting as a key
gaseous mediator in various biological processes. Recent studies emphasize its roles in
multiple body systems. Understanding H2S chemistry and properties is vital. Challenges
include selecting appropriate chemicals for generating H.S in vitro and in vivo and accurately
measuring sulfide levels in biological fluids. The term "sulfide™ covers total sulfide, while
HS, SH-, and S? are used as needed. It's essential to recognize the limitations and potential
errors in these processes(L. Li & Moore, 2008; Pryor et al., 2006; Wallace, 2007).

Hydrogen sulfide (H.S) is extremely toxic because it binds to cytochrome c oxidase in
mitochondria, disrupting cellular respiration. It also affects the olfactory nerves, eyes, and
brain. Being more toxic than hydrogen cyanide, H.S requires careful handling. When
preparing and using HzS solutions, it is essential to work in well-ventilated fume hoods to
prevent accumulation, especially since H>S is denser than air and can collect in low,
unventilated areas. Exposure to H.S at around 50 ppm can cause a loss of the ability to smell
it, and concentrations over 100 ppm can lead to a loss of smell within minutes. Exposure to
500 ppm for 30 minutes can be lethal. It is unsafe to rely on the sense of smell to detect
H>S.In laboratory settings, H2S must be trapped and neutralized with appropriate chemicals,
and air quality must be continuously monitored to avoid toxic exposure(Hughes et al., 2009).

Emphasizing the effects of hydrogen sulfide (H.S), a potent gas with a distinct rotten egg
odour, the study in Curitiba, Brazil, monitored hydrogen sulfide (H2S) levels at two
wastewater treatment plants (WWTPs) - WWTP "A" and WWTP "B" - using passive
samplers over eight campaigns from August 2013 to March 2014. H,S, the primary pollutant
causing nuisance odours from degradation processes, was measured at specific points (Al-
Al13 for WWTP "A" and B1-B5 for WWTP "B") and analysed using a spectrophotometer at
665 nm after desorption with ultrapure water and a ferric chloride-amine solution. Mean H>S
concentrations ranged from 0.14 to 32 pg m” (-3). The study also involved three cohorts:
residents living and working near the WWTPs, residents living near but working/studying
away, and individuals working near but living far from the WWTPs. Five campaigns were
designed to capture temporal and seasonal variations in H>S concentrations at the sampling
points(Godoi et al., 2018).
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Figure 15. A total of 13 sampling points near WWTP "A" for the assessment of hydrogen sulfide (HS)

concentrations (Godoi et al., 2018).

In WWTP "A," the study assessed hydrogen sulfide (H.S) concentrations both indoors and
outdoors to understand the pollution distribution around the wastewater treatment plant
(Figure 15). Indoor measurements focused on HzS levels inside buildings or structures near
WWTP "A," evaluating air quality for residents and workers. Outdoor monitoring involved
tracking H2S concentrations in the ambient air around the plant, analysing the extent of H.S

emissions and their potential environmental and community impact.
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Figure 16. Assessment of Indoor and Outdoor Hydrogen Sulfide (H.S) Concentrations near WWTP 'B'":
Understanding Pollution Levels and Health Risks in the Surrounding Community (Godoi et al., 2018).

The assessment of hydrogen sulfide (H2S) levels near WWTP "B” (Figure 16) was conducted
to analyse the dispersion of pollution, assess potential health hazards, and investigate the
environmental consequences linked to H>S exposure in the proximity of the wastewater
treatment facility.

The study on hydrogen sulfide (H2S) concentrations at two wastewater treatment plants
(WWTPs) in Curitiba, Brazil, found significant variations based on location, season,
campaign, and cohort. At WWTP "A," H2S levels were highest near the plant (A1-A3),
intermediate at mid-range sites (A4, A5), and lowest at distant sites (A7-Al13). For more
detailed information, please refer to (Appendix D), which contains graphs and data related to
seasonal variations and location of specific H2S concentrations. At WWTP "B," similar
distance-related patterns were observed, with higher risks for cohorts 1 and 2, particularly
downwind at B1 and B> for cohort 3. Seasonal analysis revealed H>S concentrations were 3.7
times higher in summer than in winter, though some winter points had higher levels.
Campaign analysis showed unexpected decreases in H>S levels in campaigns 7 and 8 at
WWTP "B," suggesting microenvironmental influences. Health effects from H.S exposure
included acute symptoms like eye irritation, olfactory paralysis, respiratory irritation,
pulmonary edema, convulsions, and death, as well as chronic issues like nausea, headaches,
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and respiratory problems. Wind direction significantly affected H.S distribution, with
downwind areas showing the highest concentrations, highlighting the need for effective
monitoring and control to protect public health(Godoi et al., 2018).

