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1 

1 General introduction 

Geo-energy resources such as oil, gas, and geothermal energy are the most 

important sources of energy for billions of people around the world (Liu and 

Ramirez, 2017; Theyab, 2018; TU-Delft, 2018). The resources for and 

processes in energy production of geothermal energy, oil, and gas are to a 

certain extent similar. For example, the fluids, mostly water in geothermal 

energy, oil, and gas, circulate through or are present in the subsurface of the 

Earth in the pores and channels between pores in rocks and soils, such as 

sandstone and sand, and in natural fracture systems (Field et al., 2018). 

Furthermore, non-volcanic geothermal energy, oil, and gas reservoirs are all 

found in sedimentary basins (Ziabakhsh-Ganji et al., 2018). The exploitation 

of geothermal resources requires either extraction of warm or hot fluids, 

normally water, from the subsurface or injection of fluids, normally also water 

in a suitable rock or soil layer in the subsurface in which the water will be 

heated whereafter it is pumped back to surface. The returned warm or hot 

water can be used for heating or power generation depending on the 

temperature of the water arriving at the surface (Kagel et al., 2005). Oil and 

gas exploitation extract oil or gas from the sedimentary subsurface layers. The 

rocks and soils for all energy sources should be porous and permeable to allow 

for the fluids and gases to be pumped in or extracted. As the rocks and soils 

in the various geo-energy resources are similar, such are the installations, 

consisting of boreholes and various process installations at the surface. Most 

of the boreholes and installations are made of metals; mainly steel. The 

similarity implies that problems experienced in oil and gas exploitation are to 

1 
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a certain extent similar to the problems experienced in geothermal energy 

production and that a possible solution is often applied to all geo-energy 

sources. 

The oil, gas, and geothermal energy industry are often encountered so-called 

“flow assurance problems” which means that the flow of fluids and gas are 

hampered. Swelling and migration of fines, in particular, clay particles and clay 

precipitation in the reservoir may be such flow assurance problems. Corrosion 

of metal casings, pipelines, or installations is another. Swelling and migration 

of fine materials and clay precipitation may hamper or block the flow through 

the rocks, soils, and installations whereas corrosion of metals may cause 

leakages and failure of boreholes, pipelines (Fig.1.1), and installations (Ahmad 

et al., 2018; Pearce et al., 2018; Theyab, 2018). Flow assurance problems 

depend on an interrelated combination of factors involving the chemistry of the 

fluid (i.e. mineral content, water, oil, gas, and microbes), flow dynamics, and 

operating conditions (pressure and temperature) (He et al., 2012; Xiao et al., 

2017). Localized corrosion mainly caused by microbes, also known as Microbial 

Influenced Corrosion (MIC) is reported to be the major cause of metal pipe and 

installation leakage and contributing to 20% of the total annual corrosion cost 

in the geo-energy (Alabbas and Mishra, 2013; Clarke and Aguilera, 2001). The 

most important species in MIC are Sulfate Reducing Bacteria (SRB). MIC is 

often difficult to understand in detail because the type and the capability of 

microbial metabolites that are causing the corrosion are difficult to identify 

(Little et al., 2020; Riskin and Khentov, 2019). The industry also uses plastic 

or other non-metal materials for pipelines and installations or metallic parts 

are covered by a layer of non-metal (mostly also some form of plastic) to avoid 
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contact between the metal and a corrosive environment. These non-metal 

materials are not part of this research. 

 

Fig. 1.1: Corrosion of carbon steel piping1 

Acid stimulation by the introduction of an acid in a reservoir that dissolves acid-

soluble minerals is often used to improve the permeability (Fig.1.2) and hence 

the flow of fluids and gases in reservoirs. However, often acid stimulation result 

in swelling and migration of fine materials and clay precipitation also denoted 

as “formation damage”, that reduce reservoir porosity and permeability (clog 

pores and interconnecting pore channels) and consequently hinder the flow of 

fluids and gases in or from the reservoir (Wilson et al., 2014).  

The flow of fluids and gases may also be hampered by another mechanism. 

Fluids used in acid stimulation, i.e. acids, may react with clay minerals acting 

as cement in the grain skeleton. This may cause the dissolution of particles 

                                           
1 https://www.corrosionpedia.com/21-types-of-pipe-corrosion-failure/2/1484 
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from the grain skeleton, cause the collapse of the grain skeleton and reduce 

permeability (Madirisha et al., 2019). For these reasons chelating agents such 

as aminopolycarboxylic acids (APCAs) are used as these have limited reactions 

with the clay minerals while also reducing the rates of secondary and tertiary 

reactions such as precipitation (Aldakkan et al., 2018; Hassan and Al-Hashim, 

2016). A poor understanding of the geochemistry and hydrochemistry of the 

reservoir before acid stimulation is often likely the reason. In this research, the 

geochemical interactions between acid and clays are investigated as it is likely 

that these determine the dissolution and precipitation of clay minerals (Rose 

et al., 2010). 

 

Fig. 1.2: Microscopic image indicating treated dolomite rock  samples  

with the chelating agent  

This study investigates two flow assurance problems, that is, bio-corrosion, 

and precipitation of clays as a consequence of acid stimulation to enhance 

reservoir permeability. For bio-corrosion, the role of biofilm and acid organic 

metabolites on the corrosion of metals is investigated. For precipitation of 
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clays, the interaction (dissolution-precipitation) between dozing chemicals 

(Biodegradable Chelating Agents (BCA’s)) as typical examples for dozing 

chemicals used in reservoir chemical stimulation) and clay minerals are 

investigated. 

1.1 Flow assurance problems 

Flow assurance refers to the free flow of fluids and gases from the reservoir up 

to processing and transportation facilities (Theyab 2018). Flow assurance 

addresses broad aspects of the problems of flow distortion such as corrosion, 

hydrates, wax, asphaltenes, slugging, naphthenates, emulsion, scales, and 

formation of solids (sediments, fines, clays, and sands)(Bai and Bai, 2005; 

Khanna and Patwardhan, 2019). A general overview of geo-energy resources 

(geothermal energy, oil, and natural gas) is presented in section 1.2 and 

section 1.3, and a review of the literature on flow assurance (bio-corrosion, 

and precipitation of clay during acid stimulation) is discussed in Chapter 2. 

1.2 Oil and natural gas 

Oil in a subsurface reservoir is a complex mixture of hydrocarbons that occur 

in sedimentary rocks in the form of gases (petroleum gases), liquids (e.g. crude 

oil), semisolids (e.g. bitumen), solids (e.g. wax or asphaltite), and/or water 

(Curley, 2011; Riazi, 2005). Oil is generated by the thermal degradation of 

kerogen in the source beds. Kerogen refers to the dispersed and insoluble 

organic matter in rock including coal and mineral oil deposits (Vandenbroucke, 

2003; von Bloh et al., 2008). Kerogen is made from organic matter of either 

terrestrial higher plants or aquatic lower plants and bacteria (Welte and Tissot, 

1984). Kerogen is divided into three parts, namely labile, refractory and inert 

(Mackenzie and Quigley, 1988). With increasing burial, the temperature in 
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these rocks rises and around 80-150 C, the chemically labile portion of the 

kerogen begins to transform into oil and the formed oil migrate to its place of 

accumulation in the reservoir traps (Mackenzie and Quigley, 1988).  

Natural gas (NG) originates from coal beds (the so-called “mother rock”) which 

is a particular variety of kerogen. With increasing burial and temperature 

greater than 150 C, the chemically labile and refractory kerogen portions of 

the kerogen begin to transform into a gas. As in oil migration, the formed gas 

migrates to and is trapped in a porous rock layer (so-called “reservoir rock") 

under an impermeable layer (a so-called “cap rock” or “cap-layer”), Fig. 1.3 

(Curley, 2011). Often also, water is present in oil and natural gas reservoirs. 

Oil and natural gas reservoirs are found in sedimentary basins with 

temperatures in the range of 50-150 C (Gunnlaugsson et al., 2014b; Junrong 

et al., 2015; Xiao et al., 2016a; Yang, 2011). Reservoir rocks are mainly 

sandstones, limestone, and dolomite.  

Oil and gas reservoirs are characterized by low oxygen levels that might be 

attributed to oxygen reactivity with rock in water-rock reactions. In addition, a 

conversion of organic matter into kerogen followed by kerogen thermal 

maturation during the formation of oil or natural gas is another reason for the 

low oxygen levels.  Low oxygen content implies that oil and gas originate from 

sediments in an anaerobic environment (Craddock et al., 2018). 
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Fig. 1.3: A porous rock layer (reservoir rock) under an impermeable layer 

(cap rock or cap layer) 

Oil and natural gas are transported from the well to a refinery or gas plant, 

then to a terminal, and eventually over possible long distances to end-users or 

consumers using pipelines, purpose-built ships, or other transport means. 

Steel borehole (also “wellbore”) pipes and pipelines play a key role throughout 

the world as the main part of the network for oil and gas transportation (Ngwira 

and Pulkkinen, 2018; Saeed and Ronagh, 2015). However, oil and gas 

installations such as pipelines contain also produced water that either is 

generated from underground reservoirs (Fig.1.4) or originates from secondary 

or tertiary activities that use water for enhancing recovery rates and safety 

operations in wells (Neff et al., 2011). 
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Fig. 1.4: Production of water during oil and gas exploitation 

Produced water contains dissolved and dispersed oil components, dissolved 

formation minerals including radionuclides, production chemicals (chemicals to 

ease production), dissolved gases, and/or produced solids (Bahadori, 2017). 

These are grouped normally in five groups: hydrocarbons, salts, metals, 

radionuclides, and production chemicals (Hansen and Davies, 1994). The salts 

are mainly chlorides, carbonates, and sulfides of Ca, Mg, and Na (Dresel and 

Rose, 2010). The amount of chlorides in produced water is mostly far higher 

compared to chlorides contained in seawater (Sumi, 2005). According to Magot 

et al. (Magot et al., 1997), the presence of SO4
2- and CO3

2- in water is evidence 

for the existence of microbes with metabolic processes. Sulfate is widely 

distributed in many water systems and therefore its presence is evidence for 

troublesome species of corrosion namely, sulfate-reducing bacteria (SRB) and 

sulfate-reducing archaea (SRA) (Li et al., 2018). 
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1.2.1 Oil and natural gas in Tanzania 

Tanzania has sedimentary basins with considerable energy reserves due to its 

geological and structural composition (Muhongo, 2013). There are four main 

categories of sedimentary basins which are recognizable as the potential for 

hydrocarbons in Tanzania: inland rift basins, coastal basins, shelf, and shallow 

offshore basins, and deep offshore basins (Rachel Angelo et al., 2019). In these 

sedimentary basins, the presence of petroleum systems has been evidenced 

by seismic data and oil seeps at the surface (Muhongo, 2013). To date, natural 

gas discoveries had been made at Songo Songo (Fig 1.5), Mnazi Bay, Kiliwani, 

Mkuranga, and Ruvuma and Ruvu basins (Dailynews, 2020). A total of 96 wells 

are drilled both offshore and onshore. However, natural gas is currently 

produced both offshore and onshore at Songo Songo and Kiliwani (from Songo 

Songo island), and Mnazi Bay (Dailynews, 2020). Natural gas from Songo 

Songo Island and Mnazi Bay is transported through pipelines to the capital of 

Dar es Salaam to generate power. With the presence of vast sedimentary 

basins, exploration continues and more hydrocarbon discoveries are 

anticipated from onshore and shallow waters, deep offshore, and inland rift 

basins. 

 



General introduction 

10 

 

 

Fig. 1.5: Songo Songo natural gas field in Tanzania2 

1.3 Geothermal energy 

Geothermal energy is energy produced from the heat energy stored in the 

Earth’s interior that originates mainly due to the decay of radioactive isotopes, 

such as potassium-40, uranium-238, and thorium-232 (Barbier, 2002; Earle, 

2019; Lund, 2018). In addition, a small portion of the core’s heat comes from 

the friction generated along the margins of continental plates and the 

redistribution of materials within Earth by gravitational forces. Geothermal 

energy provides long-term energy with a lower carbon footprint and 

maintenance costs than other renewable energy (Junrong et al., 2015). 

Geothermal energy (Fig. 1.6) can be utilized for power generation, heating, 

cooling, and could effectively replace fossil fuels (Wang et al., 2016a). 

Geothermal effects can be present on the surface. Depending on reservoir 

temperature and discharge rates, the surface manifestations are seeps of 

                                           
2 https://hawilti.com/energy/naturalgas/tanzania-orca-energy-submits-50m-capex-

plan-for-songo-songo-development-next-year/ 
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warm and hot water, fumaroles, hot springs, boiling springs and pool, geysers, 

silica sinter terrace, phreatic explosion craters, and zones of acid alteration 

(Cody, 2007; Gunnlaugsson et al., 2014b). 

 

Fig.1.6: A geothermal power plant in the Netherlands3 

The classification of geothermal systems is not very well defined (Breede et 

al., 2015). Various classifications are used such as classification based on the 

geological settings or enthalpy of the geothermal fluids. Classification of 

geothermal systems based on geological settings classifies geothermal 

systems as hot dry rock, enhanced or engineered geothermal systems, hot wet 

rock, hot fractured rock, and hot sedimentary aquifer systems. According to 

Breede et al. (2015) and Gupta & Roy (2006), geothermal systems are 

                                           
3 https://dutchfiltration.com/geothermal-energy/ 



General introduction 

12 

 

classified as hydrothermal (convective), hot sedimentary aquifers (deep 

aquifers), and petrothermal (conductive) based on their geological settings (Fig 

1.7). 

 
       Hydrothermal        Hot sedimentary aquifer          Petrothermal 

 

Fig. 1.7: Classification of geothermal systems 

Hydrothermal systems (HSs) are geothermal systems found in areas of heat 

sustained by tectonic activity or associated with volcanic centers and magma 

reservoirs (Gehringer and Loksha, 2012; Saemundsson et al., 2009). HSs are 

classified as common and conventional. Both common and conventional HSs 

are convective systems where the former is dominated by liquid while the latter 

with vapor at a high geothermal gradient. Both HSs are characterized by 

sufficient reservoir permeability and water supply (Bertani, 2016). HSs contain 

all three components naturally i.e. a heat source, a heat sink (reservoir), and 
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a heat exchanger (fluid). For sustainability of HSs, re-injection of the produced 

water in a second well is necessary to maintain sufficient pressure in the 

reservoir. In addition, re-injection is also necessary to avoid environmental 

pollution(Bertani, 2016).  

For hot sedimentary aquifer systems, the systems are similar to common and 

conventional hydrothermal systems with the difference being that the systems 

are characterized by lack of a localized magmatic heat source and heat supply 

is conduction dominated (Breede et al., 2015; Gupta and Roy, 2006). The 

reservoir rock types of hot sedimentary aquifer systems are typically 

sedimentary, such as sandstone and limestone. A large portion of the world’s 

geothermal reserves is contained in sedimentary formations mainly sandstone 

and carbonate. Often sandstone formations contain clay minerals such as 

montmorillonite, kaolinite, or illite (Fulignati, 2020).  

Petrothermal systems (PSs) are geothermal systems that do have not enough 

water in the subsurface thus water has to be supplied and re-injected after 

geothermal production (Breede et al., 2015). The fluid permeability of most 

PSs is too low and therefore stimulation techniques such as hydraulic fracturing 

have to be applied to create an artificial reservoir. PSs indicate a conduction-

dominated heat source.  

Classification of geothermal systems based on the enthalpy of the geothermal 

fluids is often used, thus reservoirs are classified as low, medium, and high 

enthalpy (or temperature) reservoirs (Cody, 2007; Gunnlaugsson et al., 

2014b). High-temperature reservoirs are found in volcanic regions, and in 

many deep reservoirs (2 – 4 km depth) of sedimentary basins depending on 

the local temperature gradient (Cody, 2007; Moore and Allis, 2017). Medium 
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and low-temperature reservoirs are found in sedimentary basins where the 

water heats up to the temperatures (50-150°C) (Edenhofer et al., 2011; 

Gunnlaugsson et al., 2014b; Junrong et al., 2015). Produced water from low 

to medium temperature geothermal reservoirs often contains dissolved solids 

and inorganic/organic gas while that from high temperature geothermal 

reservoirs often contain solids, steam and inorganic/organic gas. The steam 

and inorganic/organic gas are found separately in the reservoir but also 

sometimes together in liquid phase (Saemundsson et al., 2009). Geothermal 

water in medium and high enthalpy reservoirs is characterized by a very low 

concentration of oxygen. This is due to either oxygen solubility in water that 

decreases rapidly with temperature or due to oxygen reactivity with hydrogen 

sulfide, or with rock minerals in water-rock reactions (Gunnlaugsson et al., 

2014b; Vitaller et al., 2020). 

Production of geothermal energy is done by producing hot water and steam 

from the subsurface or by pumping water into the subsurface which is then 

extracted after heating (Toth and Bobok, 2016). Different technologies 

depending on temperature, depth, and heat are employed for the exploitation 

of geothermal energy. The two most common technologies of geothermal 

exploitation are flash steam and binary technology (Lund, 2008; Ouali et al., 

2015). The flash steam technology is used for high-temperature geothermal 

resources. This technique extracts steam which generates electricity via 

turbines. Binary technology (Fig. 1.8) is used in medium and low-temperature 

geothermal resources. In binary technology, hot water from the subsurface 

transfers heat to another fluid (working fluid) when moving through a heat 

exchanger, before being cooled and returned to the ground through an 
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injection well. In a heat exchanger, the working fluid vaporizes, and then drives 

the turbines. This working fluid is characterized by a lower boiling point and 

passes through the condenser and the cycle keeps repeating. Therefore, the 

production of electricity with binary power plants has been made possible from 

geothermal reservoirs with temperatures lower than 150 C. 

 

Fig. 1.8: Production of geothermal energy in low and medium-temperature 

geothermal energy (Lund, 2008)  

1.3.1 Geothermal energy in Tanzania 

Tanzania's geothermal resources especially medium and low temperature, are 

mainly found along the sedimentary basins and are characterized by surface 

manifestations, mainly hot springs. These include hot springs in the coastal 

basin, i.e south of Dar es Salaam (Luhoi, Kisaki and Utete), and to the north 

in the Tanga region (Amboni and Bombo), in the intra-cratonic basin i.e 

Mponde, Takwa, Hika, Gonga, Msule, Isanja, Ibadakuli, Balangida, Kondoa, 

Balangidalalu, Mnanka, Nyamosi and Maji moto-Mara., and in the western rift 
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basin i.e Mtagata, Maji moto-Rukwa, Mapu, Ivuna and Rock of Hades (Kajugus 

et al., 2018; Mnjokava et al., 2012). Tanzania has also geothermal resources 

in volcanic regions. These are briefly mentioned to be complete, although the 

research is not particularly directed towards volcanic geothermal resources. 

Volcanic geothermal resources in Tanzania include the south-western volcanic 

province which includes geothermal systems such as Ngozi, Songwe, Kasimulu, 

Kiejo- Mbaka, Mbarali, and Daraja la Mungu. Another volcanic province is in 

the northern part of Tanzania which includes geothermal systems such as 

Eyasi, Natron, Manyara, Mount Meru, and Masware. Currently, there are 

numerous geothermal projects in Tanzania including Ngozi, Keijo-Mbaka, 

Songwe, Luhoi, and Natron for which the detailed surface studies for the first 

three geothermal fields are completed (Kajugus et al., 2018). In March 2021, 

the Tanzania Geothermal Development Company (TGDC) successfully drilled 

the first geothermal well (KMB-1) at Keijo-Mbaka (Fig.1.9). 
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Fig. 1.9: Spudding-in of the first geothermal well in Tanzania4 

1.4 Research gap 

Flow assurance problems in the geo-energy industry such as bio-corrosion of 

wells and surface installation, and precipitation of clays in the reservoir cause 

several problems such as material loss and flow path blockages (Fig.1.10). 