Researchers reviewed human studies on Hydrogen Sulfide from 2006 to 2020, examining
expert reports, referenced studies, and conducting searches in PubMed and Embase. They
focused on health outcomes associated with Hydrogen Sulfide exposure in various settings
from 404 citations. Additionally, studies on occupational exposures were analysed, including
one on wastewater treatment plant workers in lowa. This study compared health effects of
wastewater workers to unexposed water treatment plant workers. Tasks like sludge handling
and plant inspection were associated with health symptoms in the study which encompasses
respiratory, ocular, and dermal irritation, neurological complications, as well as
gastrointestinal symptoms. While the paper does not specifically address exposure limits for
Hydrogen Sulfide (H.S) in wastewater treatment plants (WWTPs), it discusses general
occupational exposure limits for H,S as recommended by various expert groups. The
European SCOEL report cited in the paper recommends exposure limits of 10 ppm for a
short-term 15-minute average and 5 ppm for an 8-hour time-weighted average. These limits
are intended to protect workers in various industries, including WWTPs, where H»S exposure
may occur. It is crucial for workers and employers in WWTP facilities to follow these
recommended limits and implement appropriate safety measures to mitigate health risks
associated with H,S exposure(Elwood, 2021).

The research paper by Muzaini et al. examines the impact of exposure to PM (Particulate
Matter) 2.5 and H2S on work-related respiratory symptoms among sewage workers in
Malaysia. The study found that chronic cough was the most common symptom, followed by
chronic phlegm, shortness of breath, and chest tightness. Significant determinants of
respiratory symptoms included shift work, working at a sludge treatment facility, longer work
duration, and individual cumulative exposure to PM 2.5 and H.S. Sewage workers at
treatment facilities had higher symptom prevalence and exposure levels compared to office
workers. The developed model explained 47.8% of symptom variance and emphasized the
need to address occupational respiratory hazards to safeguard sewage workers' respiratory
health(Muzaini et al., 2022).

6.1 Seasonal And Geographical Aspects of H,S Production

The study discusses the impact of temperature on the production and release of hydrogen
sulfide (H2S) in urban sewage treatment plants. The sewage temperature is positively
correlated with the H>S discharge concentration in the inlet pump house, grille, and aeration
grit tank. This indicates that higher temperatures can lead to increased HzS emissions in these
units. Furthermore, the change in H.S emissions during different seasons, with lower
concentrations in winter and higher concentrations in summer, is influenced by temperature
variations(Z. Liu, 2021).

Geographical factors are crucial in odour dispersion modeling at sewage treatment works.
The article "Hydrogen sulphide dispersion modelling — urban and rural case studies™” by S.A.
Parsons et al. highlights the importance of defining surrounding land use accurately for
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predicting odour dispersion. Distinguishing between urban and rural land use types is
essential for selecting suitable dispersion coefficients. Auer's meteorological land use typing
scheme is referenced as a valuable method for classifying land use within a specified radius.
The article also discusses a population density procedure to determine which dispersion
coefficients to use. Population density threshold guides the selection of dispersion
coefficients based on geographical features. The study shows that urban or rural land use
significantly affects predicted odorous compound concentrations. Considering geographical
factors like land use, meteorological conditions, and population density is crucial in odour
dispersion modeling. Evaluation of these aspects is vital for accurate predictions and effective
odour control strategies in wastewater treatment facilities(Parsons et al., 2000).