Though poorly understood and challenging to mitigate, Microbial Influenced 

Corrosion (MIC) is appreciated as the major cause of deterioration of well 

(75%) and surface installation (50%) (Khan et al., 2021). MIC is more difficult 

to forecast than abiotic corrosion because it is a complex type of corrosion that 

involves more than one process. MIC does not have a specific form and in 

addition, the type and capability of microbial metabolites that are causing 

corrosion are often uncertain too (Riskin and Khentov, 2019). The most 

                                           
4https://www.esi-africa.com/industry-sectors/generation/spudding-in-marks-progress-

for-tanzanias-geothermal-aspirations/ 
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important species in MIC are Sulfate Reducing Bacteria (SRB) that utilize 

sulfate ions as electron acceptors and produce H2S indirectly. Research on SRB 

is limited to simulate the effects of H2S as the only SRB metabolic product and 

ignore dissimilatory respiration of SRB and the presence of biofilm (Bao et al., 

2012; Fatah and Ismail, 2013; Fatah et al., 2011; Fatah et al., 2013; Feng et al., 

2006; Liu et al., 2017; Newman et al., 1992; Sherar et al., 2011). CO2 from SRB 

dissimilatory sulfate reduction, and a biofilm which is a diverse structure 

stabilized by the Extracellular Polymeric Substrate (EPS) have an important 

role in corrosion. Furthermore, the existing research often ignores the 

heterogeneity of the microbial environment. For example, different microbial 

species can share a living space, for example, SRB with methanogens, SRB 

with acetogenic, and SRB with fermentative bacteria (acid-producing bacteria). 

Different interacting species of microbes produce different metabolites such as 

organic acids which in turn result in metabolic heterogeneity within bacterial 

communities (Kim et al., 2015; Wong et al., 2021) Combinations of different 

metabolites in one microbial habitat are likely to have a particular kinetic effect 

on corrosion that is specific for the combination of metabolites (Kip and Van 

Veen, 2015). Therefore, MIC is now a prime area of research in terms of 

understanding the SRB species, their interactions with metals and other 

microorganisms. 

Acid stimulation in reservoirs to improve permeability which is recognized as a 

cheap technique sometimes fails because of poor compatibility of the acid 

chosen and the clay minerals present in the reservoir (Kamal et al., 2019; 

Portier et al., 2009). This failure is known to cause several problems including 

precipitation of clay. Clay precipitates hinder the production of economic 
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volumes of fluid or gas from the reservoir (Portier et al., 2007). Generally, 

precipitation of clay minerals also denoted as formation damage, often are 

envisioned to form the majority of fluid- or gas flow barriers in the reservoir 

(Farrell et al., 2021). Clay minerals precipitate within pore spaces and channels 

between pores and consequently decrease pore connectivity and permeability 

(Chagneau et al., 2015; Farrell et al., 2021). Prior knowledge of understanding 

the interaction between clays and the stimulating agent is therefore required. 

 

Fig. 1.10: Effects of flow assurance problems in the geo-energy industry 

1.5 Research Questions 

Based on the research gaps, this study aimed to focus on the following three 

research questions: 

i. What is the role of biofilm in corrosion due to Sulfate Reducing 

Bacteria (SRB)? 

ii. What is the role of organic acid metabolites in SRB corrosion? 
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iii. What is the influence of biodegradable chelating agents in the 

precipitation of clay minerals responsible resulting for the 

decrease of reservoir permeability? 

1.6 The objective of the study 

The research aims towards understanding bio-corrosion and precipitation of 

clay minerals during acid stimulation as flow assurance problems in the geo-

energy industry. Precisely, the research aims at understanding the role of 

biofilm and organic acid metabolites in corrosion induced by SRB. In addition, 

the research aims at understanding the influence of biodegradable chelating 

agents (BCA1, BCA2, and BCA3) in the precipitation of clays (kaolinite-natural 

(KN) and montmorillonite-K10 (MM)), responsible for the reduction of 

permeability. To attain the general objective, the following specific objectives 

are set: 

i. To determine the electrochemical parameters and amount of 

dissolved metal ions in solution due to the influence of biofilm, 

acetic, and L-ascorbic on SRB corrosion 

ii. To characterize the surface chemical composition of the metal test 

coupons due to the influence of biofilm, acetic, and L-ascorbic on 

SRB corrosion 

iii. To characterize changes in surface properties of the clay minerals 

due to their interaction with biodegradable chelating agents 

iv. To determine the amount of dissolved metal ions in solution due 

to the interaction of clay minerals and biodegradable chelating 

agents 
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For bio-corrosion, the research takes into account the temperature, exposure 

time, pH, depleted O2 environment, and the surface of the test coupons to 

obtain data on electrochemical parameters, chemical composition on the 

surface of test coupons, and dissolved metal ions in solution. For the influence 

of biodegradable chelating agents toward precipitation of clays, the research 

takes into account the pressure, temperature, brine (pH, salinity, and 

conductivity), and depleted O2 environment to obtain information on changes 

in surface properties of the clay minerals, and dissolved metal ions in solution. 

Furthermore, inferential statistics mainly multiple linear regression and t-test 

are employed for data analysis. 

1.7 Significance of the study 

The obtained results on the role of microbial metabolites on SRB corrosion 

(chapter 3 and 4) and the influence of biodegradable chelating agents on 

precipitation of clay minerals of geothermal reservoir formations (Chapter 5) 

have major applications in flow assurance problems. For example, the results 

on the role of biofilm and organic acid metabolites have an impact on geo-

energy material design and corrosion mitigation strategies. Also, it is useful for 

quantifying the severity of MIC threat and the relative vulnerability of different 

materials to MIC and optimizing production in the geo-energy industry. 

Furthermore, the knowledge on the influence of biodegradable chelating agents 

in the precipitation of clays in the reservoir (chapter 5) will help in overcoming 

problems such as clay precipitation and migration during acid stimulation. This 

in turn will enable have a smooth flow of fluid and gas from the reservoir and 

thus optimize production. 
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1.8 Dissertation structure 

This dissertation consists of seven chapters. Three of the chapters 

corresponding to the objectives of the study are already published papers 

(Madirisha et al., 2022a, b, c). The following is a summary of each chapter of 

the thesis. 

Chapter 1 provides the general introduction on the geo-energy (Natural gas, 

petroleum, and geothermal), research gaps and questions, objectives, and 

significance of the study. In this chapter, the flow assurance problems 

associated with geo-energy are introduced. 

Chapter 2 provides a critical literature survey based on which the objectives 

and significance of this study have been stated. The two selected flow 

assurance problems namely, bio-corrosion and precipitation of clays during 

acid stimulation are discussed thoroughly. 

Chapter 3 describes the role of biofilm in the bio- corrosion of carbon steel in 

Sulfate Reducing Bacteria (SRB) in oil and gas exploitation and geothermal 

installations. This chapter is published as Madirisha, M., Hack, R., & Van der 

Meer, F. (2022). Simulated microbial corrosion in oil, gas and non-volcanic 

geothermal energy installations: The role of biofilm on pipeline corrosion. 

Energy Reports, 8, 2964-2975. 

Chapter 4 describes the role of simulated organic acid metabolites on pipeline 

corrosion in sulfate reducing bacteria environment. This chapter is accepted 

for publication and is referenced as Madirisha, M., Hack, R., & Van der Meer, 

F. (2022). The role of organic acid metabolites in geo-energy pipeline corrosion 

in a sulfate reducing bacteria environment. Heliyon, 8, e09420  
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Chapter 5 describes the influence of biodegradable chelating agents (BCA1, 

BCA2, and BCA3) on clays in geothermal reservoir formations to acquire details 

on the precipitation of clays during reservoir acid stimulation. This chapter is 

published as Madirisha, M., Hack, R., & Van der Meer, F. (2022). The influence 

of chelating agents on clays in geothermal reservoir formations: Implications 

to reservoir acid stimulation. Geothermics, 99, 102305. 

Chapter 6 provides a synthesis of the thesis i.e examines different literature 

sources and identifies their relationship to the thesis. 

Chapter 7 provides conclusions and recommendations for further research.  
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2 Literature Review 

2.1 Corrosion  

Corrosion is either the chemical or the electrochemical destructive attack on 

material by its environment (Revie and Uhlig, 2008). Corrosion is a natural 

potential hazard in oil and gas exploitation, and geothermal energy production 

(Popoola et al., 2013; Veldkamp, 2016) The geo-energy industry today relies 

mostly on metallic materials as the primary backbone and skeleton for casings 

and pipelines. Metallic materials include metals such as ferrous (carbon steel, 

stainless steel, nickel alloys, galvanized steel pipes) and non-ferrous (copper, 

bronze, and aluminum pipes). The performance of these materials is governed 

by corrosion medium parameters (Fig. 2.1).  

 

Fig. 2.1: Corrosion medium parameters  

Carbon steels are suitable in harsh media, are low cost, have high mechanical 

strength, and are therefore extensively used in geo-energy applications (Batis 

et al., 1997; Provoost et al., 2018). Carbon steels are iron alloys containing up 
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to 2.1 wt. % carbon. Some other components may be added to iron during 

carbon steel production to enhance corrosion-resistance properties (Kisku, 

2020). Carbon steel is classified into three types namely, low, medium, and 

high carbon steel. Low-carbon steel has a carbon content of less than 0.25 wt. 

% and it is the most extensively used form of carbon steel. Low-carbon steel 

is often used in the geo-energy industry for pipes and casings (ibid.). The 

carbon steel materials suffer from both abiotic and biotic-induced corrosion. 

The biotic-induced corrosion also known as Microbial Influence Corrosion (MIC) 

or bio-corrosion, is expensive to correct and dangerous to personal health. 

Moreover,  the reaction mechanisms responsible for the corrosion are still 

poorly understood (Kostecki et al., 2016). Often multiple mechanisms or 

multiple species of microorganisms are involved. Different microorganisms 

may be found in one habit and therefore several metabolic products may be 

produced with reinforcing or opposing kinetics (Bao et al., 2012). 

2.1.1 Microbial Influenced Corrosion (MIC) 

The term  Microbial Influenced Corrosion (MIC) refers to corrosion due to the 

presence and influence of microbes such as fungi, algae, bacteria, lichens, 

cyanobacteria, archaea, and all protozoa (Little and Lee, 2006). Microbes 

influence the kinetics of corrosion processes or shift the mechanism for 

corrosion with the aid of sessile cells which are embedded in biofilms with 

extracellular polymeric substances (EPS) (Jia et al., 2018). The whole process 

involves both physical, biological, and electrochemical mechanisms, Fig. 2.2 

(Videla and Herrera, 2004; Videla and Characklis, 1992). 
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Fig. 2.2: Sequence of physical, biological, and electrochemical processes at 

metal/solution interface (Videla and Herrera, 2004).  

From a chemistry perspective, MIC is electrochemical corrosion whereby 

microbes initiate, facilitate or accelerate a deterioration reaction on a material 

surface owing to the presence of the biofilms (Beech and Sunner, 2004; 

Parthipan et al., 2017). Electrochemical corrosion (Fig. 2.3) involves a shift of 

an electron from a free metal atom to an external electron acceptor, resulting 

in the formation of metal cations into the surrounding medium and 

deterioration of the material (Beech and Sunner, 2004). MIC is estimated to 

contribute 20% of the total cost of corrosion damage of metallic materials (Jia 

et al., 2018; Yuan et al., 2013). MIC is a major problem in several sectors such 

as energy (oil, gas, geothermal), marine transport, and cooling water systems 

(Little et al., 2020; Vigneron et al., 2018).  
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Fig. 2.3: Electrochemical corrosion on a metal surface involving free metal 

atom and external electron acceptor 

2.1.1.1 Source of microbes in the geo-energy industry 

The presence of microbes in geothermal energy, oil, and gas is associated with 

the produced water in these industries. Water reinjection systems upstream 

(e.g. drilling, well preparation, extraction, and production) and downstream 

activities (e.g. refining, processing, and purifying in petroleum and with 

microbes-contaminated pipes and heat exchangers in geothermal) are 

examples of where microbes can be introduced in petroleum and geothermal 

systems. Other sources of microbes may be associated with water re-injected 

into the subsurface geothermal reservoir after it has been used for energy 

production, to have a closed water system, or to avoid environmental pollution 

in a non-closed system (Kagel et al., 2005; Morozova et al., 2011). Water from 

other sources such as from surface rivers likely contaminated by microbes may 

be pumped into reservoirs to maintain a constant pressure or volume of water 

in the reservoir (Kagel, 2008). Similarly, water is injected into reservoirs in the 

oil and gas industry during enhanced oil and gas recovery. Water is known to 

create an excellent environment for microbes to grow and flourish (Neff et al., 

2011; Sand, 2003). Water with dissolved minerals and elements provides all 

the essentials for microbial life such as carbon source, energy source, electron 
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donors, and electron acceptors. Hence, microbes are widely present in many 

petroleum and geothermal industry systems on the surface and the subsurface. 

2.1.1.2 Classification of microbes 

Microbes are known to survive in both normal-growth conditions and abnormal 

growth at deviated conditions (i.e., extreme conditions). The classification of 

microbes in Table 2.1 is based on optimum growth temperatures (Javed et al., 

2012; Kristjansson, 1991; Pavlov et al., 2007).  

Table 2.1: Classification of microbes based on optimum growth temperatures 

(Javed et al., 2012; Kristjansson, 1991; Pavlov et al., 2007) 

Terms Temperature Ranges 
Psychro- or kryophiles < 0 °C up to 20 °C 
Psychrotrophs °C to 30 °C 
Mesophiles 10 °C to 40 °C 
Moderate thermophiles 35 °C to 55 °C 
Thermophiles 50 °C to 85 °C 
Extreme thermophiles 75 °C to 95 °C 
Hyperthermophiles > 90 °C 

 

Microbes can subsist in either presence or absence of oxygen. The microbes 

that are capable to subsist in the presence of oxygen are referred to as 

“aerobes” while those subsisting in absence of oxygen are referred to as 

“obligate anaerobes”. However, some microbes may subsist in both presence 

or absence of oxygen and these are referred to as “facultative anaerobes” 

(Parthipan et al., 2017). In the presence of oxygen, these derive energy when 

electrons are transferred to oxygen; the terminal electron acceptor, while in 

absence of oxygen, a variety of organic and inorganic compounds may be used 
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as the terminal electron acceptor (Little et al., 2006). Based on these 

differences in environmental conditions, microbes undergo different metabolic 

pathways that result in different metabolic products (Dworkin, 2006; Little et 

al., 2006). Therefore, the types of respiration and electron acceptors serve as 

a basis to classify microbes on their influence on corrosion. Based on this 

classification, microbes are grouped as sulfate reducing, methanogens, 

acetogens, iron reducing, sulfur-oxidizing, nitrate-reducing, and acid-

producing (Barton and Fauque, 2009; Parthipan et al., 2017). 

2.1.1.3 Sulfate reducing bacteria 

Sulfate reducing bacteria (SRB) are ubiquitous anaerobes which are the most 

studied corrosive microbes in the geo-energy industry. SRB require an electron 

donor and acceptor to provide energy for their metabolism. Low-molecular-

weight organic compounds are used as electron donors where they provide 

energy and carbon for growth. However, hydrogen gas may be used as an 

alternative electron donor by hydrogenase-positive SRB. SRB usually use 

sulfate as the terminal electron acceptor, reducing it finally to HS−. In addition, 

electron acceptors such as sulfite, thiosulfate, and elemental sulphur are also 

used. In addition to sulfate, some SRB can also use. In addition, some SRB 

strains may switch to nitrate or nitrite as the terminal electron acceptor.  

According to Liu et al, (2018), the electrode potential of the CO2 + low-

molecular-weight organic compound is close to the couple of Fe2+/Fe0, 

elemental iron can serve also as the electron donor for SRB metabolism. The 

electrons released by elemental iron oxidation are transferred from outside the 

cells across the cell wall to the SRB cytoplasm where sulfate reduction takes 

place (Li et al., 2018). This phenomenon is referred to as Extracellular Electron 



Chapter 2 

31 

Transfer (EET). EET therefore is a cross-sell wall electron transfer required for 

microbial respiration using an insoluble substrate. Soluble electron shuttles 

such as H+/H2, riboflavin, and flavin adenine dinucleotide (FAD), which are 

redox-active chemicals are used during EET (Jia et al., 2018). To elaborate, 

oxidation of insoluble iron occurs outside SRB cells while sulfate reduction 

occurs inside SRB cells thus requiring EET (Fig. 2.4). In contrast, the electrons 

released by low molecular weight organic substrates do not need for EET 

because the reaction occurs intracellularly and in the same proximity with 

sulfate reduction (Fig. 2.5), (Li et al., 2018).  

EET in SRB MIC of carbon steel relying on an electron transport chain inside 

SRB. When there is a lack of carbon sources (electron donor), SRB are reported 

to consume elemental iron as the electron donor to produce energy (Li et al., 

2015a). There are two different electron transfer methods for EET from a metal 

surface to a cell’s outer surface. One is direct electron transfer (DET) and the 

other is mediated electron transfer (MET) (Gu et al., 2019b). SRB species such 

as Desulfovibrio ferrophilus have redox-active outer membrane-bound c-type 

cytochromes (OMCs), which are capable of utilizing soluble electron mediators 

as electron shuttles (Gu et al., 2019b). The literature claims that EET is the 

major contributor of SRB MIC near-neutral pH (Jia et al., 2018). Thus, this type 

of MIC based on the electron is referred to as EET-MIC. The second type of MIC 

is attributed to secreted corrosive metabolites such as H2S, CO2, and organic 

acids. This type of MIC can be called metabolite MIC (M-MIC)(Jia et al., 2018). 
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Sulfate reduction under biocatalysis

            EET

4Fe                    4Fe2+ + 8e-       Extracellular process 

SO4
2- + 9H+ + 8e -                       HS- + 4H2O    Intracellular process

Carbon steel

 

Fig 2.4: Oxidation and reduction reactions of SRB metabolism in the presence 

of elemental iron as an electron donor 

CH3CHOHCOO- + H2O                       CH3COO- + CO2 + 4H+ + 4e-   Intracellular process

  

SO4
2- + 9H+ + 8e -                       HS- + 4H2O               Intracellular process

Sulfate reduction under biocatalysis

  (No EET)

 

Fig 2.5: Oxidation and reduction reactions of SRB metabolism in the presence 

of low-molecular-weight organic compound as an electron donor 

2.1.1.2  Microbial metabolites 

The Microbial Influenced Corrosion (MIC) process starts when microbes begin 

to attach themselves to solid surfaces, colonize, flourish, and form biofilms. 

Biofilms are accumulations of mixed microbial communities within a complex 

matrix called “extra-cellular matrix” (Davey and O'toole, 2000). Generally, 

microbes may cause pitting, dealloying, enhanced erosion-corrosion, enhanced 

galvanic corrosion, stress corrosion cracking, and hydrogen embrittlement 

(Little and Lee, 2006). Microbes are capable of producing a variety of 

metabolites and may thrive at different levels of salt, temperatures, pressures, 

flow rates, and pH. Different species may thrive in one area and many 

metabolic products may be involved. Each of these may have its effect on the 

kinetics of corrosion. Microbes are reported to excrete a variety of metabolic 

products such as exopolymers, chelating agents, emulsifying compounds, 
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exoenzymes, and organic acids (Fig. 2.6) (Marcus, 2011; Sand, 2003). These 

organic compounds may react with materials of natural and/or synthetic origin, 

causing swelling, total or partial dissolution, and, finally, deterioration. For 

example, organic acids are known to undergo reactions with materials by either 

the action of protons or chelation of metal ions and therefore promote corrosion 

by destroying the oxide layer formed on the material surface (Caneva et al., 

2008). 