In the study "Monitoring risks in association with exposure levels among wastewater
treatment plant workers" Austigard et al., 2018, the authors investigated how geographical
factors impact hydrogen sulphide (H2S) exposure levels among wastewater treatment
workers. The research focused on variations in exposure due to facility location, job tasks,
seasonal changes, and flushing practices. Analyzing data from urban and rural areas, the
study developed an exposure index considering peak height, duration, and number of peaks.
Results showed significant geographical variations: urban areas had different H.S exposure
levels than rural areas due to industrial activities and population density. Job tasks like sludge
handling and tank maintenance had higher exposure, especially during warmer months due to
increased microbial activity. Extensive flushing reduced HS levels, while inadequate
flushing led to higher concentrations. Specifically, City 1 workers had a moderate H>S index
of 180 in summer, City 2 workers had a high index of 230 in winter with extensive flushing,
Rural Area 1 showed a low index of 90, and Rural Area 2 had a higher index of 150 due to
less frequent flushing. The study underscores the need to consider geographical factors to
mitigate HaS exposure risks effectively(Austigard et al., 2018).
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Hydrogen sulfide (H.S) is a hazardous and corrosive gas commonly detected in biogas,
typically ranging from 100 to 10,000 parts per million (ppm). The generation of H»S in
biogas predominantly stems from the actions of reducing microorganisms thriving in
anaerobic conditions, such as those within biodigesters. These microorganisms play a key
role in reducing sulfur-containing proteins, resulting in the production of H.S. Furthermore,
the transformation of inorganic sulfur compounds, like sulfates, can also contribute
significantly to the H.S levels in biogas. External factors such as dietary protein intake can
impact the discharge of sulfur-containing compounds, potentially elevating the H2S
production levels in anaerobic settings. Due to the severe toxicity and corrosiveness of H»S, it
is imperative to deploy efficient removal techniques to mitigate the associated risks in biogas
and uphold the safety and effectiveness of biogas utilization processes(Fonseca-Bermudez et
al., 2023).Based on the review by Pardon Nyamukamba et al. , the detailed description of
each process presented as following(Nyamukamba et al., 2022).

Adsorption

Involves the use of materials such as zeolites modified with metals or metal oxides to
physically or chemically bind H2S molecules, providing a high sulfur loading capacity and
good regenerability. The adsorbents must possess a stable structure to ensure effective H.S
removal in biogas purification processes (Ozekmekci et al., 2015).

Absorption

Entails passing biogas through alkaline solutions like sodium hydroxide or calcium oxide for
H>S removal. Chemical absorption methods, such as employing iron-chelated solutions
catalyzed by Fe/EDTA, have demonstrated high efficiency in H2S removal and selective
elimination of H2S. This process converts HzS to elemental sulfur, offering benefits such as
low chemical usage and regenerable pseudo-catalyst properties(Horikawa et al., 2004).

Biological Treatment

Various biological methods are used for removing H.S from biogas in wastewater treatment
plants. Biofilters use microorganisms on a fixed bed to degrade H»S as the gas passes through
the biofilm formed on materials like peat, compost, and wood bark. Biotrickling filters
involve gas flowing through a fixed-bed irrigated with a nutrient-rich aqueous solution,
where microorganisms grow as a biofilm and degrade H>S. Bioscrubbers consist of an
absorption tower and a bioreactor; H.S is absorbed into a recirculated liquid and then
biodegraded by microorganisms. In activated sludge systems, microorganisms oxidize HzS
under aerobic conditions in aerated biological reactors, offering high removal
efficiency(Barbusinski & Kalemba, 2016).

Chemical Scrubbing

Chemical scrubbers are widely used for the removal of hydrogen sulfide (H2S) from biogas
due to their high efficiency and reliability. The process involves the absorption of H2S into a
scrubbing liquid, typically an oxidizing agent like sodium hypochlorite (NaOCI), hydrogen
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peroxide (H202), or potassium permanganate (KMnO4). The performance of the scrubber
depends on several factors, including the gas flow rate, the empty bed residence time
(EBRT), and the scrubbing liquid flow rate. Increasing the air flow rate can decrease the H2S
removal efficiency, particularly with oxidants like H202. Optimal conditions for H>S
removal typically achieve efficiencies above 95%, with NaOCI and KMnQO4 showing the best
results. However, chemical scrubbers are associated with high operational costs due to the
consumption of chemicals and energy, making them a costlier option compared to some
biological methods(Alinezhad et al., 2019).

Hollow Fiber Membrane Contactor (HFMC)

A study explored the use of hollow fiber membrane contactors (HFMC) with hydrophobic
polypropylene fibers to effectively remove over 98% of dissolved hydrogen sulfide (H.S)
from synthetic wastewater. The experimental setup involved a lab-scale system using
aqueous monoethanolamine (MEA) as the extractant, achieving high removal efficiency
across various H,S concentrations and flow rates. A mathematical model was developed to
elucidate the mass transfer mechanism, incorporating both pore diffusion and
adsorption/desorption on the membrane walls. The model's predictions closely matched the
experimental results, demonstrating HFMC's potential as an efficient and environmentally
friendly solution for H>S removal from wastewater(Agrahari et al., 2013).

However, another study summarises different types of process with advantages and their
disadvantages in a (table 3) (Ghimire et al., 2021) .

Table 3. Advantages and disadvantages of techniques for removal of H,S ((Angelidaki et al., 2018; Awe et al.,
2017; Mufioz et al., 2015; Ryckebosch et al., 2011; Sun et al., 2015)

H-S removal process Advantages and features Disadvantages

Biological In situ microaeration | No separate reactors needed for May lead to deposition of
H>S removal, treatment cost of elemental sulfur on the reactor
0.0037 (pure oxygen) and system, control of air/
h0.0026 m? (air) of biogas treated | Oz dose or Ox/H,S is
(Khoshnevisan et al., 2017) challenging, needs additional

upgrading steps, requires careful
designing of reactor.

headspace
Biological air Operation at ambient temperature | Controlling O2/Nz in biogas
filtration (BF, BS, and pressure, low operation and implies difficult and additional
BTF) maintenance cost, high removal upgrading steps in the case of
possible (.97% CHy,), possible to | aerobic technologies, elemental
bring H.S to ,50 ppm, cost sulfur deposition on the media
associated with BTF at h0.013 to | requires periodic cleaning, and also
0.016 m®of hiogas treated strict control of process parameters
(Khoshnevisan et al., 2017) like pH, moisture, and nutrient

conditions, concentration in the
treated biogas could be still high.
(100300 cm3/m?)
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Microalgal
technologies

H,S and CO; could be
simultaneously removed,
operation at ambient temperature
and pressure, use of algae
biomass for energy generation

No/limited full-scale experiences,
02/N2 in biogas needs additional
upgrading steps

Absorption Water scrubbing Proven and simple technology, Requires high pressure and low
economical if water is available, | temperature, expensive, lower
COzcan be removed along with flexibility toward variation of input
H2S, energy requirements of gas, clogging due to bacterial
0.30.9 kWh/Nm?3clean. growth
biogas
Organic solvents High efficiency (.99% High (CAPEX and O&M)
(amine) CHoa), low CH4 losses costs, heat requirements for
(,0.1%) regeneration, foaming problems
Absorption with Low electricity requirements, High (CAPEX and O&M) costs,
NaOH and FeCls low CHy4 losses, operating cost not regenerative (standalone
around h0.03/m? of biogas process)
Adsorption Activated carbon High efficiency (H2S,3 cm3/m?3), Regeneration requires high
high purification rate, low temperature, (450C) and residues
operation temperature, high are present up to 850C, requires
loading capacity, cost of pretreatment for Oz and H,O, CHa4
treatment around h3.85/kg H2S losses
Metal oxides (iron- Simple technology, low Sensitive for water
impregnated wood investment cost, high removal (pretreatment required), risk.
chips, iron oxide efficiency (.99% CHj) along with | of ignition of the impregnated
pellets) removal of mercaptans wood chips
(regeneration is exothermic)
PSA Compact technique, tolerant to High (CAPEX and O&M) costs,
impurities, efficient CHa losses (,4%), extensive
technology (96-98% CH.), process control
energy requirements of 0.251
kWh/Nm? clean
biogas, flexibility for small
applications
Membrane Gasgas; gasliquid Compact process, removal of High investment cost, expensive

more COzand Hy, energy
requirements of 0.140.26
kWh/Nm? clean biogas, less than
0.6% CHy loss, 9698% CHa
recovery

operation and maintenance, biogas
requires.