 

Fig. 2.6: Organic acid metabolites produced by microbes 

2.2 Acid stimulation 

Acid stimulation in the geo-energy is the predominantly used technique to 

ensure sufficient flow of fluid and is regarded as a cheaper solution compared 

to drilling and re-drill (Al-Arji et al., 2021; Aqui and Zarrouk, 2011a; Portier et 

al., 2009). Acid stimulation is a method where a certain volume of acid (or a 

mixture of acids) is injected into a reservoir. This improves or maintains well 

productivity. The improvement of the well is achieved by full or partial 
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dissolution of minerals, mobilization of reservoir particles in fractures and 

pores, inhibition of secondary or tertiary reactions that result in sparingly 

soluble products, and controlling the reactivity of mineral surfaces (Lucas et 

al., 2020).  

Acid stimulation increases the permeability by dissolving impairing material in 

the productive formation that is restricting flow. Acid stimulation can also 

dissolve formation rock itself to enhance primary flow paths, or to create 

secondary flow paths to the wellbore (Peksa et al., 2016). In geothermal 

systems, acid stimulation affects the zone around the injection well and further 

penetrates more deeply into the formation through fractures. When acid is 

injected into the porous matrix of the reservoir at a pressure below the fracture 

pressure of the formation, the process is known as “matrix acidizing” while that 

above fracture pressure is termed "fracture acidizing" (Nitters et al., 2016). 

The latter creates new or enlarges existing fractures. This provides conductive 

paths deeper into the formation (Aqui and Zarrouk, 2011a). This technique is 

more preferred compared to other techniques such as hydraulic fracturing 

because of a lesser demand on operational and safety resources. Furthermore, 

the high conductivity of an acid-etched fracture is another reason that makes 

this technique more suitable than other techniques such as thermal and 

hydraulic fracturing.  

2.2.1 Interaction of acid and geothermal reservoir formation 

Fluid and gas extraction, injection techniques, and reservoir management 

methods are quite similar for oil, gas, and geothermal systems (Portier et al., 

2009). In both hydrocarbon and geothermal systems, formation damage 

should be minimized to optimize well performance. Formation damage is 
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normally considered damage to the rock or soil that results in a reduction in 

reservoir characteristics such as porosity and permeability (Wilson et al., 

2014). Formation damage can impair and reduce reservoir performance and 

consequently cause substantial economic losses. Formation damage is brought 

by several mechanisms such as solid invasion, and poor compatibility of either 

rock and fluid or fluid and fluid (Ngata et al., 2021). Formation damage begins 

immediately when drilling operations begins and continues during the 

productive life of the well. In general, impairment of the geo-energy reservoir 

mostly takes place during most field operations (Fig. 2.7). 

 

Fig.2.7: Source of formation damage in the geo-energy 

Interaction of fluid/acid and reservoir formation affects the permeability in 

geothermal reservoirs. Injection of acid disturbs the existing equilibrium in the 

fluid-rock system and consequently, some minerals may dissolve while others 

may precipitate and this will modify the properties of the reservoir (Fritz et al., 

2010; Xiao et al., 2017). Precipitation of secondary minerals within the matrix 
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of the formation or in fractures reduces permeability. On the other hand, 

dissolution of existing minerals without precipitation can enhance reservoir 

quality and safeguard durable operations when proper selection of acid is made 

(Sanchez Roa et al., 2019). For example, re-injection of acid into the 

geothermal reservoir in geothermal systems causes a strong thermodynamic 

disequilibrium between the acid and the formation. This results in hydrothermal 

alterations that are often accompanied by dissolution-precipitation (Fritz et al., 

2010; Ngo et al., 2016). Mineralogical transformations often have a significant 

impact on the fundamental properties of the reservoir and fluid pathways of 

the geothermal reservoir. On the other hand, mineralogical transformations 

may cause matrix un-consolidation due to part of the grain skeleton vanishing. 

The selection of the acid injected in the reservoir is governed by many factors 

including the presence of formation fines (clay and non-clay minerals). Some 

clay minerals can react with acid and result in the formation of insoluble 

minerals. Prior knowledge on understanding various geochemical reactions 

with the reservoir formation especially the clays is required because such 

reactions give better information on clay dissolution capabilities and precipitate 

mitigation ability (Crundwell, 2014). 

2.2.2 Precipitation of clay minerals in geothermal reservoir 

formations 

The presence of clay minerals in the reservoir formation hampers the acid 

stimulation because clays are very sensitive to acids resulting in dissolution, 

precipitation, or migration (Higgs et al., 2015). The larger surface area of clays 

offers the clays a high reactivity (Ganor et al., 2003). Thus, clay minerals are 
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often considered a major cause of water-sensitive formation damage (Nguyen 

et al., 2005; Wilson et al., 2014; Xiao et al., 2017). Water-sensitive formation 

damage is a function of the type and distribution of clay minerals within the 

pore space and fluid composition (Aksu et al., 2015). When evaluating the 

productive capacity of the geo-energy reservoir, the clay behavior in porous 

media has to be taken into account (Xiao et al., 2017). The most important 

types of clay minerals responsible for permeability reduction in reservoirs are 

kaolinite, montmorillonite, illite, chlorite, and fine-grained non-clay minerals 

(Ahmad et al., 2018). Clay minerals are a group of hydrous aluminum silicates 

with dimensions less than 0.005 mm (Marshall, 1994). Three clay minerals 

important in the geo-energy are kaolinite, montmorillonite, and illite (Anderson 

et al., 2010). Kaolinite and illite minerals are non-swelling clay minerals while 

montmorillonite is a swelling clay mineral. Both swelling and non-swelling clays 

can be allogenic or authigenic. Allogenic clays are tightly packed in the rock 

matrix and therefore are known to have less impact on formation damage than 

authigenic clays which have a direct vulnerability to pore fluids (Civan, 2007). 

Montmorillonite has both allogenic and authigenic characteristics while 

kaolinite has authigenic characteristics and mostly forms pore-filling flakes (Ali 

et al., 2010). Under favorable colloidal conditions, kaolinite like other non-

swelling clay minerals are released from the pore surface and may undergo 

dissolution-precipitation reactions or migration. On the other hand, 

montmorillonite like other swelling clays expand first under favorable ionic 

conditions followed by disintegration and finally undergo dissolution-

precipitation reactions or migration (Aksu et al., 2015; Sameni et al., 2015). 
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When acid interacts with aluminum phyllosilicates, i.e.clay minerals, water 

forms an activated complex5 with the Al3+ sites, and H+ ions form the activated 

complex with the SiO4 4− sites resulting in the dissolution of the clay minerals, 

Fig. 2.8 (Crundwell, 2014). The activated complexes formed can react with 

species in solution to form another species. For example, when mud acid 

(mixture of HF and HCl) enters a sandstone reservoir, the primary reaction 

begins which results in the formation of aluminum and silica fluorides (chemical 

reaction 2.1). This reaction results in the dissolution of the minerals without 

precipitation. The secondary reaction follows when the primary products are 

further reacted with other species in the solution(chemical reaction 2.2). This 

reaction results in the formation of a precipitate. Another reaction may happen 

as a tertiary reaction as the consequence of the formed product in reaction 2 

to react with other species in solution (chemical reaction 2.3). 

 

Fig. 2.8: Dissolution of hydrous aluminum phyllosilicates in acidic solutions 

                                           
5 An activated complex is an unstable arrangement of atoms that is formed during the 

conversion of reactants into products. 
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HF + mineral + HCl                   AlF
y
 + H

2
SiF

6
                                                  (2.1)

H
2
SiF

6
 + mineral + HCl                   silica gel + AlF

y                                                           
(2.2)

AlF
y 
+ mineral + HCl                  AlF

z
+ silica gel                                                (2.3)

 

2.2.2.1 The surface chemistry of clay minerals 

The surface chemistry of clay minerals refers to the interaction of adsorbed 

molecules with the exchangeable cations, with the oxygen atoms, OH and OH2
+ 

groups at the surface, and with the adsorbed water molecules (Tournassat et 

al., 2015). Clay minerals are made of layers where each layer consists of either 

one sheet of SiO4 tetrahedra joined to one sheet of Al- or Mg-octahedra or one 

sheet of Al- or Mg-octahedra sandwiched between two sheets of Si-tetrahedra. 

The former are called 1:1 (Fig.2.9), the latter 2:1 (Fig. 2.10) clay minerals. 

Both 1:1 and 2:1 clay minerals have edges at which oxygen atoms and cations 

(Si4+, Al3+, and Mg2+) are exposed. The cations carry charges and react with 

molecules in the environment, usually water, to maintain charge neutrality and 

complete their coordination sphere. Thus, the edges consist of –O—, -OH (Fig. 

2.11), and –OH2
+ (Fig.2.12)groups (Tournassat et al., 2015).  
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Fig. 2.9: Structure of 1:1 clay mineral 

 

 

Fig. 2.10: Structure of 2.1 clay minerals 
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Fig.2.11: Surface hydroxyl groups generated on the edge of clay minerals 

during bond breaking on silica tetrahedron (A similar mechanism in alumina 

octahedral). 

 

 

Fig.2.12: Reactions of surface hydroxyls with H+ to make the surface of clay 

minerals electropositive. 

Another primary source of both negative and positive charges in clay minerals 

is the dissociation of exchangeable cations. This refers to the substitution of 
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Si4+, Al3+, and Mg2+ with cations with comparable ionic radii in their respective 

tetrahedral and octahedral sheets. For example, Al3+ and Mg2+ in the 

octahedral may be replaced with cations such as Fe3+/2+ and Zn2+. The process 

of replacing one structural cation for another of similar size is referred to as 

isomorphous substitution However, replacement of a lower valence cation by 

one with a higher valence or vice versa is the key source of both negative and 

positive charges in clay minerals. For example, the substitution of one Al3+ for 

a Si4+ in the tetrahedron results in a gain of one negative charge. Alternatively, 

the replacement of a lower valence cation by one with a higher valence (Fe2+ 

by Fe3+) results in a gain of one positive charge. 

2.2.2.2 Kaolinite  

One side of the crystal layer of kaolinite is composed of oxygen atoms only 

while the other side consists of hydroxyl groups. Hydrogen bonds and 

intermolecular forces join the crystal layers thus it is difficult for water to enter 

the crystal structure. This is the reason why isomorphous substitution occurs 

rarely in kaolinite and further the reason as to why very few exchangeable 

cations exist on its crystal surface. 

2.2.2.3  Montmorillonite 

In montmorillonite, all the top oxygen atoms in oxygen silicon tetrahedron 

point toward the alumina octahedron. silicon-oxygen tetrahedron sheets and 

alumina octahedron sheets bond with each other by sharing oxygen atoms. 

The interactions between crystal layers are intermolecular forces (no hydrogen 

bonds exist), so the crystal layers are loosely bonded and water can get into 

the structure easily. On the other hand, a considerable amount of lattice 

substitution exists, combining a large number of exchangeable cations in the 
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crystal surface. When water gets into the crystal layer, these exchangeable 

cations dissociate in the water to form a diffusible electrical double layer. Thus, 

the surfaces of crystal layers are negatively charged, resulting in repulsion 

between layers and the clay expansion. The lattice substitution of 

montmorillonite occurs mainly in the alumina octahedron sheet, by replacing 

the aluminum atoms in the alumina octahedron with iron atoms or magnesium 

atoms. The silicon atoms in silicon-oxygen tetrahedron are rarely replaced.  

2.2.3 Acids for reservoir stimulation  

The injected acid for reservoir stimulation tends to enter the geothermal 

formation through the first fluid entry zone and dissolves the first-contacted 

minerals while leaving a large portion of the rest of the wellbore untreated 

(Lucas et al., 2020; Rose et al., 2010). The conventional acids currently in use 

are hydrochloric, hydrofluoric, acetic, formic, sulfamic, and chloroacetic 

(Portier et al., 2007). These acids differ in their chemical properties implying 

that their choice is dictated by the specific intention of the treatment and the 

underground reservoir characteristics. Hydrochloric acid (HCl), and a mixture 

of hydrofluoric acid (HF) and HCl (mud acid) are the most commonly used acids 

for reservoir stimulation. These acids are corrosive and reported to cause 

serious “pitting” corrosion that requires strong inhibitors for protection (Nitters 

et al., 2016). Furthermore, mineral acids are rapidly spending due to high 

reaction rates which results in undesirable results such as precipitation which 

is accompanied by secondary and tertiary reactions (Li, 2004). These 

undesirable results limit the application of mineral acids, especially at elevated 

temperatures. In general, the combination of problems of mineral acids such 

as precipitation, pitting corrosion, and poor compatibility with clay minerals 
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limit the application of mineral acids(Portier et al., 2007). An alternative to 

mineral acid treatments is the use of chelating agents. 

2.2.3.1 Chelating agents 

Chelating agents are used nowadays as stand-alone stimulation fluids to 

improve reservoir permeability (Mahmoud et al., 2017). Chelating agents can 

chelate (or bind) metals and retard precipitation. Chelating agents have a lower 

dissolution rate thus take a more balanced path through the damaged or 

undamaged formation than the first fluid entry zone with mineral acids which 

leave the rest of the formation relatively untouched (Rose et al., 2010). Most 

types of chelating agents used in the geo-energy industry are 

aminopolycarboxylic acid chelating agents (APCAs) (Hassan and Al-Hashim, 

2016). APCAs contain several carboxylate groups bound to one or more 

nitrogen atoms. These chemicals are derived from amino acids and like other 

chelates, they are capable of forming water-soluble complexes by coordinating 

metal ions and forming one or more heteroatomic rings (Bucheli-Witschel and 

Egli, 2001; Tariq et al., 2017a). For example, hydroxy 

ethylethylenediaminetriacetic acid (HEDTA), ethylenediaminetetraacetic acid 

(EDTA), and diethylenetriaminepentaacetic acid (DTPA) are shown in Fig. 2.13 

(Mahmoud and Abdelgawad, 2015). Aminopolycarboxylic acid chelating agents 

like HEDTA, EDTA, and DTPA are non-biodegradable and therefore such 

property limits their application to the environment (Pinto et al., 2014). 

Replacement of synthetic APCs with natural APCs such as Nitrilotriacetic acid 

(NTA), ethylenediaminedisuccinic acid (EDDS), and iminodisuccinic acid (IDS) 

which are environmentally friendly is the promising alternative (Frenier et al., 

2004; Pinto et al., 2014). 

https://www.sciencedirect.com/topics/engineering/stimulation-fluid
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Fig. 2.13: Aminopolycarboxylic acid chelating agents 

The dissolution ability of minerals by organic ligands such as chelating agents 

can be explained by two competing theories, namely, indirect proton promoted 

dissolution mechanism or direct ligand promoted dissolution mechanism(Cama 

and Ganor, 2006). The major ions involved in mineral dissolution reactions are 

H+, OH-, H2O, and ligands. The principal steps behind dissolution reactions are 

the attachment of solute species to surface cations that polarize, detachment 

of surficial cations, transport of these cations to the bulk solution, and the 

renewal of a surface site by protonation (Furrer and Stumm, 1986). 

In a proton-promoted dissolution surface protonation of aluminosilicate 

minerals, acidic conditions enhance the dissolution rates because adsorbed 

protons polarize and weaken critical surface metal-oxygen bonds. This process 

facilitates the detachment of metal cations from the aluminosilicate mineral 

surface (Furrer and Stumm, 1986). In acidic conditions, adsorbed organic 

ligands are responsible to reduce the positive charge of mineral surfaces 
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induced by the protonation of surface functional groups. As a result, more 

protons can accumulate at the mineral-water interface due to the reduced 

electrostatic repulsions and this can in turn increase the proton-promoted 

dissolution rates (Stumm, 1997). Organic ligands can form strong aqueous 

cation-ligand complexes with metal cations removed from the surface by 

dissolution. Generally, the overall dissolution rate in the acid condition can be 

represented as the sum of the proton promoted dissolution rate and the ligand 

promoted dissolution rate. 

In a direct ligand promoted dissolution mechanism, chelating agent adsorbing 

on the surface sites of the clay mineral through a ligand exchange reaction 

promotes dissolution by facilitating the detachment of surface cations (Stumm, 

1992). Adsorbed chelating ligands weaken the bonds of the metal-oxygen 

framework by shifting the electron density distribution towards the central 

metal ion and the ligands attached to it (coordination sphere). This results in 

a decrease of activation energy for hydrolysis and consequently increases the 

detachment of metal cations from the surface (Duckworth and Martin, 2001) 

Duckworth and Martin, 2001). Acidic conditions favor the ligand exchange 

adsorption mechanism because the increased electrostatic attraction between 

the ligand-acid functional groups and surface sites of the clay minerals allow 

ligand molecules to approach the surface and increase the possibility of ligand 

exchange (Feng et al., 2005).  
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3 Simulated microbial corrosion in oil, gas 
and non-volcanic geothermal energy 
installations: The role of biofilm on pipeline 
corrosion6 

3.1 Introduction 

An ongoing challenge in the oil, gas and geothermal industries is the design of 

materials for casings, pipes, and other installations that resist corrosion 

(Abadeh and Javidi, 2019; Faes et al., 2019; Ibrahim et al., 2018; Miranda-

Herrera et al., 2010; NAM, 2015; Provoost et al., 2018; Veldkamp, 2016). 

Currently, carbon steel is the most widely used engineering material because 

the material is strong, easily available, and relatively cheap (Batis et al., 1997; 

Odusote et al., 2012; Provoost et al., 2018; Reinecker et al., 2019; Wang, 

2018). However, carbon steel suffers from both abiotic and biotic corrosion 

damage (Daniilidis et al., 2020; Ibrahim et al., 2018). Biotic induced corrosion, 

commonly known as Microbial Influenced Corrosion, is difficult to forecast 

compared to abiotic corrosion since microbial, chemical, and physical processes 

occur together and interact, making the corrosion process very complex 

(Ibrahim et al., 2018; Kip and Van Veen, 2015; Little et al., 2020; Videla and 

Characklis, 1992; Yuan et al., 2013).  In biotic-induced corrosion, the metabolic 

products of the microbes change the chemistry of the material-solution 

interface (Liang et al., 2014; Little et al., 2006; Parthipan et al., 2017). The 

chemical changes result in different effects such as induction of localized 

                                           
6 This chapter is based on: Madirisha, M., Hack, R., & Van der Meer, F. (2022). 

Simulated microbial corrosion in oil, gas and non-volcanic geothermal energy 

installations: The role of biofilm on pipeline corrosion. Status: Accepted and it 
is the production section. Energy Reports, 8, 2964-2975 
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corrosion, change in the rate of general corrosion, and corrosion inhibition 

(Videla and Herrera, 2005).  

Microbes in oil, gas and low temperature (non-volcanic) geothermal wells 

subsist in the wide range of temperature that follows within the temperature 

range of oil, gas, and low temperature (non-volcanic) geothermal wells. Oil, 

gas and low temperature (non-volcanic) geothermal wells are of sedimentary 

origin and mostly have fluids with temperatures in the range 50 - 150 C 

(Gunnlaugsson et al., 2014a; Wang et al., 2016b). On the other hand, the 

temperature of the fluids in installations outside the well decreases down to 

below 50 C due to heat exchange with the outside environment and to a lesser 

degree due to Joule Thomson effects (Singer, 2017). This temperature also 

supports microbial life. The most important species in MIC are Sulfate Reducing 

Bacteria (SRB) that utilize sulfate ions as electron acceptors and produce H2S 

indirectly (Fig. 3.1). This H2S causes severe corrosion in the oil, gas, and 

geothermal industries and contributes to 50% of MIC (Ibrahim et al., 2018; 

Kip and Van Veen, 2015; Liu et al., 2019; Zhang et al., 2020). On the other 

hand, SRB oxidize organic substrate into CO2 (Dissimilatory Sulfate Reduction, 

chemical equation 3.1) another source causing carbon steel corrosion 

(Kushkevych et al., 2021; Plugge et al., 2011; Tran et al., 2021). SRB are 

sensitive to environmental pH for growth, thus SRB are divided into three 

groups: acidophilic (pH of 2.9 to 6.5), alkaliphilic (pH of 6.9 to 9.9), and 

neutrophilic (pH of 6 to 8) (Tran et al., 2021). 

SO4
2- + 2CH3CHOHCOO-               2CH3COO- + 2CO2 + HS- + OH- + H2O             (3.1)

  

Recent research shows that the corrosion effects caused by SRB can be 

simulated by using abiotic sulfide (Bao et al., 2012; Fatah and Ismail, 2013; 
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Fatah et al., 2011; Fatah et al., 2013; Feng et al., 2006; Liu et al., 2017; 

Newman et al., 1992; Sherar et al., 2011). This research is limited to simulate 

the effects of H2S as the only SRB metabolic product and ignore dissimilatory 

respiration of SRB and the presence of biofilm (Bao et al., 2012; Fatah and 

Ismail, 2013; Fatah et al., 2011; Fatah et al., 2013; Feng et al., 2006; Liu et 

al., 2017; Newman et al., 1992; Sherar et al., 2011). CO2 from SRB 

dissimilatory sulfate reduction, and a biofilm which is a diverse structure 

stabilized by the Extracellular Polymeric Substrate (EPS) have an important 

role in corrosion (Blackwood, 2018; Procópio, 2019). 

 

Fig.3.1:Carbon steel corrosion induced by SRB at the interface between 

carbon steel and water (Mori et al., 2010).  

This article describes the research to the role of corrosion of a simulated biofilm 

in a simulated SRB environment i.e., in the presence of CO2, Na2S.xH2O, and 

media (distilled water or brine solution). Experiments with distilled water are 

used as a reference to understand the role of biofilm in absence of chloride 

ions. The corrosion of carbon steel is simulated in an electrochemical cell, and 

Electrochemical Impedance Spectroscopy (EIS), and PotentioDynamic 

Polarization (PDP) techniques are used to monitor the electrochemical 

parameters of the carbon steel test coupons. Sodium alginate (3.0 wt%) and 

0.004 M calcium chloride are used to simulate the biofilm while the 

experimental reactor is purged with CO2 to create O2 deprived conditions to 
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reflect the SRB environment and at the same time to reflect the products 

produced by SRB under the dissimilatory sulfate reduction. Hydrated sodium 

sulfide (0.4 M Na2S.xH2O) is used as an indirect source of H2S. The 

temperatures used are 30, 45 and 60 C as most common strains of SRB exist 

in the temperature range of 25 to 60 oC (Cheng, 2013). The exposure time to 

establish the kinetics for the carbon steel corrosion is 60 and 120 minutes. The 

resulting electrochemical parameters are used to evaluate corrosion kinetic 

adsorption parameters. Metal ions dissolved in solution due to corrosion are 

measured with Inductive Coupled Plasma- Optical Emission Spectrometry (ICP 

– OES). The statistical T-test is used to compare the means of different 

variables and to find the extent that such differences are ‘by chance’. Corrosion 

products formed on the surface of carbon steel test coupons and the reference 

materials are analyzed with a Scanning Electron Microscope coupled with an 

Energy Dispersive Spectrometer (SEM-EDS) and by X-Ray Diffraction (XRD). 

The results from surface analyses are used to support the electrochemical 

results. 

3.2 The role of biofilm in corrosion 

Microbial growth in closed environments (e.g. pipelines or other closed 

installations) is characterized by the formation of a biofilm (Kip and Van Veen, 

2015; Little et al., 2020). The fundamental constituent of the biofilm is the 

Extracellular Polymeric Substrate (EPS). EPS, therefore, is an integral part of 

the biofilm matrix (Karygianni et al., 2020). The role of biofilm in corrosion is 

investigated and reported in the literature (Blackwood, 2018; Karn et al., 2017; 

Little et al., 2020; Procópio, 2019). Biofilm significantly influences the 

conditioning of the physicochemical properties of material surfaces and 
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therefore it is associated with either inhibition or acceleration of aggressive and 

localized forms of corrosion (Bao et al., 2012; Li et al., 2013; Procópio, 2019). 

In particular, biofilms can locally change the concentrations of chemical species 

such as dissolved oxygen, chloride, and other ionic species as well as pH levels, 

all of which influence corrosion (Blackwood, 2018). Other literature reports that 

a biofilm binds metal cations and leads to the dissolution of metals and changes 

in the material (Beech and Sunner, 2004). Starkey (1985) suggests that 

heterogeneities on the material surface caused by biofilm are one of the factors 

responsible for anaerobic corrosion. 

3.3 Materials and methods 

The test materials used for the tests are prepared and controlled very carefully 

to resemble “real” situations. Artificial biofilms are used to investigate the 

effect of biofilm on carbon steel corrosion as real microbial biofilms are too 

complex to simulate and analyze. In this series of tests, calcium alginate is 

used to simulate biofilm because it is comparable to the structure and 

properties of biofilm in real situations as shown by various authors (Chang et 

al., 2010; Nassif et al., 2020). NaCl solution is used to simulate the salinity of 

brine present in the oil, gas, and non-volcanic geothermal installations. 

Na2S.xH2O is used to mimic the source of H2S while CO2 is purged in the system 

to create an O2 deprived environment and at the same time serve as SRB 

product through dissimilatory sulfate reduction (El Mendili et al., 2013; Sherar 

et al., 2011). SRB do not produce the H2S directly as presented by reaction 

(3.2) and (3.3). With sodium sulfide, the H2S is produced indirectly according 

to reactions (3.4) and (3.3). 
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SO4
2- + 9H+ + 8e-                 HS- + 4H2O                                  (3.2)

HS- + H+                H2S                                                            (3.3)

Na2S + H2O                2Na+ + HS- + OH-                                 (3.4)
 

3.3.1 Carbon steel coupons and chemicals to simulate SRB 

environment 

A piece of steel pipe (carbon steel API 5L X70M HFW) of 2 m length is made 

available by the Tanzania Petroleum Development Corporation. The chemical 

composition is shown in Table 3.1. The pipe is cut into circular carbon steel 

coupons of 14 mm diameter and 1.5 mm thick to fit the dimensions required 

for the working electrode in the electrochemical cell. The carbon steel coupons 

function as the working electrode of the cell. The surfaces of the coupons are 

polished with silicon carbide abrasive paper of increasingly fine grit (graded 

100, 200, 400, 600, 800, and 1000) to have smooth surfaces which do not 

influence the electrochemical behavior of the material (Chang et al., 2019; Nor 

Asma et al., 2011). The polished surfaces are further cleaned with distilled 

water, acetone, and ethanol, and again washed with distilled water. Thereafter 

the coupons are air-dried and the weight of each coupon is recorded.  

Table 3.1: Chemical composition of carbon steel API 5L X70M HFW (wt%) 

Fe C Si Mn P S V Nb Ti 
97.39 0.17 0.45 1.75 0.02 0.01 0.10 0.05 0.06 

 

A 3.0 wt% NaCl solution is prepared to mimic the salinity of the brine. The 

surfaces of the dried, polished, and cleaned carbon steel coupons are prepared 

with 0.1 mL of 3.0 wt% sodium alginate (Fig. 3.2). The sodium alginate 
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solution is homogenously spread over the entire surface using a thin strand of 

nylon. To immobilize the sodium alginate and convert it to Ca-alginate (the 

simulated biofilm), 0.1 mL of 0.004 M aqueous CaCl2 is applied. The mixture 

of sodium alginate and CaCl2 on the carbon steel coupons is left to rest for 15 

min to crosslink. Thereafter, the coupons are washed with 10 mL of distilled 

water to remove unreacted sodium alginate, which is soluble in water, and then 

the coupons are air-dried as the final treatment for preparing the coupons. 

During washing of test coupons, the formed substance on the surface was 

insoluble in water evidencing that the formed substance is calcium alginate. 

SRB and its metabolite H2S are simulated by adding 0.4 M sodium sulfide 

(Na2S. xH2O: Assay ~ 60%) to either distilled water or the brine solution before 

the experiments.  

O OH

OH

OH

OH

O

O
Na

 

Fig. 3.2:Structure of sodium alginate used for simulation of a biofilm 

 

3.3.2 Experiment set-up and pH measurements 

The carbon steel coupons are tested in a three-electrode electrochemical cell 

coupled with a Potentiostat/Galvanostat: PGSTAT204/AUT50663 from Metrohm 

(Autolab B.V., Amsterdam, The Netherlands). The software used is NOVA 

version 1.11.2 (ibid). Furthermore, the cell is coupled with a thermostat-water 

bath, pH meter, and CO2 gas cylinder (Fig. 3.3). The pH meter allows 

monitoring of the pH of the solution in the electrochemical cell during the test. 
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The carbon steel coupons (with or without biofilm) are used as working 

electrodes, platinum as an auxiliary electrode, and saturated silver-silver 

chloride (Ag/AgCl) in 3.0 M KCl solution as a reference electrode. The solution 

(distilled water or brine solution) in the electrochemical cell is purged with CO2 

(flow rate ⁓150 mL/min) for 30 min before the experiment and during the 

experiment to create an O2 deprived medium and to serve as a product from 

SRB dissimilatory sulfate reduction. The volume of the solution (distilled water 

or brine solution) in the electrochemical cell is 500 mL, including a volume of 

3 mL of 0.4 M Na2S.xH2O added as a source of H2S.  

The corrosion tests are done for two different exposure times of 60 and 120 

min and with or without simulated biofilm (Table 3.2). This gives four tests per 

temperature. All tests are done in duplicate. Further, the pH of the solution is 

measured at the start of the test (initial pH) and also after 60 and 120 min 

(final pH). After the test, the carbon steel coupon is removed from the cell and 

placed in a desiccator. 
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Fig. 3.3:Schematic diagram of the set-up for carbon steel corrosion tests 

under a simulated microbial environment 

Table 3.2: Test matrix for the investigation of the role of biofilm on the corrosion 

of carbon steel 

 Experiment Temperature 

(C) 

Simulated 

biofilm 

Time 

(min) 

Distilled 

water 

1, 2, 3 30, 45, 60 no  60 

 4, 5, 6 30, 45, 60 yes  60 

 7, 8, 9 30, 45, 60 no 120 

 10, 11,12 30, 45, 60 yes 120 

Brine 

solution  

13, 14, 15 30, 45, 60 no   60 

 16, 17, 18 30, 45, 60 yes   60 

 19, 20, 21 30, 45, 60 no 120 

 22, 23, 24 30, 45, 60 yes 120 

221

3

4

5
6

7 8 9

1. PGSTAT

2. Computer with nova software

3. Thermostat water bath mix

4. Three electrode-electrochemical cell

5. pH meter

6. CO2 gas cylinder

7. Working electrode

8. Auxiliary electrode

9. Reference electrode
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3.3.3 Electrochemical corrosion measurements 

Electrochemical corrosion measurements, i.e., PotentioDynamic Polarization 

(PDP) and Electrochemical Impedance Spectroscopy (EIS), are measured in 

the electrochemical cell after 60 and 120 min. The PotentioDynamic 

Polarization (PDP) is done at a range of −200 to +200 mV from the corrosion 

potential (Ecorr) with a scan rate of 10 mVmin−1. s. The Tafel slopes (ba and bc) 

are determined after a stable open circuit potential is achieved by extrapolating 

the linear Tafel regions to the corrosion potential (Ecorr). For a better corrosion 

rate estimation, the Tafel slopes in combination with the polarization resistance 

(Rp) from EIS are used to determine the corrosion current density (Icorr) (eqs 

3.5 – 3.7): 
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The corrosion rate (CR) is calculated from the corrosion current density (Icorr) 

together with Faraday’s law (eq. 3.8): 

  corrC C
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o
5

orro i n Rate R
ZI

nF


                                                      (3.8) 

in which ba and bc are Tafel slopes for anodic and cathodic curves respectively 

(in mVdec−1), β is the Stern–Geary Coefficient (mVdec−1), Icorr is the corrosion 

current density (µA/cm2),  is the density of iron (7.8 g /cm3), F is Faraday’s 
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constant (96500 C/mol), Z is the atomic weight (g/mol), n is the number of 

exchanged electrons, ∆E is the change in potential (mV), and ∆I is the change 

in current (mA).  

Electrochemical Impedance Spectroscopy (EIS) is studied as a function of the 

frequency of an applied alternating current. It is measured under a sinusoidal 

excitation potential of 10 mV in the frequency range from 0.5 mHz to 10 kHz. 

Furthermore, the electrochemical circle fitting -analysis on EIS data is done 

using the NOVA software to generate the polarization resistance (Rp), solution 

resistance (Rs), and constant phase elements (pseudo-capacitance/admittance 

- 𝑌o), and phase shift/index (𝑛). The EIS which is non-destructive is performed 

first followed by PDP which is destructive for surfaces. 

3.3.3.1 Kinetic parameters of the activation corrosion process 

Corrosion kinetic parameters “apparent activation corrosion energy” (Eact), 

“enthalpy of activation” (∆Hact), and “entropy of activation” (∆Sact) are 

calculated using the Arrhenius equation (3.9) and the transition state equation 

(3.10). The kinetic parameters of the activation corrosion process have a direct 

influence on the passivity developed on the material surface (Go et al., 2020; 

Khadom et al., 2009). 

log log
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Icorr is the corrosion current density (µA/cm2), Eact is the activation corrosion 

energy (J/mol), R is the universal gas constant of 8.314J/ (mol·K), T is the 

testing temperature (K), A is the pre-exponential factor, h is Plank's constant, 
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N is Avogadro's number, ∆Sact is the entropy of activation (J/K), and ∆Hact is 

the enthalpy of activation (J). 

3.3.3.2 Statistical T-test 

The T-test is part of inferential statistics used to compare the means of two 

different sets of observed data and to find to what extent such difference is ‘by 

chance’. A T-test is selected because it likely determines whether biofilm affects 

the corrosion current density. Paired and independent t-tests are performed 

using the IBM SPSS statistics 27 software.   

3.3.4 Characterization of corrosion products 

The analytical techniques used to characterize the corrosion products on the 

surface of the carbon steel coupons are SEM-EDS and XRD. A Scanning 

Electron Microscope (SEM, Model JSM-6010LV/LA) equipped with Energy 

Dispersive Spectrometer (EDS) is used for determining the elemental 

composition. The corroded test coupons are adhered to on the carbon tabs 

before the analysis to enhance the surface conductivity and prevent possible 

charging problems. An acceleration voltage of 20.0 kV and a working distance 

of 10.0 mm are used during the analysis.  

X-Ray Diffraction (XRD) (Bruker D2 phaser) is used for qualitative 

characterization of the corrosion products on carbon steel. The equipment 

operates in Bragg-Brentano geometry with CuKα radiation and a LYNXEYE 

detector as well as Bruker’s corundum standard reference material. The 

patterns are collected with a Cu X- ray tube (1.54184 Å, 10 mA, 30kV) from 6 

to 80 in 2θ range with the step size of 0.012 and integration time of 0.1s. In 

addition, a detector slit of 8 mm is inserted while a standard divergence slit of 

0.6 mm is used to control the illuminated area. Identification of the obtained 
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diffractograms is performed with DIFFRA.EVA software. XRD has a detection 

limit that depends on the density, valence electrons, and crystal structure of 

the compounds in the sample. However, the rule of thumb is that XRD has a 

detection limit of ~1% by volume (Schwantes et al., 2017; Treiman et al., 

2010). In this study, the duration of the measurement of each sample is 24 

hours. A non-treated carbon steel coupon is used as a reference.  

3.3.5 Characterization of the dissolved metal ions in solution 

The collected solutions after the electrochemical measurements are 

investigated with Inductive Coupled Plasma- Optical Emission Spectrometry 

(ICP-OES) (Perkin Elmer 8300DV) to quantify Fe, Si, and Mn ions dissolved in 

the solution as an indication of carbon steel corrosion in set conditions. Before 

the analysis, calibration lines are constructed by the dilution of standard 

solutions (Merck, multi IV 1000 mg/L). The results are corrected with blanks 

of blank experiments (experiments without carbon steel in the cell). The 

quantity of metal ions released (in µg/ (g.cm2)) corresponds to the 

concentration of dissolved metal ions in the solution (mg/L) normalized to the 

weight of the working electrode (g), its exposed geometrical surface area 

(cm2), and the total solution volume (L). 

3.4 Results 

The results on electrochemical parameters are presented first, followed by 

corrosion rates, kinetic parameters of activation corrosion, statistical T-tests, 

pH, dissolved metal ions in solution, SEM-EDX, and XRD. The discussion of the 

results is done in section 3.5. 
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3.4.1 Electrochemical results  

The PDP results to investigate the role of biofilm in distilled water (reference 

experiments) are shown in Table 3.3 and with a brine solution in Table 3.4. 

Further, the electrochemical results with EIS on the role of biofilm on corrosion 

are shown in Tables 3.5 and 3.6. 

Table 3.3: PDP results for test coupons in distilled water as a function of 

temperature (30, 45, and 60 C) and time (60 and 120 min) without and with 

simulated biofilm 

 

Table 3.4: PDP results for test coupons in brine solution as a function of 

temperature (30, 45, and 60 C) and time (60 and 120 min) without and with 

simulated biofilm 
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Table 3.5: EIS results for test coupons in distilled water as a function of 

temperature (30, 45, and 60 C) and time (60 and 120 min) without and with 

simulated biofilm 

 

Table 3.6: EIS results for test coupons in brine solution as a function of 

temperature (30, 45, and 60 C) and time (60 and 120 min) without and with 

simulated biofilm 

 

 

3.4.1.1 Corrosion rates 

The conversion of electrochemical results to more comprehensive corrosion 

rates (mm/year) is performed using equation 3.8 and the corrosion rates are 

shown in Fig.3.4. 
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Fig. 3.4:Corrosion rates (CR) of carbon steel coupons in distilled water (DW) 

and brine solution as a function of temperature (30, 45, and 60 C) and time 

(60 and 120 min) without and with simulated biofilm (no-SB respectively SB) 

3.4.1.2 Kinetic parameters of activation corrosion 

Taking into account equations 3.9 and 3.10, linear regression of log (Icorr) 

versus (1/T), and In (Icorr/T) versus (1/T) are used to estimate the apparent 

activation corrosion energy (Eact), enthalpy of activation (∆Sact), and entropy 

of activation (∆Hact). The results are tabulated in Table 3.7. 
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Table 3.7: Kinetic parameters of activation corrosion for test coupons without 

and with simulated biofilm in distilled water and brine under exposure times of 

60 and 120 min 

 

Note: DW = Distilled water 

 

3.4.1.3 Statistical T-test  

The p-values from paired t-test comparing the two mean values of Icorr for test 

coupons (from Table 3.3 and 3.4) with or without biofilm in distilled water or 

brine are shown in Table 3.8. Further, the p-values from the independent t-test 

to compare the influence of the presence or absence of biofilm on the same 

continuous dependent variable (Icorr) are shown in Table 3.9. 

Table 3.8: p-values of paired t-test on two means Icorr of test coupons with or 

without biofilm in distilled water or brine 
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Table 3.9: p-values of independent t-test on the influence of the presence or 

absence of biofilm on the same continuous dependent variable (Icorr) in 

distilled water or brine 

 

3.4.2 pH results 

One of the most influential parameters for the degradation of metallic material 

like carbon steel in acidic media is the pH (Zuo, 2007). The initial and final pH 

in a Na2S.xH2O (H2S)/CO2 environment is shown in Table 3.10. 

Table 3.10: Initial and final pH of carbon steel corrosion in distilled water and 

brine solution experiments 

 

3.4.3 ICP-OES results 

The amount of metal ions released into distilled water or brine solution as a 

result of electrochemical corrosion is investigated using ICP-OES to further 

determine the influence of biofilm on corrosion of carbon steel. Fig. 3.5 shows 
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the concentration units of dissolved metal ions (sum of Fe, Si, and Mn) in both 

distilled water and brine solution. 