pretreatment, less operational
experience of gas liquid
membranes

BF, biofilter; BS, bioscrubber; BTF, biotrickling filters; O&M, operation, and maintenance; PSA, pressure
swing adsorption.
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This study focuses on the impact of hydrogen sulfide (H2S) on microbial-induced corrosion
(MIC) in wastewater treatment plants (WWTPs). It evaluates the effectiveness of various H2S
removal processes and explores the economic, environmental, and health implications
associated with H>S management. The study highlights the severe corrosive effects of H.S on
different materials used in WWTPs, including metals and concrete. H2S, produced primarily
by sulfate-reducing bacteria (SRB), leads to the deterioration of structural components,
resulting in increased maintenance costs and potential failures in wastewater infrastructure.
The corrosive nature of HoS necessitates robust monitoring and mitigation strategies to ensure
the longevity and safety of treatment facilities. The biological production of H>S is intricately
linked to the activity of SRB. These bacteria thrive in anaerobic conditions typically found in
sewer systems and WWTPs, where they reduce sulfate to sulfide. This study underscores the
variability of SRB activity based on environmental conditions such as temperature, pH, and
the availability of organic matter. Seasonal variations significantly affect sulfide production,
with higher temperatures generally accelerating microbial activity and consequently
increasing HaS levels.

Accurate quantification of sulfide production is crucial for effective management. This
research employed various methodologies, including empirical models and laboratory-scale
experiments, to define sulfide levels through the table. The findings suggest that existing
predictive models for sewer biofilms may underestimate the sulfide production potential in
sewer sediments. The empirical data gathered can inform the development of more accurate
predictive tools, enhancing the capability to forecast and mitigate H>S-related issues.
Additionally, the study reviews several H>S removal technologies, including chemical,
biological, and physical methods. Chemical treatments, such as the addition of iron salts,
effectively precipitate sulfide, but they are often costly and generate secondary waste.
Biological treatments leverage the activity of sulfide-oxidizing bacteria (SOB) to convert H2S
to less harmful substances. Physical methods, like aeration, can also reduce H»S levels but
may not be feasible for large-scale applications.The economic analysis indicates that while
initial investments in advanced Hremoval technologies can be substantial, the long-term
benefits outweigh the costs. Effective H>S management reduces maintenance expenses,
extends the lifespan of infrastructure, and minimizes health risks for workers and surrounding
communities. The study advocates for a balanced approach that considers both the upfront
costs and the long-term savings associated with efficient H2S removal systems.

H>S poses significant environmental and health risks. Its characteristic rotten egg smell is not
only a nuisance but also a health hazard at high concentrations, potentially leading to
respiratory issues and other health problems. The study emphasizes the need for stringent
monitoring of H>S levels and the implementation of safety protocols to protect workers and
residents in the vicinity of WWTPs.

Future research should focus on developing integrated management strategies that combine
multiple H>S removal methods to enhance efficiency and cost-effectiveness. Additionally,
more comprehensive studies are needed to understand the long-term effects of various H.S
mitigation techniques on both infrastructure and the environment. Collaborative efforts
between academia, industry, and regulatory bodies can drive innovations in H>S management
and contribute to more sustainable wastewater treatment practices.
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This thesis has reviewed the existing literature on Microbial Induced Corrosion (MIC) and
the impact of hydrogen sulfide (H2S) on wastewater treatment plant infrastructures. By
synthesizing research across multiple aspects, the study concludes with a comprehensive
understanding of MIC as follows:

1. The MIC in wastewater treatment has substantial effects on treatment plants
infrastructure, due to the biological processes involved in sulfide production,
particularly the sulfate-reducing bacteria (SRB).

2. The quantification of sulfide production in sewer systems were examined, along with
the effects of human exposure to H-S in different treatment plant configurations and
environments.