 

Fig. 3.5:The concentration of dissolved Fe, Si and Mn (µg/g cm2) versus 

temperature (30, 45 and 60 C); (a-d) in distilled water (DW) and (e-h) in brine 

solution as a function of time (60 and 120 min) and without and with simulated 

biofilm (no-SB respectively SB). 

3.4.4 SEM-EDS results 

The elemental composition of the corrosion products scanned by SEM-EDS is 

shown in Table 3.11 for test coupons in distilled water and brine. Fifteen 

representative examples are shown.  
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Table 3.11: Representative examples of SEM-EDS results of corrosion 

products on test carbon coupons in distilled water and brine 

 

Note: SB = simulated biofilm, no -SB = No simulated biofilm, DW = Distilled 

water 

 

3.4.5 XRD results 

X-Ray Diffraction (XRD) analyses are performed on coupons exposed in distilled 

water and brine solution to investigate the presence of corrosion products on 

carbon steel occurring in a crystalline phase. Carbon steel not used in tests is 

considered as a reference (blank coupon). All coupons have been measured, 

however not all diffractograms are shown. Only diffractograms depicting major 

changes are shown in Fig.3.6.  
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Fig. 3.6:XRD diffractograms for carbon steel as a function of time (60-120 min) 

with and without simulated biofilm (SB and no-SB) in distilled water and brine.  

3.5 Discussion 

The electrochemical test results on the role of biofilm on carbon steel corrosion 

are discussed first, followed by kinetic parameters of activation corrosion, 

statistical T-tests, pH, and ICP-OES. Further, the results of the SEM-EDS and 

XRD analyses of the corroded coupon surfaces are discussed. 
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3.5.1 Electrochemical results  

The difference between the standard potential (E) of iron of -680 mV (Standard 

Calomel Electrode (SCE)) and the corrosion potentials (Ecorr) show a positive 

overpotential (ηa) for all test coupons in Table 3.3 and 3.4. A positive 

overpotential indicates that the anodic reaction dominates over the cathodic 

reaction. The anodic reaction is controlled by reaction presented by chemical 

equation 3.11 while the cathodic reactions are likely controlled by reactions 

presented by chemical equations 3.3 and 3.12(a, b and c). 

Fe(s)                Fe2+(aq) + 2e-                                                                                    (11)

HCO3
-(aq)                   CO3

2-(aq) + H+(aq)                                                                                                    (12a)

H+(aq) + e-                     Hads                                                                                                                                        (12b)

2Hads                   H2 (g)                                                                                           (12c)

Notes: aq = aqueous, g = gas, s = solid, ads = adsorbed

 

The higher polarization resistances (Rp) and Tafel slopes (ba and bc) in distilled 

water than in brine solution imply lower corrosion current densities (icorr) in 

distilled water than in brine solution (Pan et al., 2017). The addition of biofilm 

on the coupon surfaces decreases the corrosion current densities for test 

coupons without simulated biofilm in distilled water experiments with 60 min 

exposure time by 0.04, 0.06, and 0.12 mAcm-2 at temperatures of 30, 45, and 

60 C, respectively. In addition, doubling the exposure time does not show a 

significant difference in the corrosion current densities between the test 

coupons with and without simulated biofilm. Changing the electrolyte from 

distilled water to brine solution, the corrosion current densities are four to five 
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times higher in brine than in distilled water for 60 min tests. The corrosion 

current densities at 60 min do not significantly increase for test coupons with 

simulated biofilm compared to coupons without simulated biofilm in brine 

solution at 30, 45, and 60 C. Doubling the exposure time results in a slight 

decrease of the corrosion current densities at 45 C for test coupons with and 

without simulated biofilm compared to test coupons at 60 min. The opposite 

trend is observed at 30 and 60 C. The above results imply that the presence 

of simulated biofilm in brine and distilled water experiments does not 

significantly increase the corrosion current densities (Icorr).  

The EIS results (Table 3.5 and 3.6) show that the presence of biofilm on the 

test coupons leads to an increase in Rp and Rs values for the test coupons 

without simulated biofilm in distilled water experiments with 60 min exposure 

time and temperatures of 30, 45 and 60 C. This result is similar to the PDP 

results. There is no significant change of Rp and Rs values between test coupons 

with and without biofilm if the exposure time is doubled. Further, there are no 

significant differences in the pseudo-capacitances/admittance (𝑌o) for both test 

coupons with and without simulated biofilm. Changing of electrolyte to brine 

solution, similar trends as for the PDP results are observed. In addition, there 

are no significant differences in the 𝑌o for both test coupons with and without 

simulated biofilm. These results further support that the presence of simulated 

biofilm does not influence corrosion. 

3.5.1.1 Corrosion rates 

In distilled water with CO2 and Na2S.xH2O (H2S), the corrosion rates increase 

with temperature independently whether biofilm is present or not (Fig. 3.4a-

d). Moreover, for 60 min exposure time, a reduction in corrosion rates is 
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obtained for 30, 45, and 60 C with biofilm, whereas for 120 min exposure no 

significant change in corrosion rates are obtained at all (about 0.125 mm/year 

less for 60 min and 0.02 mm/year less for 120 min). This likely indicates that 

the impact of biofilm and temperature on the corrosion reactions are 

pronounced at 60 min exposure time while at 120 min exposure time, only the 

impact of temperature is observed. This is in agreement with the PDP and EIS 

results. In brine solution with CO2 and Na2S.xH2O (H2S), the influence of the 

biofilm is negligible as there are no significant differences in corrosion rates 

between test coupons with and without biofilm (about 0.14 mm/year less for 

60 min and 0.5 mm/year less for 120 min) (Fig. 3.4e-h). The higher corrosion 

rates observed in brine than in distilled water are likely due to NaCl which is 

responsible for inducing the higher corrosion rates because the Cl- ions can 

attack the protective layer established by corrosion products. The corrosion 

rate maximum of carbon steel in brine solution at 45 C indicates evidence of 

the formation of a strong protective layer at 60 C (see further section 3.5.3). 

Likely, the use of both Na2S.xH2O and CO2 in presence of simulated biofilm in 

the tests cause the anaerobic corrosion rates to fall within a range of 0.25 to 

1.6 mm/year. This range is comparable to the anaerobic corrosion rates for 

biotic- SRB experiments which are reported to be within a range of 0.2 to 1.18 

mm/year (Beech and Gaylarde, 1999; Fatah et al., 2013; Jack et al., 1996; 

Miranda et al., 2006). 

3.5.1.2 Kinetic parameters of the activation corrosion process 

The apparent activation corrosion energy and the positive enthalpy of 

activation in the presence of simulated biofilm in distilled water experiments 

shown in Table 3.7 are slightly lower than without biofilm. According to Go et 
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al (2020), this implies that the biofilm likely underwent a chemisorption 

mechanism and therefore the biofilm offers a marginal inhibiting effect on 

corrosion by reducing the contact of the test coupons with the corrosive 

environment. This is in agreement with the PDP and EIS results in distilled 

water experiments. On the other hand, the positive enthalpy of activation 

reflects the endothermic nature of metal dissolution processes on both test 

coupons with and without biofilm. The negative values of activation entropy 

reflect the increase in disordering that is achieved by the formation of an 

activated complex. These results are in agreement with the literature (Go et 

al., 2020; Khadom et al., 2009; Zarrouk et al., 2011). Moreover, the apparent 

activation corrosion energy, enthalpy of activation, and entropy of activation 

for test coupons with and without biofilm in brine shown in Table 3.7 are only 

slightly different implying that the biofilm does not influence these activation 

parameters. Further, the Eact and ∆Hact values vary in the same way in the 

presence and absence of simulated biofilm. The difference between the two 

parameters is close to 2.65 which implies that the effect of the presence or 

absence of simulated biofilm is equal on Eact and ∆Hact. 

3.5.1.3 Statistical T-test  

The p-values obtained from the paired t-test (Table 3.8) show no significant 

difference between the Icorr for test coupons with and without biofilm in either 

distilled water or brine experiments. This further supports the PDP and EIS 

results. On the other hand, the p-value for Icorr between test coupons without 

biofilm in distilled and brine shows a significant difference. The same is 

observed between test coupons with biofilm in distilled water and brine. This 

is also in agreement with PDP and EIS results as the Cl- is known to be 
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responsible for inducing higher corrosion on test coupons in brine. The 

independent t-test results (Table 3.9) show that the p-values between the two 

groups (biofilm and no biofilm at 60 min and 120 min in distilled water and 

brine) on the continuous variable, Icorr are not significantly different. This 

further supports that biofilm does not influence corrosion. 

3.5.2 pH results 

The pH ranges from 3.0 - 5.5 in a Na2S.xH2O (H2S)/CO2 environment in as well 

distilled water as brine (Table 3.10). This pH range is within the optimum 

environmental pH for the growth of Acidophilic SRB (Kushkevych et al., 2021; 

Tran et al., 2021). From the literature, the produced H2S is more soluble than 

CO2 at this pH range implying that reaction 3.3 is dominant over reaction 12a 

(Ma et al., 2000). The main source of HS- in reaction 3.3 is the dissociation of 

the sodium sulfide species described by chemical equation 3.4.  

The trend of corrosion rates of carbon steel in distilled water and brine solution 

with and without biofilm is confirmed by similar trends in the pH values. The 

final pH decreases in distilled water when the temperature increases; higher 

temperature promotes the media to ionize more H+ that leads to lowering of 

the solution pH (Zhang et al., 2015). Fig. 3.4a-d illustrates how a higher 

temperature, i.e., more hydrogen in solution, accelerates the corrosion rates 

from about 0.1 mm/year at 30 C to about 0.25 mm/year at 60 C in distilled 

water. 

Corrosion of test coupons in brine solution causes a larger decrease in pH at 

45 C compared to 60 C. The decrease in pH at 45 C is likely due to the 

dissolved chloride ions in the solution enhancing the effect of hydrogen ions. 

The pH in brine solution is lower than in distilled water, resulting in higher 
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corrosion rates of carbon steel coupons. Increasing pH shifts the corrosion 

potential to a more negative value and hence the corrosion rate increases. The 

presence of the simulated biofilm does not show any significant influence on 

the surface chemistry of the carbon steels as is reflected by the absence of any 

significant impact on the pH of the solution.  

3.5.3 Dissolution of metal ions 

The metal ion concentration trends shown in Fig. 3.5 are similar to the trends 

shown by corrosion rates obtained from the electrochemical data (Fig. 3.4) and 

pH results (Table 3.10). Increasing temperature of the distilled water drives 

more metal ions in the solution: 25g/(g.cm2) at 30 °C to 90 g/(g.cm2) at 60 

°C, independent of the presence of a biofilm. The driving of metal ions into the 

solution implies the dissolution of corrosion products. In distilled water 

experiments, there are no significant differences in the increase of metal ions 

into a solution for test coupons with and without biofilm.  

In brine solution, the ICP-OES results show that the sum of dissolved ions 

reaches a maximum concentration at 45 C (Fig. 3.5e-h): 350 g/(g.cm2), 

independent from the presence of a biofilm. Further, the ICP-OES results at 60 

C show the sum of dissolved ions to be < 200 g/(g.cm2). This indicates 

evidence of the formation of a protective layer at 60 °C that consequently 

impedes the diffusion of ferrous ions into the solution. The literature discusses 

the formation of a FeCO3 on the carbon steel surface that forms a protective 

layer reducing corrosion (Kvarekval et al., 2002). However, FeCO3 layers only 

form at pH > 5.5, which is higher than the pH of the solutions under 

investigation (Table 3.10) (Hernandez et al., 2012). Possibly formation of FeS 
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or iron oxide layers on the carbon steel surfaces is responsible for the decrease 

in the dissolution of Fe if the temperature of the brine solution increases.  

The ICP-OES results, therefore, show that biofilm on carbon steel corrosion 

does not influence the concentration of metal cations released into the solution. 

This is contrary to the literature that points out that the biofilm could stimulate 

the dissolution of the underlying steel by chelation of Fe ions because of its 

acidic nature (Beech et al., 1998; Dong et al., 2011).  

3.5.4 SEM-EDS  

The major elements in corrosion products for test coupons in distilled water 

and brine solution are Fe, C, and O while the minor element is Cl (Table 3.11). 

The trace element on corrosion products for test coupons in distilled water is 

Mn while for test coupons in brine the trace elements are Na, S, Si, Al, and Mn. 

In all SEM-EDS results, Fe species occupy the highest mass percentage of all. 

Since Fe is part of the composition of the test coupons its detection in the 

highest percentage indicates the severe corrosivity of the test coupons. The 

highest mass percentage of all Fe species is observed on test coupon sample 

19 exposed in brine solution at 45 C. This observation marks the maximum 

corrosivity of the test coupon and it is supported by maximum corrosion rate 

(⁓1.6 mm/year) and minimum pH (4.71). Further, the ICP-OES at this 

condition also shows the maximum concentration of ions in the solution (⁓350 

µg/g cm2). These results suggest that at this condition there is a high rate of 

formation of deposits on the surface and at the same time a high rate of 

dissolution of the formed deposits. Furthermore, SEM-EDS results show that 

there are no significant differences in the mass percentage of ions detected (⁓ 

4.1%) on test coupons with and without simulated biofilm as evidenced, for 
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example, by samples number 21 and 23. The highest mass percentage of 

major elements detected, in particular Fe and O, strongly confirm the presence 

of these species in corrosion products as detected by XRD in section 3.5.5. 

3.5.5 XRD 

The XRD diffractogram for a blank coupon in Fig.3.6a shows only the presence 

of iron peaks (peak 1) at 45 and 65o. The same peaks are present in all 

diffractograms (Fig.3.6b-g) for carbon steel in distilled water and brine 

experiments. Diffractograms in distilled water experiments (Fig.3.6b-e) do not 

show any different peaks for test coupons with and without biofilm possibly 

due to low corrosion rates of carbon steel in distilled water (< 0.3 mm/year) 

and hence little or no corrosion products can be detected. Corrosion rates of 

carbon steel in brine solutions are much higher (0.6-1.6 mm/year) due to 

chloride ions; hence, corrosion products have been formed on the coupon 

surface. Carbon steel corrosion products with and without simulated biofilm in 

NaCl solution have similar peaks with the same intensity: α-FeOOH (peak 2) 

and sulfur (peak 3) (Fig. 3.6f-g). This is in agreement with the results discussed 

before (sections 6.1 through 6.3) that simulated biofilm does not influence 

corrosion. Corrosion rates (Fig. 3.4) and ICP-OES results (Fig. 3.5) suggest the 

formation of a protective layer on carbon steel surfaces at 60 C in NaCl 

solutions. Ferric oxyhydroxide (α-FeOOH) detected by XRD is likely the layer 

offering the protection. FeS which is the most expected corrosion product is 

not detected with XRD most likely due to either a low concentration of the FeS 

species, in essence, below the detection limit of the XRD. Considering the low 

concentration of sulfur in 3mL of 0.4 M Na2S.xH2O = 0.0012 mol Na2S.xH2O 

added to the electrochemical cell before the experiment, the concentration of 
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a protective layer in the form of FeS is believed to be below the detection limit 

of the XRD. Another reason is also likely the low amount of H2S formed in the 

reactor and which could not be stoichiometrically sufficient to form FeS or 

transform the ferric oxyhydroxide (α-FeOOH) to FeS (chemical equation 13). 

3H2S + 2FeOOH                            2FeS + S + 4H2O                                     (13)
 

The detection of iron oxyhydroxide with XRD confirms that it is iron 

oxyhydroxide that undergoes dissolution to release iron species as detected 

with ICP-OES. This dissolution is controlled by the chemical reaction between 

the goethite and H+ (chemical equation 14). 

2FeOOH + H2S + 4H+                        2Fe2+ + So + 4H2O                                (14)
 

3.6 Conclusion 

In this paper, the role of biofilm in the Microbiologically Influenced Corrosion 

(MIC) of carbon steel (API 5L X70M HFW) by Sulfate Reducing Bacteria (SRB) 

is investigated. Simulated biofilm made of calcium alginate, abiotic sulfide (to 

mimic SRB metabolic end product H2S), CO2 (to mimic CO2 from SRB 

dissimilatory sulfate reduction), and simulated brine (3.0 wt% NaCl) are used 

to simulate the SRB environment. 

The electrochemical results (PDP and EIS) show that the presence of simulated 

biofilm in reference experiments (distilled water) at only 60 min exposure 

demonstrates a small inhibiting effect while at 120 min exposure time and in 

brine solution experiments neither inhibition nor acceleration of corrosion is 

observed. These results in distilled water (120 min exposure time) and brine 

solution experiments in the presence of simulated SRB products (H2S and CO2) 
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disagree with the literature that reports that a biofilm is associated with either 

inhibition or acceleration of aggressive and localized forms of corrosion (Bao et 

al., 2012; Li et al., 2013; Procópio, 2019; Starkey, 1985). The PDP and EIS 

results show that the impact of temperature on the corrosion is more important 

than the effect of biofilm in distilled water (120-exposure time) and brine 

experiments. The impact of Cl- on corrosion is clear in brine experiments. The 

kinetic corrosion activation parameters show that the effect on the presence or 

absence of simulated biofilm does not influence Eact and ∆Hact. The paired T-

tests on Icorr between test coupons with and without biofilm show that p-values 

are greater than 0.05 supporting that there is no significant difference between 

test coupons with and without biofilm. On the other hand, the p-value for Icorr 

between test coupons without biofilm in distilled and brine shows a significant 

difference. A similar case is observed between test coupons with biofilm in 

distilled water and brine. These results strongly support the effect of Cl- on 

corrosion. Independent t-test on the group with and without biofilm over the 

continuous variable, Icorr shows that the p-value is greater than the expected 

statistical value of 0.05, implying no significant difference between the two 

groups over Icorr. The ICP-OES results show that there are no differences in 

metal ions driven into solution in the presence or absence of simulated biofilm 

in both distilled water and brine solution. Moreover, the ICP –OES results show 

a maximum concentration of metal ions at 45 C in a brine solution likely due 

to a strong enhancement of H+ by Cl- which in turn results in driving more 

metal ions into the solution. The opposite is true at 60 °C when the kinetics 

allow the formation of α-FeOOH as a protective layer on carbon steel in brine. 

The pH results also show that there is no significant change in the final pH 

between the solution with and without simulated biofilm, supporting that 
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biofilm on carbon steel does not influence corrosion in the presence of 

NaS2.xH2O (H2S) and CO2 in the acidophilic SRB environment shown in this 

study.  

Surface analyses results with SEM-EDS show that there are no significant 

differences in mass percentages of ions detected (⁓ 4.1%) on test coupons 

with and without simulated biofilm. In addition, the highest mass percentage 

of major elements detected are Fe and O which strongly confirm the presence 

of α-FeOOH detected by XRD. On the other hand, the XRD that is sensitive to 

crystalline phases shows that there are no differences in the phases formed in 

the presence or absence of simulated biofilm. This observation further supports 

the results mentioned before showing that the biofilm has likely no influence 

on corrosion. The corrosion products detected with XRD are only α-FeOOH and 

sulfur. Concentrations below the detection limit or a low amount of H2S are 

likely the reason for not detecting the FeS by the XRD. 
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4 The role of organic acid metabolites in geo-
energy pipeline corrosion in a sulfate 
reducing bacteria environment7 

4.1 Introduction 

Water in geological reservoirs and installations for oil, gas, and non-volcanic 

geothermal energy normally contains NaCl and minor other elements such as 

Ca2+, Mg2+, SO4
2-, I-, Br-, CO3

2, and HCO3
- (Dresel and Rose, 2010; Magot et 

al., 2000; Magot et al., 1997; Muramatsu et al., 2000; Nogara and Zarrouk, 

2018a). This mix is commonly denoted “brine”.  According to Magot et al 

(1997), the presence of SO4
2- and CO3

2- in water is evidence for the existence 

of microbes with metabolic processes, e.g. sulfate reduction and acetogenesis. 

Water is a suitable medium to support the growth of microbes and dissolve 

metabolic byproducts. The dissolved metabolic byproducts in water result in 

the formation of a corrosive solution that in conjoint interactions with chloride 

ions limit the application of metallic materials in the oil, gas, and geothermal 

industry (Ibrahim et al., 2018; Kiani Khouzani et al., 2019; Provoost et al., 

2018). 

Corrosion of metallic materials is a serious multibillion-dollar problem in the 

geo-energy industry (oil, gas, and geothermal) as corrosion reduces 

mechanical properties leading to loss of materials, and ultimately failure 

(Abadeh and Javidi, 2019; Ahmad, 2006; Cramer and Covino, 2003; Li and 

Ning, 2019; Popoola et al., 2013; Reinecker et al., 2019; Wang et al., 2019). 

                                           
7 This chapter is based on: Madirisha, M., Hack, R., & Van der Meer, F. (2022). The role 

of organic acid metabolites in geo-energy pipeline corrosion in a sulfate reducing bacteria 
environment. Heliyon, 8, e09420 . 
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Metallic materials used in the geo-energy industry are susceptible to different 

forms of corrosion, such as general and localized corrosion, and pitting (Dariva 

and Galio, 2014; Streicher, 2011). Localized corrosion mainly caused by biotic 

factors, also known as Microbial Influenced Corrosion (MIC) is a major cause 

for pipeline leakage (Alabbas and Mishra, 2013; Clarke and Aguilera, 2001; Li 

et al., 2018). MIC is a problematic type of corrosion because MIC is difficult to 

identify compared to abiotic corrosion. After all, it does not have a specific form 

(Little et al., 2020; Riskin and Khentov, 2019). Further, the type and capability 

of microbial metabolites that are causing corrosion are uncertain too (Little et 

al., 2006). The most dominant and troublesome species of MIC are Sulfate 

Reducing Bacteria (SRB) that exist in complex microbial communities (Audiffrin 

et al., 2003; Hussain et al., 2016; Wolf et al., 2016).  

4.2 Microbial Influenced corrosion due to sulfate reducing bacteria 

Sulfate reducing bacteria (SRB) are ubiquitous anaerobes which are the most 

studied corrosive microbes in the geo-energy industry because sulfate ions are 

frequently present (Jia et al., 2017). SRB require an electron donor and 

acceptor to provide energy for their metabolism. Low-molecular-weight organic 

compounds are used as electron donors where they provide energy and carbon 

for growth. SRB usually use sulfate as the terminal electron acceptor, reducing 

it to HS−.  According to Gu et al (2019), SRB consume also elemental iron as 

an electron donor when there is a lack of low-molecular-weight organic 

compounds (carbon source). In SRB corrosion, bacterial biofilms shuttle 

electrons from extracellular iron oxidation across the cell wall to reach the 

cytoplasm where sulfate reduction takes place under biocatalysis (Gu et al., 

2019b; Li et al., 2018). Cross-cell wall electron transfer is known as 
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extracellular electron transfer (EET) (Jia et al., 2018; Li et al., 2015a). Thus, 

this first type of microbial influenced corrosion (MIC) is referred to as EET-MIC. 

The transfer of electrons during EET-MIC can either be direct or mediated with 

electron shuttles. In the latter case, some SRB are reported to posses outer-

membrane cytochromes (OMCs) that exchange electrons directly with the 

electron shuttles (Li et al., 2019; Wang et al., 2020). The second type of MIC 

is attributed to secreted corrosive metabolites such as H2S, CO2, and organic 

acids. This type of MIC is called metabolite MIC (M-MIC) and which makes the 

central focus of this paper. 

4.3 Influence of organic acid metabolites on corrosion  

The distribution of microbes in a microbial community is not homogeneous 

(Almela et al., 2021b; Davis and Isberg, 2016). Different interacting species 

of microbes are known to be present producing different metabolites which in 

turn result in metabolic heterogeneity within bacterial communities (Kim et al., 

2015; Wong et al., 2021). Different microbial species can share a living space, 

for example, SRB with methanogens, SRB with acetogenic, and SRB with 

fermentative bacteria (acid-producing bacteria). SRB and methanogens 

compete for acetate and H2 while SRB and acetogenic compete for propionate, 

butyrate, and ethanol. SRB depend on fermentative bacteria (Fig.4.1) which 

cleave and ferment the complex organic matter to low-molecular-weight 

organic compounds. SRB do not metabolize complex organic compounds, such 

as those included as substrates in the test medium, instead metabolizes short-

chain organic acids (low-molecular-weight organic acids). In this context, an 

oxidant such as sulfate serves as the terminal electron acceptor to adsorb the 

electrons released from organic carbon oxidation. Fermentative bacteria 
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produce a variety of low molecular weight organic compounds, and these 

include organic acids (acetic, L-ascorbic, gluconic, glucuronic, formic, 

peroxides and oxalic, oxalacetic, butyric, succinic, propionic, fumaric, citric, 

malic, and glyoxylic acid, kojic, phenylacetic, indolylacetic, 

dihydroxydibenzenecarboxylic, glutaconic and 4-hydroxymandelic acids), 

ketones, and alcohols (ethanol, propanol, and butanol) (Bao et al., 2012; 

Kushkevych et al., 2021; Lugauskas et al., 2009; Naranjo et al., 2015; Sand 

and Gehrke, 2003; Tran et al., 2021).  

 

Fig. 4.1:Dependency of SRB on fermentative bacteria for nutrition 

In the absence or low concentration of an external electron acceptor, 

fermentative microbes such as acid producing bacteria and SRB strains oxidize 

an organic carbon (e.g aromatic and aliphatic hydrocarbons in oil and gas) and 

produce energy through substrate-level phosphorylation (Xu et al., 2016). 

Organic acids are the main products also in this type of anaerobic fermentation. 

The combinations of different metabolites in a microbial community are likely 

to have a particular kinetic effect on corrosion that is specific to the 

combination of metabolites (Videla and Herrera, 2009). For example, organic 
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acids are reported to react with materials of natural and/or synthetic origin 

causing swelling, total or partial dissolution, and, finally, deterioration (Caneva 

et al., 2008). Organic acids undergo reactions with materials by either the 

action of protons or chelation with metal ions and therefore promote corrosion 

by destroying the oxide layer formed on the material surface (Caneva et al., 

2008). Despite the direct role of organic acids on materials being commonly 

known, their role in combination with SRB environment is still unclear. The 

presence of organic acid metabolites in a SRB environment e.g organic acid 

from fermentative bacteria might result in an aqueous medium with unique 

corrosion kinetics (Bao et al., 2012; Bonis and Crolet, 1989; Crolet and Bonis, 

1983). A study on organic acid metabolites in combination with a SRB 

environment is important to establish the possible interactions of SRB with 

other chemical species and with the metals in installations for oil, gas and non-

volcanic geothermal energy. 

The present study aims to investigate the role of organic acid metabolites, 

namely acetic and L-ascorbic acid (0.2 and 1.0 mM) on corrosion of geo-energy 

pipelines made from carbon steel, in a simulated SRB environment. The carbon 

steel corrosion study is simulated in an electrochemical cell with different 

temperatures (30, 45, and 60 C) and exposure times (60 and 120 min). 

Electrochemical techniques are used to monitor the corrosion parameters and 

the results obtained are supported further by kinetic corrosion of activation, 

multiple linear regression of corrosion current densities, Inductively Coupled 

Plasma - Optical Emission Spectrometry (ICP-OES), pH, and X-Ray Diffraction 

(XRD). 
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4.4 Materials and methods 

4.4.1 Preparation of test coupons 

The carbon steel working electrodes in the electrochemical cell (further referred 

to as “test coupons”) are prepared from carbon steel used for gas pipelines 

(API 5L X70M HFW), which is made available  

by the Tanzania Petroleum Development Corporation. The chemical 

composition is shown in Table 4.1. The test coupons are the circular disk of 1.5 

mm thick and 7 mm radius. Each one is wet polished with a sequence of silicon 

carbide papers of decreasing particle size, i.e., 100, 200, 400, 600, 800, and 

1000 grit. Thereafter, the test coupons are rinsed with distilled water and 

degreased in ethanol by sonication for about 15 minutes and afterward rinsed 

with acetone and dried. Thereafter, the coupons are air-dried and the weight 

of each coupon is recorded. 

Table 4.1: Chemical composition of carbon steel API 5L X70M HFW (wt %) 

 

4.4.2 Preparation of biofilm and organic acid metabolites 

A simulated biofilm is prepared since it is often present in microbes bound on 

surfaces that grow into structured communities (Alabbas and Mishra, 2013; 

Blackwood, 2018; Parthipan et al., 2017; Zuo, 2007). Calcium alginate is used 

to simulate biofilm because it is comparable to the structure and properties of 

biofilm in real situations as shown by various authors (Chang et al., 2010; 

Nassif et al., 2020). In addition, calcium alginate in a combination with SRB 

metabolites is reported to result in corrosion rates (0.25 to 1.6 mm/year) which 

are comparable to published corrosion rates obtained in SRB experiments (0.20 
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to 1.2 mm/year). This implies that the simulated H2S, CO2, and biofilm are 

representative of the SRB media for corrosion studies (Madirisha et al., 2022c). 

In preparation of calcium alginate, the surfaces of the dried, polished, and 

cleaned test coupons are prepared with 0.1 mL of 3.0 wt% sodium alginate 

(Fig. 4.2). The sodium alginate solution is homogenously spread over the entire 

surface using a thin strand of nylon. To immobilize the sodium alginate and 

convert it to Ca-alginate (the simulated biofilm), 0.1 mL of 0.004 M aqueous 

CaCl2 is applied. The sodium alginate/CaCl2 on the test coupons are left to rest 

for 15 min. Thereafter, the coupons are washed with 10 mL of distilled water 

to remove unreacted Na-alginate, which is soluble in water, and then the 

coupons are air-dried as the final treatment for preparing the coupons. 

Furthermore, organic acids: acetic acid and L-ascorbic (Fig.4.2) are prepared 

at the concentration of 0.2 and 1.0 mM. The pH of 2.6 at the concentration of 

0.2 and 1.0 mM acetic or L-ascorbic acid is prepared. The type and 

concentration of acids are chosen to represent organic acids produced by non-

SRB.  

 

Fig. 4.2:Structure of sodium alginate and organic acids (acetic and L-ascorbic) 

used to simulate the biofilm and organic acid metabolites, respectively  
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4.4.3 Electrochemical cell 

The electrochemical experiments are performed in a three-electrode 

electrochemical cell coupled with a Potentiostat/Galvanostat: 

PGSTAT204/AUT50663 from Metrohm (Autolab B.V., Amsterdam, The 

Netherlands). The software used is NOVA version 1.11.2 (ibid.). Furthermore, 

the cell is coupled with a thermostat-water bath, pH meter, and CO2 gas 

cylinder (Fig.4.3). The pH meter allows continuous monitoring of the solution 

in the electrochemical cell during the test. The test coupons with biofilm are 

used as working electrodes, platinum as the auxiliary electrode, and saturated 

silver-silver chloride (Ag/AgCl) in 3.0 M KCl solution as reference electrodes. 

The brine in oil, gas, and non-volcanic geothermal energy installation is 

simulated with a 3.0 wt% NaCl solution. The solution of simulated brine and 

organic acid metabolite in the electrochemical cell is purged with CO2 (flow rate 

⁓150 mL/min) for 30 min before and during the experiment to create an O2 

deprived medium and at the same time serve as a product from SRB 

dissimilatory sulfate reduction. The test matrix (Table 4.2) is made such that 

the volume of the solution in the electrochemical cell is 500 mL total, including 

3.0 wt% NaCl solution (to simulate the brine), organic acid metabolites, and 

0.4 M Na2S.xH2O (to mimic H2S) in a volume ratio of 487: 10: 3, respectively. 

The corrosion tests are done at different temperatures of 30, 45, and 60 C, 

with two different exposure times of 60 and 120 min. All tests are done in 

duplicate. Further, the pH of the solution is measured at the start of the test 

(initial pH) and also after 60 and 120 min (final pH). After the test, the test 

coupon is removed from the cell and placed in a desiccator. 
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Fig.4.3: Schematic diagram of the set-up for carbon steel corrosion tests  

Table 4.2: Experiments for the investigation of the role of organic acid 

metabolites on the corrosion of carbon steel 

 

4.4.4 Methods 

4.4.4.1 Electrochemical corrosion measurements 

The electrochemical corrosion measurements by Electrochemical Impedance 

Spectroscopy (EIS) and by PotentioDynamic Polarization (PDP) are done in the 

electrochemical cell after 60 and 120 min. The Electrochemical Impedance 

Spectroscopy (EIS) is carried out in a frequency range of 0.5 mHz to 10 kHz 
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with a perturbation amplitude of 10 mV. The measurements are all performed 

at the open circuit potential and are taken after 60 min and 120 min exposure 

time. Furthermore, the electrochemical circle fitting -analysis on EIS data is 

done using the NOVA software to generate the polarization resistance (Rp), 

solution resistance (Rs), and constant phase elements (CPE): pseudo-

capacitance/admittance (𝑌o), and phase shift/index (𝑛). 

The PotentioDynamic Polarization (PDP) is measured by sweeping the potential 

at a rate of 10 mVmin−1 in the range of -200 to 200 mV vs Ag/AgCl reference 

electrode, i.e cathodically and anodically from open circuit potential. The Tafel 

slopes (ba and bc) are determined after a stable open circuit potential is 

achieved by extrapolating the linear Tafel regions to the corrosion potential 

(Ecorr). All polarization measurements are performed after the electrochemical 

impedance measurements.  

4.4.4.2 Gravimetric analysis 

Gravimetric analysis is done by conversion of the obtained corrosion current 

density to the more comprehensive electrochemical weight loss. This follows 

Faraday’s law (equation (4.1)) (Apostolopoulos et al., 2013; Munoz et al., 

2007; Sanchez et al., 2017): 

( )
P Idt

W g
F


                                                              (4.1)                                                                                           

 Where P is the equivalent weight of iron with a valence of 2; I is corrosion 

current density; t = time; the integral ∫Idt corresponds to the area under the 

curve obtained in the electrochemical measurements (Icorr - time curve); and F 

is the Faraday constant of about 9.65 x 104 C mol–1. 
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Kinetic parameters of activation corrosion 

Corrosion kinetic parameters; apparent activation corrosion energy (Eact), 

enthalpy of activation (∆Hact), and entropy of activation (∆Sact) are calculated 

using Arrhenius equation (4.2) and transition state equation (4.3). The kinetic 

parameters of activation corrosion have a direct influence on the passivity 

developed on the material surface (Go et al., 2020; Khadom et al., 2009). 

    
act

corrlog  = log  - 
2.303

E
I A

RT
                                                                     (4.2) 

   
- 

corr  = e e
act actS H

R RT
RT

I
Nh

 

                                                                                (4.3) 

A is the pre-exponential factor, R is the universal gas constant of 8.314 

J/(mol·K), T is the testing temperature (K), N is Avogadro's number, h is Plank's 

constant. 

4.4.4.3 Characterization of the dissolved metal ions in solution 

After electrochemical measurements, the collected solutions are investigated 

with Inductive Coupled Plasma- Optical Emission Spectrometry (ICP-OES) 

(Perkin Elmer 8300DV) to quantify Fe, Si, and Mn ions dissolved in the solution 

as an indication of carbon steel corrosion. Prior to the ICP-OES analysis, 

working standard solutions are prepared by stepwise dilution of a multi-

element (1000 mg/L) ICP standard solution (Merck). The prepared working 

standard solutions are filled into ICP-OES tubes and inserted into the 

autosampler of the ICP-OES equipment. Calibration of blanks (DW and brine) 

is done followed by calibration of standards ranging from low to high 

concentration. Thereafter, the blank samples in ICP-OES tubes are inserted into 

the autosampler followed by the samples collected after electrochemical 



The role of organic acid metabolites in geo-energy pipeline corrosion in a sulfate reducing 

bacteria environment 

90 

 

measurements ready for ICP-OES analysis. Correction of the ICP-OES results 

for samples is done by subtracting ICP-OES results of blanks of distilled water 

and brine. The quantity of metal ions released in solution (in µg/ (g.cm2)) 

corresponds to the concentration of dissolved metal ions in the solution (mg/L) 

normalized to the weight of the working electrode (g), its exposed geometrical 

surface area (cm2), and the total solution volume (L). 

4.4.4.4 Inferential statistics 

Inferential statistics is the branch of statistics allowing to make predictions 

(“inferences”) from the data collected. Regression analysis is chosen to 

ascertain the extent of the relationship between the outcome variable 

(dependent variable) and predictor variables (independent variables). The 

regression analysis is performed by using the IBM SPSS statistics 27 software. 

Multiple linear regression is performed on corrosion current density (Icorr) as a 

function of temperature, exposure time, the concentration of acids, and pH of 

the solution. 

4.4.4.5 Characterization of corrosion products 

X-Ray Diffraction (XRD) (Bruker D2 phaser) is used for qualitative 

characterization of corrosion products on the test coupons. The equipment 

operates in Bragg-Brentano geometry with CuKα radiation and a LYNXEYE 

detector as well as Bruker’s corundum standard reference material. The 

patterns are collected with a Cu X-ray tube (1.54184 Å, 10 mA, 30kV) from 6 

to 80 in the 2θ range with the step size of 0.012 and integration time of 0.1s. 

In addition, a detector slit of 8 mm is inserted while a standard divergence slit 

of 0.6 mm is used to control the illuminated area. Identification of the obtained 

diffractograms is performed with the DIFFRA.EVA software. XRD has a 
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detection limit that depends on the density, valence electrons, and crystal 

structure of the compounds in the sample. However, the rule of thumb is that 

XRD has a detection limit of ~1% by volume (Schwantes et al., 2017; Treiman 

et al., 2010). In this study, the duration of the measurement of each sample is 

24 hours. A non-treated carbon steel coupon is used as a reference.  

4.5 Results  

4.5.1 Electrochemical results 

The electrochemical results of the PDP and EIS measurements determining the 

influence of acetic acid (0.2 and 1.0 M) and L-ascorbic acid (0.2 and 1.0 M) are 

shown in Tables 4.3, 4.4, 4.5, and 4.6.  