3. Various H-S removal processes, including chemical, biological, and physical
methods, are assessed for their efficacy and practical application by comparing the
pros and cons of each method.

4. The literature highlights the economic and environmental implications of MIC,
emphasizing the need for accurate emission modeling and effective mitigation
strategies. The review underscores the importance of integrated approaches to manage
MIC and mitigate the effects of H.S, ensuring the sustainability and efficiency of
wastewater treatment systems.

In summery, this thesis provides a thorough understanding of MIC corrosion by assessing it
from multiple perspectives, including biological processes, economic implications, and
removal techniques. Furthermore, including a figure that illustrates the relationship between
pH and temperature for various forms of sulfide, as recommended by the supervisors,
provides a clear understanding of how environmental conditions affect corrosion processes.
Following this, discussing the pros and cons of different H.S removal methods offers a
balanced evaluation of each technique's effectiveness and limitations. This combined
approach aids in identifying the most suitable strategies for specific operational conditions,
ultimately enhancing the efficiency of H.S mitigation efforts, and protecting the integrity of
wastewater treatment facilities. Continued research and development of advanced materials
and monitoring practices are crucial for enhancing the resilience of wastewater infrastructures
against MIC.
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FMH606 Master's Thesis

Title: Microbial induced corrosion (MIC) effects on wastewater treatment plant infrastructures
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External partner: NORPART project South partner universities.

Task background:

Microbial induced corrosion (MIC) of wastewater treatment plant infrastructures are the main
problems that incur additional maintenance cost every year on treatment plants worldwide. In
wastewater treatment system where anaerabic environment is present, sulphate-reducing bacléria
{5RB) reduce sulphate to sulphide which in turm can combine with ydrogen to form hydrogen
sulphide {H:5). Hydrogen sulphide gas, which could accumulate to high kevels in the treatment
system infrastructure, particularly im net-work pipes and joints with a long transport time, The
accumulated HyS gas can be oxidized biokogical to sulfuric ackd which is corrosive to concrete sewer
pipes, pumps, gate vakves and other infrastructures. This corrosive effect is known as "Crown rot’ can
serioushy threaten the treatment plant infrastructure integrity in the long term and shorten the
lifespan of the treatment plant. Hence, nowadays there is growing demand across the wastewater
treatrment industry for sustainable construction materials that can be used under such corrosive
environments. The aim of this thesis is to conduct a eritical review on the overall effect of MIC
aspecially due to hydrogen sulphide on small- and large-scale (i.e., centralized or decentralized)
miunicipal wastewater treatment plants.

Task description:
- Conduct a critical review of MIC effects on wastewater treatment glant infrastructures. Eg.,

cOsL.

Identify biological processes imvalved in sulphide production and microbially induced
COTTaSIon in Sewers,

Describe the mechanisms underlying H:5 production and how to quantify sulghide
production in sewer systems,

To review the effect of human exposure to HyS in different of treatment plants (Le.,
centralized or decentralized), seasons (temperature) and geographical place.

Student category: EET or PT students

Is the task suitable for anline 7 Yes. The task iz suitable for
online students,

Practical arrangements: Literature review, secondary data analysis and theoretical mathematics.

supervision: As a general rule, the student is entitled to 15-20 hours of supervision, This includes
necessary time far the supervisor to prepare for supervision meetings (reading material to be
discussed, etc).

Signatures:

-

e pn U 024 ¥
Supervisor [date and signature): C~/
Student (write clearly in all capitalized letters):  Zahfa Sanidanesh
Student (date and signature): I
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Appendix B. SRB Components
Table 1 — SRB components.(Z. Zhang et al., 2022)

Explanation of components in SRB

ADP Adenosine diphosphate, a nucleotide formed when ATP loses a phosphate group, releasing
energy

AMP Adenosine monophosphate, a nucleotide involved in energy transfer

APS Adenosine 5'-phosphosulfate, an intermediate in the sulfate reduction pathway