Table 4.3: Electrochemical parameters (PDP) for test coupons in brine solution 

as a function of time (60-120 min), acetic acid (0.2 and 1.0 mM), and 

temperature (30-45-60 C) 
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Table 4.4: Electrochemical parameters (PDP) for test coupons in brine solution 

as a function of time (60-120 min), L-ascorbic acid (0.2 and 1.0 mM), and 

temperature (30-45-60 C) 

 
 

Table 4.5: Polarization resistance, solution resistance and CPEs (𝑌o and 𝑛) (EIS) 

for test coupons in brine solution experiments as a function of time (60-120 

min), acetic acid (0.2 and 1.0 mM) and temperature (30-45-60 C) 
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Table 4.6: Polarization resistances, solution resistances and CPEs (𝑌o and 𝑛) 

(EIS) for test coupons in brine solution experiments as a function of time (60-

120 min), L-ascorbic acid (0.2 and 1.0 mM) and temperature (30-45-60 oC) 

 

 

 

4.5.1.1 Gravimetric results  

The gravimetric results based on electrochemical weight loss of test coupons 

in acetic and L-ascorbic acids are presented in Fig. 4.4 and 4.5 respectively.  
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Fig. 4.4:Electrochemical weight loss of test coupons in 0.2 and 1.0 mM acetic 

acid, exposure time of 60 and 120 min, and temperature of 30, 45, and 60 C 
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Fig. 4.5:Electrochemical weight loss of test coupons in 0.2 and 1.0 mM L-

ascorbic acid, exposure time of 60 and 120 min, and temperature of 30, 45, 

and 60 C 

 

4.5.1.2 Kinetic parameters of activation corrosion 

The apparent activation corrosion energy (Eact) is estimated from the linear 

regression plot shown in Fig.4.6 of Arrhenius equation (equation 4.2). Further, 

the enthalpy of activation (∆Hact) and entropy of activation (∆Sact) are also 

estimated from the linear regression plot shown in Fig. 4.7 of transition state 

equation (equation 4.3). The numerical results are shown in Table 4.7. 
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Fig. 4.6: Plot of 1/T vs log icorr as a function of concentration (0.2 and 1.0 mM) 

of acetic and L-Ascorbic acids and exposure time (60 and 120 min), (a) Acetic 

(b) L-ascorbic 

 
 

  

Fig. 4.7: Plot of 1/T vs In (icorr/T) as a function of concentration (0.2 and 1.0 

mM) of acetic and L-Ascorbic acids and exposure time (60 and 120 min), (a) 

Acetic (b) L-ascorbic 
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Table 4.7: The apparent activation corrosion energy (Eact), enthalpy of 

activation (∆Hact) and entropy of activation (∆Sact) as the function of 

temperature (30, 45, 60 C) and corrosion current density (Icorr) 

 

4.5.2 pH results 

The final pH after the experiments is plotted against temperature (Fig. 4.8). 

Discussion of the results is in section 5.  

 

Fig.4.8: Final pH of the brine solution with acetic, and L-ascorbic (0.2 and 1.0 

mM) acids as a function of time, biofilm, and temperature (30-45-60 C) (the 
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lines between the markers have no meaning but are for identification of trends 

only) 

4.5.3 ICP-OES results 

The ICP-OES results on dissolved metal ions in solution are shown in Fig. 4.9 

and further discussed in section 5. 

 

Fig. 4.9: Dissolved cations (Fe, Si, and Mn) in a brine solution with acetic and 

L-ascorbic (0.2 and 1.0 mM) acids experiments as a function of time (60 and 

120 minutes) and temperature (30-45-60 oC) (the lines between the markers 

have no meaning but are for identification of trends only) 

4.5.4 Multiple Linear Regression 

The data shown in Table 4.8 is analyzed by multiple linear regression to predict 

the corrosion current density (Icorr) as a function of temperature, exposure 

time, the concentration of acids, and pH of the solution. The data in Table 4.8 
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do not show any quadratic, polynomial, exponential, or logarithmic relation due 

to near-collinearity among model terms. The R2, p, and coefficient values are 

shown in Table 4.9. 

Table 4.8: Corrosion current density, temperature, exposure time, the 

concentration of acids, and pH of the solution. 

 

 

Table 4.9: R2, p and coefficient values of prediction of corrosion current density 

(Icorr) as a function of temperature, exposure time, the concentration of acids, 

and pH of the solution 

 

Notes: R2: coefficient of determination; p-value: the probability of obtaining; 

T: temperature; C: concentration; t: exposure time 
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4.5.5 XRD results 

XRD diffractograms of test coupons corroded in presence of acetic and L-

ascorbic acid are shown Fig.4.10 and 4.11, respectively. All coupons have been 

measured, however only diffractograms depicting major changes are shown. 

 

Fig. 4.10: XRD patterns for test coupons in brine solution with acetic acid (0.2 

and 1.0 mM) as a function of time (60 and120 min) at 60 C 
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Fig. 4.11: XRD patterns for test coupons in brine solution with L-ascorbic acid 

(0.2 and 1.0 mM) as a function of time (60 and120 min) and temperature (45 

and 60 C) 

4.6 Discussion 

4.6.1 PotentioDynamic Polarization (PDP) 

The PDP results presented in Table 4.3 for test coupons under influence of 

acetic acid (0.2 and 1.0 M) in a simulated SRB environment show that the 

corrosion potentials (Ecorr) at exposure times of 60 and 120 min are less 

negative than the standard potential (E) of iron which is -680 mV (Standard 

Calomel Electrode (SCE)). A negative over potential implies that the reduction 

reaction (cathodic reaction) dominates the corrosion process. The possible 

cathodic chemical equations are equations 4.4, 4.5, and 4.6: 
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2H
2
S + 2e-                    2HS- + H

2 
                                              4.4

2HAc + 2e-                 H
2
  + 2Ac-                                                 4.5

2H
2
CO

3
 + 2e-                  H

2
 + 2HCO

3

-                                          4.6

 

Furthermore, an increase in corrosion current densities and Tafel slopes is 

observed when temperature increases. The increase in corrosion current in the 

presence of acetic acid when temperature increases are likely due to a rapid 

increase in the amount of hydrogen species as a consequence of an increase 

in the extent of chemisorption of acetic acid on the metal surface as described 

by the chemical equations (4.7 and 4.8) (Amri et al., 2011; Singh and Gupta, 

2000) or dissociation of H2S according to equation (4.4). 

HAc
(ad) 

                   H+ + Ac-                  H
(ad)

 + Ac-                                   4.7

H
(ad)

 + H+                                H
2  

                                                                       4.8
 

On the other hand, an increase in corrosion current densities when the 

concentration of acetic acid increases can be explained by Le-Chatelier's 

Principle. To elaborate, an increase in the concentration of acetic acid in 

equation 4.7 favors the right-hand side reaction and hence rapidly favors the 

cathodic reaction. An increase in corrosion current upon an increase in acetic 

concentration and temperature is likely also linked to the absence of dimer and 

polymer formation associated with acetic acid. The absence of dimer and 

polymer formation is likely to increase the mobility of the ions (hydrogen ions 

and anionic conjugate base) (Singh and Mukherjee, 2010).  
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The corrosion current densities in the presence of acetic acid in this study are 

two times lower than without acetic acid under similar experimental conditions 

reported in Madirisha et al (2022c). In addition, a significant change in the 

Tafel slope is observed. Lower corrosion current densities evidenced in the 

presence of acetic acid in the SRB environment imply an inhibitory effect 

occurring on the working electrode while the significant change in Tafel slopes 

indicates the change in species involved in the reaction. The inhibitory effect 

demonstrated by acetic acid in a simulated SRB environment highlights the 

novelty of this work. 

Replacing acetic acid with L-ascorbic acid results in corrosion potentials greater 

than the standard potential (E) of iron (Table 4.4) which is -680 mV (Standard 

Calomel Electrode (SCE)) which implies that the anodic reaction is dominant 

compared to the cathodic reaction. The possible anodic reaction involved is the 

dissolution of iron to ferrous ions given by equation 4.9 while the cathodic 

reactions are given by equations 4.4, 4.6, and 4.10. 

Fe                Fe2+ + 2e-                                                                       4.9 
 

O

H

O
–

OH

OH

H OH

O

O

H

OH

OH

OH

H OH

O

H2    + 4.10

 

In the presence of L-ascorbic acid, the Icorr, Ecorr, and Tafel slopes increase while 

Rp decreases when temperature increases. Comparing the corrosion current 

densities with those reported in the SRB environment without L-ascorbic acid 

under similar experimental conditions in Madirisha et al (2022c), the corrosion 
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current densities are approximately two times higher implying higher corrosion 

rates. The increase in corrosion current densities caused by L-ascorbic acid 

under the SRB environment is likely associated with the formation of a 

chelating complex of high solubility that easily forms with Fe2+ (Fig. 4.12). The 

increase in corrosion current densities in the presence of either 0.2 or 1.0 mM 

L-ascorbic acid under a simulated SRB environment is not found in the 

literature. Corrosion experiments with L-ascorbic acid alone have shown the 

acid to serve as the corrosion inhibitor for corrosive ions (Chidiebere et al., 

2015; Fuchs-Godec et al., 2013; Hong et al., 2016). 

 Fe

O

OHO

H

H

OH

O

OH

O OH

O
H

H

OH

O

OH

 

Fig.4.12: Formation of a chelating complex between Fe2+ and L- Ascorbic acid 

4.6.2 Electrochemical Impedance Spectroscopy (EIS) 

The increase in temperature and concentration of acetic acid shown in the EIS 

results in a decrease of Rp and Rs, and an increase of 𝑌o (Table 4.5). The 

decrease in resistance (Rp and Rs) implies an increase in corrosion current 

densities. Moreover, the conversion of 𝑌o data into equivalent capacitance (C) 

which is governed by equation 4.11 shows that when 𝑛 = 1 in Table 4.5, the 

pseudocapacitance (𝑌o) is equal to equivalent capacitance (Cdl) and thus the 

CPEs are equivalent to pure capacitors.  If 𝑌o = Cdl, the trend demonstrated by 
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𝑌o is also similar to Cdl. and their increase reflects an increase in corrosion rate. 

These results further support the PDP results. 

                           𝐶𝑑𝑙 = 𝑌0

1

𝑛𝑅𝑝

1−𝑛

𝑛                                                          (4.11) 

The EIS results for L-ascorbic acid show a drop in Rp and Rs when the 

concentration of L-ascorbic acid and temperature is increased (Table 4.6). The 

drop in Rp and Rs further supports the PDP results that L-ascorbic acid increases 

corrosion instead of acting as the corrosion inhibitor as reported in the 

literature (Ferreira et al., 2004; Fuadi, 2019). This increase in corrosion rate is 

in agreement with the increase in 𝑌o since 𝑛 = 1 based on equation 4.11. 

4.6.3 Electrochemical weight loss 

The electrochemical weight loss for test coupons in either acetic or ascorbic 

acid shown in Fig.4.4 and 4.5 increases with an increase in temperature and 

concentration of the acid. This implies an increase in corrosion current 

densities. The electrochemical weight loss is maximum at 60 C for 1.0 mM of 

acid and 120-exposure time and minimum at 30 C for 0.2 mM of acid and 60-

exposure time. In addition, the electrochemical weight loss in the presence of 

L-ascorbic acid is higher than in the presence of acetic acid which in turn implies 

higher corrosion. These observations are in agreement with the PDP and EIS 

results. 

4.6.4 Kinetic parameters of activation corrosion 

The kinetic parameters of activation corrosion, i.e. apparent activation 

corrosion energy (Eact) and enthalpy of activation (∆Hact), in the presence of 

either acetic or ascorbic acid decrease with an increase in acid concentration. 

This implies an increase in corrosion current and thus the dissolution of metal. 
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The reaction at the metal surface requires a small activation energy and 

activation enthalpy to proceed if the acid solution concentration is increased. 

The positive sign for both Eact and ∆Hact reflects the endothermic nature of the 

corrosion process while the increase of ∆Sact implies an increase in disordering 

takes place on going from reactants to the activated complex (Go et al., 2020; 

Okewale and Adesina, 2020). These observations on kinetic parameters of 

activation corrosion support the PDP and EIS results.  

4.6.5 Multiple Linear Regression  

The R2 values in Table 4.9 with the multiple linear regression results show a 

strong correlation between the variables (0.992 and 0.970). The concentration 

of acids, temperature, exposure time, and pH have a high influence on the 

corrosion current densities in either acetic or L-ascorbic acid. The p-value in 

acetic or L-ascorbic shows a significant correlation because it is less than the 

statistical accepted value which is 0.05. On the other hand, the coefficient 

values of independent variables in Table 4.9 show that the concentration of 

acid has more influence on corrosion current densities than on pH, 

temperature, and exposure time. The influence of the concentration of acid on 

corrosion current densities is more pronounced in L-ascorbic than acetic 

experiments which in turn implies higher corrosion current densities in the 

presence of L-ascorbic. These regression results strongly support the PDP, EIS, 

and pH measurement results  

4.6.6 pH 

The final pH decreases towards a pH of 3 (highly acidic) when acetic acid is 

introduced into the simulated SRB environment (60 C and 120 minutes) and 
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the temperature increases to 60 C (Fig.4.8). Moreover, under the same 

simulated conditions, with L-ascorbic acid instead of acetic acid, the pH 

decreases even more to 2.5 at 60 C. This decrease in pH values if the 

temperature increases imply the increase in corrosion current densities as 

confirmed in Table 4.3 and 4.4. Further, the change in concentration from 0.2 

to 1.0 mM of either acetic or L-ascorbic acid decreases the pH values and 

consequently increases the corrosion current densities too. The decrease in L-

ascorbic acid is more than in acetic which implies higher corrosion current 

densities. The observed decrease in pH in both acetic and L-ascorbic acid 

leading to an increase in corrosion current densities further supports the PDP 

and EIS results. 

4.6.7 Dissolved metal ions in solution 

The general trend observed in Fig. 4.9 is that the concentration of metal ions 

(Fe, Si, and Mn) in solution increases as temperature and concentration of the 

organic acid metabolite increase. This trend is consistent with the trend of 

corrosion current densities. The increase in metal ions into solution when 

temperature or concentration increases relates to the increase in H+ and 

decrease in pH.  

According to Madirisha et al (2022c), the ICP-OES results of carbon steel 

corrosion under SRB conditions, with biofilm and in brine solution show an 

average concentration of Fe, Si, and Mn of 220 µg/gcm2 (at 60 and 120 

minutes). Carbon steel corrosion under the same conditions, with the addition 

of acetic acid (60 and 120 minutes), in both concentrations (0.2 and 1.0 mM), 

results in a decrease of the dissolved ion concentration to 60 µg/gcm2 for 0.2 

mM and 170 µg/gcm2 for 1.0 mM. The addition of L-ascorbic (1.0 mM) instead 
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of acetic acid increases the dissolution of the carbon steel coupon even more 

to dissolved ion (Fe, Si, and Mn) concentrations of 800 µg/gcm2 and 1100 

µg/gcm2, at 60 minutes and 120 minutes exposure time, respectively. These 

results further support the PDP and EIS on inhibition and acceleration of 

corrosion demonstrated by acetic and L-ascorbic acids in a simulated SRB 

environment, respectively. 

4.6.8 X-Ray Diffraction (XRD)  

Corrosion products on the carbon steel due to acetic acid/L-ascorbic acid under 

a simulated SRB environment are characterized with XRD (examples in Fig. 

4.10 and 4.11). Carbon steel not exposed to experiments is considered as a 

reference. The examples show the diffractograms depicting the most explicit 

changes. The XRD reveals the occurrence of corrosion products namely FeS 

and γ-FeOOH in the presence of acetic or L-ascorbic acid in a simulated SRB 

environment. The presence of these corrosion products under a simulated SRB 

environment is in agreement with the literature that when SRB are present in 

the environment, the first corrosion products are ferric (oxyhydroxide) such as 

lepidocrocite, transformed to the iron sulfide by hydrogen sulfide, chemical 

equation 4.12 (El Hajj et al., 2013). The presence of corrosion products on test 

coupons in the presence of acetic or L-ascorbic acid in a simulated SRB 

environment further supports the occurrence of deterioration on the test 

coupons. 

3H2S  +  2FeOOH                      2FeS   + S + 4H2O                                       4.12
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4.7 Conclusion  

The role of simulated organic acid metabolites, namely acetic and L-ascorbic 

acids on corrosion of geo-energy pipeline made of carbon steel in the presence 

of simulated Sulfate Reducing Bacteria (SRB) is investigated at different 

temperatures (30, 45, and 60 C) and exposure times (60 and 120 minutes). 

The simulated SRB environment consists of simulated biofilm made of calcium 

alginate, abiotic sulfide (to mimic SRB metabolic end product H2S), CO2 (to 

mimic CO2 from SRB dissimilatory sulfate reduction), and simulated brine (3.0 

wt% NaCl). The electrochemical results show that acetic and L-ascorbic acids 

in a simulated SRB environment accelerate corrosion. Further, the 

electrochemical weight loss increases with the increase in temperature and 

concentration of the acetic/L-ascorbic acid which in turn implies an increase in 

corrosion current densities. These observations are further supported by the 

kinetic corrosion activation parameters which show an endothermic nature of 

the corrosion process characterized by a small activation energy and activation 

enthalpy to proceed if the acid solution concentration is increased. The R2 from 

multiple linear regression of corrosion current densities shows that 

concentration of acids, temperature, exposure time, and pH have a high 

influence on the corrosion current densities. The p-values in acetic or L-ascorbic 

show a significant correlation of the variables on corrosion because p-values 

are less than the statistical accepted value which is 0.05. On the other hand, 

the coefficient values in the presence of L-ascorbic acid are higher than in acetic 

acid implying higher corrosion current densities. Furthermore, the ICP-OES 

shows that the dissolution of metal ions in solution is more in the presence of 

L-ascorbic than in the presence of acetic acid. The increase of dissolution of 

carbon steel is accompanied by the decrease of the pH solution when acetic 
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acid and L-ascorbic acid are added. The XRD results also confirm the 

occurrence of corrosion in the presence of acetic/L-ascorbic acid. This is 

evidenced by the formation of FeS and γ-FeOOH.  

Comparison of electrochemical results in this study with the results in a 

simulated SRB environment without acetic or L-ascorbic acid shows that the 

corrosion current densities in the presence of acetic acids in an SRB 

environment are two times lower than those in a simulated SRB environment 

without acetic acid under similar experimental conditions (Madirisha et al., 

2022c). This observation shows that acetic acid in the presence of a simulated 

SRB environment demonstrates an inhibitory effect. On the other hand, the 

corrosion current densities in the presence of L-ascorbic acid in a simulated 

SRB environment are approximately two times higher than without L-ascorbic 

acid implying that L-ascorbic acid accelerates corrosion. The effect on corrosion 

current densities demonstrated by acetic and L-ascorbic acids in a simulated 

SRB environment is not found in the literature. Furthermore, the ICP-OES 

results support the corrosion inhibitory and acceleration effects due to the 

presence of acetic and L-ascorbic acid, respectively. Taking into account the 

ICP-OES results (average concentration of Fe, Si, and Mn is 220 ug/gcm2) of 

test coupons under SRB conditions without acetic or L-ascorbic acid reported 

in Madirisha et al (2022c),  adding acetic acid with concentrations 0.2 and 1 

mM (60 and 120 minutes), decreases the dissolved metal ion concentration to 

60 µg/gcm2 for 0.2 mM and 170 µg/gcm2 for 1.0 mM. The addition of L-ascorbic 

(1.0 mM) instead of acetic acid increases the dissolution of the carbon steel 

test coupons even more to dissolved ion (Fe, Si, and Mn) concentrations of 800 

µg/gcm2 and 1100 µg/gcm2, at 60 minutes and 120 minutes exposure time, 
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respectively. The results complement the existing literature on the role of acetic 

and L-ascorbic acids on corrosion of carbon steel in an SRB environment and 

highlight the novelty of this research. The results have a direct impact on the 

role of other microbial metabolites in the corrosion of carbon steel. 
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5 The influence of chelating agents on clays 
in geothermal reservoir formations: 
implications to reservoir acid stimulation8 

5.1 Introduction 

Geothermal energy is a renewable resource that may provide long-term energy 

with low carbon footprint and maintenance costs (Archer, 2020; Bahadori et 

al., 2013; Junrong et al., 2015; Li et al., 2015b; Owusu and Asumadu-Sarkodie, 

2016; Wang et al., 2016a). The majority of the world’s geothermal reserves 

are contained in subsurface sandstone and carbonate formations that often 

contain sizeable quantities of fine-grained materials such as clay minerals; 

kaolinite, chlorite, smectite, mixed layer illite-smectite, and illite (Ahmad et al., 

2018; Fulignati, 2020; Jiang, 2012; Moeck, 2014; Toth and Bobok, 2016). The 

clay minerals may be concentrated in layers or distributed in the coarse-

grained materials in the reservoir. Clay layers also often form the impervious 

boundary on top of the permeable reservoir rocks, the so-called, “caprock” 

(Gunderson et al., 2000; Kuila and Prasad, 2013; Toth and Bobok, 2016). The 

amount and distribution of clay minerals have a significant impact on the 

fundamental principles of quality of the reservoir especially the permeability 

(Ahmad et al., 2018). Clay minerals are sensitive to chemicals and therefore 

injecting chemicals in a reservoir, such as done for chemical stimulation, may 

cause unwanted results. Sometimes chemical stimulation to improve the 

permeability of a reservoir causes the reverse and the result is a reduction in 

                                           
8 This chapter is based on: Madirisha, M., Hack, R., & Van der Meer, F. (2022). 

The influence of chelating agents on clays in geothermal reservoir formations: 
Implications to reservoir acid stimulation. Geothermics, 99, 102305. 
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permeability. This effect is often denoted “formation damage” (Liang et al., 

2017; Shafiq et al., 2018; Wilson et al., 2014). Formation damage may result 

in flow barriers or baffles that hinder the flow of fluids (Xiao et al., 2016b; 

Xiong and Holditch, 1995). Smectite and kaolinite, as well as other 

phyllosilicates often are envisioned as the barriers for fluid flow in formation 

damage (Ahmad et al., 2018; Gray et al., 2013; Metz et al., 1995; Priisholm et 

al., 1987). In this study, the interactions are investigated between two clay 

minerals often responsible for the decrease in reservoir permeability in 

formation damage and three biodegradable chelating agents (Fig.5.1) which 

are nitrilotriacetic, iminodiacetic and ethylenediamine-N,N'-disuccinic acids 

(further abbreviated in this article as BCA3, BCA2, and BCA1, respectively). 