ATP Adenosine triphosphate, the primary energy carrier in cells

CysD A protein involved in the biosynthesis of cysteine

Cysl A protein involved in sulfur metabolism and the biosynthesis of cysteine

CyslJ A protein involved in the biosynthesis of cysteine

CysH A protein involved in sulfur metabolism and the synthesis of cysteine

CysNC A protein complex involved in cysteine biosynthesis

DsrABC A set of proteins involved in dissimilatory sulfite reduction

Fdo* Oxidized ferredoxin, the oxidized form of ferredoxin in electron transfer reactions

Fdred Reduced ferredoxin, an electron carrier involved in various metabolic pathways

DsrMKJOP A set of proteins involved in the dissimilatory sulfate reduction pathway in SRB.
Specifically:

DsrJ A cytoplasmic protein with a role in sulfur trafficking

DsrK A cytoplasmic protein involved in the reduction of sulfate to sulfite

DsrM A membrane-bound protein involved in electron transfer

DsrO A cytoplasmic protein involved in the final step of sulfate reduction

DsrP A cytoplasmic protein involved in sulfur transfer in the Dsr pathway

EOQ' Standard Reduction Potential volts (V) or millivolts (mV)

nDHA Nicotinamide adenine dinucleotide, a coenzyme involved in cellular respiration and
energy production

PAP 3'-Phosphoadenosine 5'-phosphate, a product of the reaction between APS and PAPS

PAPS 3'-Phosphoadenosine 5'-phosphosulfate, a sulfate donor in the sulfate reduction pathway

QmoABC A set of proteins involved in quinone-dependent sulfite reduction

SIR Sulfite reductase, an enzyme involved in dissimilatory sulfate reduction

Trx™ Oxidized form of thioredoxin, involved in redox reactions

Trx'ed Reduced form of thioredoxin, involved in redox reactions
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Appendix C. The Gibbs free energy involved in biological sulfate reduction processes

Table 2 - Chemical equations and Gibbs free energy of biological sulfate reduction reactions
with various electron donors. calculated from.(Guo et al., 2019)

Electron Reaction AG

donors (kJ/reaction)
Hydrogen [SO4? + 4Hz + H*—HS" + 4H20 -151.9
Methane CH4 + S04 —HCO3 + HS + H20 -16.6
Formate 4HCOO" + H* + S04 —4HCO3 + HS -146.7
Acetate CH3COO" + SO4* —2HCO3+ HS -47.6
Propinate  |C2HsCOO" + 2S04% + H>—3HCO3™ + 2HS + H20 -122.7

Propinate  |C2HsCOO" + SO4% + H,—CH3COO™ + HCO3 + HS" + H.O  |-75.8

Butyrate C3H7COO" + 3504% + 2H2—4HCO3 + 3HS +2H20 -198.4

Butyrate C3H7COO" + SO4?% + 2H2— 2CH3COO™ + HS + 2H20 -103.8

Pyruvate 4CH3COCOO + SO4% + 2H2+ 6H20— 4CH3COO- + 4CO2 + |-331.1
Sz

Lactate 2CH3CHOHCOO" + SO4> —2CH3COO" + HS + 2HCOs + |-159.6
H+

Methanol 4CH30H+ 3 SO42 —4HCO3 + 3HS + 4H20+ H* -361.7

Methanol 2CH30H+ S04 — 2HCOO" + HS + 2H20+ H* -108.3

Ethanol 2C2Hs0H + SO4% — 2CH3COO" + HS™ + 2H20+ H* -132.7

Glucose CsH1206 + SO4% —2CH3COO" + HS + 2HCO3 + 3H* -358.2

Glucose CsH1206 + 35042 — 3HS" + 6HCO3™ + 3H* -452.5

Remark: If new appendix =» New page (i.e. don’t put several appendices on the same page)
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Appendix D. Seasonal and Location-Specific H2S Concentration Graphs
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Figure C1: H,S concentration levels at different locations (A1-A13) near WWTP "A".(Godoi
et al., 2018)
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Figure C3: Comparison of H-S concentration levels at different distances from
WWTP "B" for various cohorts (Godoi et al., 2018)
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Figure C3: Seasonal variation of H»S concentrations at WWTP "A" and WWTP "B"
during the summer and winter campaigns (Godoi et al., 2018)
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