These three chemical agents have been chosen for the research as these have 

different functional groups (FGs) that are likely to interact with the clays 

differently as the number of functional groups determines the reactivity of the 

chemical agent. BCA3, BCA2, and BCA1 have 4, 3, and 6 functional groups, 

respectively. The biodegradable chelating agents are typical examples for 

dozing chemicals used in reservoir chemical stimulation which are 

characterized by lower dissolution rate and large balanced path through the 

undamaged or damaged formation (Li et al., 2015c; Nitters et al., 2016; Portier 

et al., 2007; Rose et al., 2010). The experiments in this study are conducted 

under simulated conditions common in many geothermal reservoirs; i.e., 

temperature 230 °C and pressure 85 bars, and in brine and CO2 environment. 

Before the experiments in brine, experiments in distilled water under the same 

conditions are conducted as a control study. The novelty of this study is to 

achieve a better understanding of the compatibility in terms of geochemical 

reaction (dissolution – precipitation) between clay minerals and biodegradable 
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chelating agents. The outcome is of importance for forecasting the effects of 

reservoir stimulation to enhance permeability. 

  

Fig. 5.1: Biodegradable chelating agents (BCA) - aminopolycarboxylic acids 

 

5.2 Chemical injection and permeability of reservoir rocks 

Poor permeability in both convective (hydrothermal) and non-convective 

(enhanced) geothermal systems is a recurring problem (Aqui and Zarrouk, 

2011b; de Pater and Shaoul, 2019; Vilarrasa et al., 2020). Poor permeability 

often requires re-drilling existing and drilling of new wells. Alternatively, a 

cheaper solution may be reservoir stimulation by injection to improve 

permeability. An acid injection is the most dominant permeability stimulation 

technique in use (Aqui and Zarrouk, 2011b). The most often used acids for 

reservoir stimulation are HF, HCl, CH3COOH, HCOOH, H2NSO3H, and 

ClCH2COOH (Peksa et al., 2016; Portier et al., 2007; Rose et al., 2010). 

However, it is often reported that the acids interact with clay minerals in the 

reservoir and pose problems such as dissolution - precipitation and matrix un-
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consolidation (Portier et al., 2007; Simon and Anderson, 1990; Tariq et al., 

2017a; Thomas et al., 2002). The dissolution may cause matrix un-

consolidation due to part of the grain skeleton vanishing or precipitation may 

clog the pores and channels between pores in the grain skeleton. The surface 

area of clay minerals is a key parameter for predicting dissolution-precipitation 

in clay minerals because a larger surface area of a clay mineral gives a higher 

reactivity (Hao et al., 2019; Metz et al., 1995; Metz et al., 2005).  

Clay-rich sandstone and heterogeneous dolomite reservoirs are suitable for 

acidizing using chelating agents (Portier et al., 2009; Tariq et al., 2017b). 

Chelating agents such as aminopolycarboxylic acids (APCAs) are reported to 

have limited reactions with the clay minerals, reducing the rates of secondary 

and tertiary reactions such as precipitation as temperature increases t 

(Gdanski, 1997; Lucas et al., 2020; Rose et al., 2010). This is an advantage 

for use in many geothermal reservoirs because temperatures in geothermal 

reservoirs are often higher and hence less precipitation is likely to occur when 

using APCAs for stimulation than using mineral acids (HF and HCl). APCAs 

contain several carboxylate groups bound to one or more nitrogen atoms and 

therefore are capable of forming water-soluble complexes by coordinating 

electrophilic species (mainly metal ions) through oxygen and nitrogen donor 

atoms and by forming one or more heteroatomic rings (Bucheli-Witschel and 

Egli, 2001; Salvatore and Salvatore, 2015; Tariq et al., 2017a). These 

structural features enable APCAs to retard precipitation in reservoirs containing 

clay minerals and characterized by high temperatures. Further, APCAs are less 

corrosive, thermally stable, and more effective even under high-temperature 

conditions (Aldakkan et al., 2018; Hassan and Al-Hashim, 2016). For the above 
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reasons, the application of synthetic APCAs in reservoir stimulation would be 

an advantage. However, the use is limited because of environmental concerns 

(Pinto et al., 2014). Natural APCAs that are not hampered by environmental 

concerns are an alternative to conventional acids and synthetic APCAs and are 

often preferable. This study, therefore, uses BCA1, BCA2, and BCA3 as natural 

APCAs. 

5.3 Materials and Methods 

5.3.1 Materials  

The materials used in this research are clay minerals kaolinite-natural (KN) and 

montmorillonite-K10 (MM) in powdered form, CO2 gas, brine, distilled water, 

and biodegradable chelating agents (BCAs); namely: BCA1, BCA2, and BCA3). 

The clay minerals are supplied by Sigma Aldrich Company 

(https://www.sigmaaldrich.com/european-export.html) while the CO2 gas is 

supplied by TOL Gases Limited (formerly Tanzania Oxygen Limited) 

(http://www.tolgases.com/). KN and MM are selected because these are 

reported to be the most critical clay minerals causing permeability reduction 

during acid stimulation (Ahmad et al., 2018). KN and MM are sensitive to 

reactions in an aqueous solution and acidic environments (Riyono et al., 2018). 

BCA1, BCA2, and BCA3 are selected because these APCAs are environmental-

friendly, not very corrosive, and stable at high temperatures (Pinto et al., 

2014). The brine was collected in December 2020 from Iyola, one of the 

Songwe Hot Springs in South Western Tanzania (Fig. 5.2). The hydrothermal 

fluids originate in the basement and sedimentary rift deposits of the Songwe 

Basin (Alexander et al., 2016). The stratigraphy consists of a metamorphic 

basement, Karoo sandstone, red sandstone, and lake beds (clays etcetera). 

https://www.sigmaaldrich.com/european-export.html
http://www.tolgases.com/
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The hydrothermal fluids likely circulate through faults in the basement and 

accumulate in the overlying sandstones. Arriving at the surface, the drop in 

pressure causes CO2 to escape and precipitation of carbonates which resulted 

in thick travertine deposits. The hydrothermal fluids by now brine, rise to the 

surface through water channels in the travertine rocks (Mayo and Mnzava, 

2010; Roberts et al., 2004). The brine is neutral to slightly alkaline with pH 6.9 

- 8.8 and mixed with Na-HCO3-Cl-SO4 fluids containing non -condensable gas 

(CO2) (Hinz et al., 2018). The brine of the springs in Songwe was thought to 

be of possible volcanic origin or influenced by volcanic activity, but in recent 

publications, the volcanic origin or influence is regarded as highly unlikely (Hinz 

et al., 2018; Alexander et al., 2016). Therefore, the brine of the Iyola Spring 

in the Songwe district is expected to be characteristic of sedimentary 

reservoirs. This is confirmed by ICP-OES and pH measurements were done for 

this study. The brine contains mainly Na+ and Mg2+, and the pH is between 

neutral to alkaline, which are properties characteristic for brine in sedimentary 

reservoirs (Nogara and Zarrouk, 2018b). Extensive chemical analyses of the 

brine are reported in Mnzava and Mayo (2010). Distilled water is supplied by 

the Arusha Technical College, Tanzania. The distilled water is prepared 

according to ISO 3696:1987 (https://www.iso.org/standard/9169.html). A 

CO2 gas environment is used because many geothermal reservoirs have a low 

concentration of oxygen and a high CO2 level (Gunnlaugsson et al., 2014a). 

The analytical methods used are porosimetry, infrared reflectance 

spectroscopy, X-ray diffraction (XRD), Inductively Coupled Plasma - Optical 

Emission Spectrometry (ICP-OES), Fourier-transform infrared spectroscopy 

(FT-IR), and pH, conductivity, and salinity measurements.  

https://www.iso.org/standard/9169.html
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Fig. 5.2: Map of Songwe district showing Iyola hot spring, where brine was 

sampled (map courtesy: Mabala E. Z. 2021) 

 

5.3.1.1 Experiment Matrix 

The clays used are very hygroscopic and therefore sample preparation has to 

be done with care to avoid too much humidity from the air to be taken up by 

the clay samples. Therefore, each sample is prepared separately. A sample of 

a little more than 10 g of a clay mineral is weighed and dried overnight in an 

oven at 60 °C. Then, the sample is trimmed to exact 10.0 g, weighted again, 

and placed in a 500 mL beaker. 145 mL of distilled water (DW) or brine and 5 

mL of chelating agents (BCAs) are added to the beaker. This procedure is 

repeated 12 times. 3 formulated solutions of MM clay and 3 formulated 

solutions of KN clay are prepared with DW and BCAs while the other six are 

prepared similar but with brine instead of DW. Two experiments are done as 
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reference experiments of which one is with MM clay and the other with KN clay, 

each with 150 mL of DW. The volume of each beaker of the formulated solution 

is then 150 mL for as well the beakers with and without a chelating agent and 

irrespective of whether the beaker contains DW or brine. The experiment 

matrix of in total of 14 experiments is shown in Table 5.1. The starting 

temperature (T1) is the room temperature of approximately 25 °C while the 

initial pressure (P1) is chosen to be 21 bar. This combination of T1 and P1 allows 

for reaching a temperature of 230 °C (T2) and a pressure of 85 bar (P2) within 

a time span of approximately 3 hour after the heater in the reactor is switched 

on. These conditions (T2 and P2) are common in geothermal reservoirs. The 

experiment itself starts when T2 and P2 are reached and run for 2 hour. During 

the 2 hour, the T2 and P2 are maintained in the reactor. 2 hour is considered to 

be long enough to study the interaction of the biodegradable chelating agents 

and the clay minerals. The large surface area of the clay minerals allows fast 

reaction kinetics such that in 2 hour the reaction kinetics can be established 

(Stoch, 1990). 

Table 5.1: Experiment matrix for investigating the interaction of biodegradable 

chelating agents and clays under CO2 environment 

 

Notes: MM = montmorillonite-K10, KN = kaolinite-natural, DW = Distilled 

water, BCA = Biodegradable Chelating Agent (BCA1, BCA2 or BCA3); T1 = 

Initial temperature, T2 = Final temperature, P1 = Initial pressure, P2 = Final 

pressure 
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5.3.1.2 Experiment set up 

The experiments are conducted in a 500 mL desktop high-pressure 

hydrothermal reactor (Model: TGYF-B, Henan Lanphan Industry Co.Ltd, China). 

It allows a maximum pressure of 220 bar by a temperature of 300 °C. The 

formulated solutions are poured into the internal cup of the reactor (Fig. 5.3) 

and purged with CO2 at approximately 21 bar (P1), whereafter the heater is 

switched on. The experiment starts (countdown) when the temperature 

reaches 230 C (T2) and pressure of 85 bar (P2). The experiment is stopped 

after 2 hour and the internal cup is removed and put in a sink containing water 

for cooling. After cooling down to 100 C, the solution is drained from the 

internal cup into a beaker which is kept in a trough with water to cool down 

further to room temperature. Thereafter, the supernatant (which is the liquid 

above the solid residue) is poured in a 50 mL falcon tube for analysis while the 

beakers with remaining sediments are placed in an oven at a temperature of 

60 C and left overnight to dry also for further analysis. 
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Fig. 5.3: Photo and diagram of the reactor for investigating the interaction of 

biodegradable chelating agents and clays under CO2 environment 

5.3.2 Analytical methods 

Powdered clay mineral samples as blanks and powdered sediments collected 

after the experiments are characterized by porosimetry, Attenuated Total 

Reflection Fourier Transform Infra-Red (ATR-FTIR), infrared reflectance 

spectroscopy, and X-ray powder diffraction (XRD). The supernatants collected 

from post-experiment solutions are analyzed for dissolved metal ions using 

ICP-OES. The pH, conductivity, and salinity using pH and conductivity meters, 

are measured of the formulated and post-experiment solutions. 

 5.3.2.1 Porosimetry 

A nitrogen adsorption porosimeter (NOVA 1200e, PRUS Version 11.03, 

Quantachrome Corporation, Japan) is used to analyze the surface area, pore 

size distribution, and pore volume of the blank samples and sediments. The 
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device is warmed up for a minimum of 30 min before starting the analysis. 

Then, the samples are degassed at 140 °C with a reduced pressure for 2 hour. 

The aim of degassing is to remove adsorbed water. The degassed sample is 

filled in an instrument-specific glass holder and weighted three times on a 

microbalance. The actual porosimeter test is done by allowing boiling nitrogen 

gas (i.e., at 77 K) to be adsorbed by the degassed sample. The difference in 

volume adsorbed at different fractions of equilibrium and saturation pressures 

of nitrogen are recorded automatically and the characteristic isotherm is 

generated by NOVA Win software (PRUS Version 11.03). The isotherm is used 

to determine the BET (Brunauer-Emmett-Teller) surface area, and BJH 

(Barrett, Joyner, and Halenda) pore area and volume. The BET surface area is 

the summation of both the external area and pore area. BET surface and BJH 

pore area and volume characterize the reactivity of the clay minerals. The 

inability to measure the reactive surface area of a mineral powder that is 

exposed to an aqueous phase makes the BET methodology appropriate for 

dissolution and precipitation experiments with mineral powder although BET 

surface area may be larger than the reactive surface area (Helgeson et al., 

1984; Metz et al., 2005). 

5.3.2.2 Attenuated Total Reflection Fourier Transform Infra-Red 

(ATR-FT-IR) 

The surface and structure of the blank samples and sediments are investigated 

by Attenuated Total Reflection Fourier Transform Infra-Red (ATR-FT-IR). The 

vibrational spectra are analyzed with an Alpha ATR-FT-IR Spectrometer (Model 

Bruker optic GmbH 2011 U.S.A model) installed with Bruker OPUS 

Spectroscopy Software (version 7 ed.2011). Each solid sample is positioned 



The influence of chelating agents on clays in geothermal reservoir formations: 

implications to reservoir acid stimulation 

124 

 

directly on top of a diamond crystal and the incident IR beam penetrates 

through the crystal and interacts with the sample, which is pressed onto the 

crystal. The analysis is done in the wavenumber range of 400 - 4500 cm-1. 

5.3.2.3 Infrared reflectance spectroscopy 

The infrared reflectance spectra of the blank samples and sediments are 

measured using a TerraSpec Halo Spectroradiometer (ASD-FieldSpec 4). The 

TerraSpec Halo Spectroradiometer measures single reflectance spectra 

between Visible-Near (VNIR) and Short-Wave Infrared (SWIR) (350 to 2500 

nm) via a non-destructive contact measurement (Kenaston, 2019). The 

equipment samples at intervals of 1.4 nm for the region 350-1000 nm and 2 

nm for the region 1000-2500 nm. The measurements are done with direct 

contact between the 2 cm diameter probe window of the ASD and the clay 

sample. Reflectance values are measured in the 350–2500-nm wavelength 

range. Before the measurement, the machine is switched on and left to warm 

up for 40 minutes and optimized to ensure the correct working of the sensor. 

Calibration of the machine is done using white reference material (white 

reference spectralon) which reflects all light. The calibration is conducted until 

the reflectance of spectralon is 1. 

5.3.2.4 X-ray powder diffraction (XRD) 

The chemical composition of the blank samples and sediments are analyzed 

with X-ray powder diffraction (XRD) using a Bruker D2 Phaser XRD operating 

in Bragg-Brentano geometry with CuKα (1.54184Å, 30 kV, and 10 mA) 

radiation and a LYNXEYE detector as well as Bruker’s corundum standard 

reference material. The equipment is set to operate at 5° to 70° in 2θ range 

with a step size of 0.014°. 
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5.3.2.5 Inductively Coupled Plasma - Optical Emission 

Spectrometry (ICP-OES) 

The supernatants are investigated with Inductively Coupled Plasma - Optical 

Emission Spectrometry (ICP-OES) (Thermo Scientific iCAP 6000 Series) to 

quantify the amount of Al, Si, Ca, Na, and Mg metal ions that are dissolved in 

the solution during the interaction of clays with BCAs in brine or distilled water 

under CO2 environment. The total concentration of metal ions is the addition 

of the concentrations of individual metal ions. 95.0 mL of supernatant is placed 

into a 150 mL Pyrex beaker and 5.0 mL of concentrated HNO3 solution 

(analytical grade; from Merck, Darmstadt, Germany) is added. This is heated 

on a hot plate at 100 °C for ca. 3 hour. During this time, the sample is refluxed 

so that the mixture is not allowed to dry. The digested solution is filtered 

through Whatman no. 40, 125 mm filter paper into a 25.0 mL volumetric flask 

which is further filled to the mark with deionized water. Working standard 

solutions are prepared by stepwise dilution (0.25, 0.5, and 1.0 ppm) of a multi-

element (1000 µg mL-1) ICP standard solution (Merck). The prepared working 

standard solutions are filled into ICP-OES tubes and inserted into the 

autosampler of the ICP-OES equipment. Calibration of blanks (DW and brine) 

is done followed by calibration of standards ranging from low to high 

concentration. Thereafter, the sample blanks are inserted into the autosampler 

followed by samples of the supernatants. Correction of the ICP-OES results for 

samples 1-14 is done by subtracting ICP-OES results of blanks of distilled water 

and brine. 
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5.3.2.6 pH, conductivity, and salinity measurements 

The pH, conductivity, and salinity of the formulated solution non-dozed and 

dozed with BCAs without purging with CO2 before the experiment (initial 

values) and those of post-experiment solutions (final values) are measured at 

a temperature of 25 C. The pH, conductivity, and salinity meters are calibrated 

before taking the measurements. The pH meter is calibrated with buffer 

solutions of pH = 7 and 4 while the conductivity and salinity are calibrated with 

distilled water. The sensors are cleaned with distilled water after every 

measurement. 

5.4 Results 

The results from the analyses described in section 5.3 are presented in this 

section. The results on surface properties and structural changes of the clay 

minerals (MM and KN) are presented first, followed by the results on dissolved 

ions in solution, pH, conductivity, and salinity. Multiple regression analyses 

conclude the section. 

5.4.1 BET surface area, and BJH pore area and volume 

The BET surface area (BET-SA) and BJH pore area (BJH-PA) and pore volume 

(BJH-PV) per gram of the blank samples and sediments are shown in Tables 

5.2 and 5.3. 
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Table 5.2: BET surface area (BET-SA), BJH pore area (BJH-PA), and volume 

(BJH-PV) per gram of the MM blank sample and MM sediments 

 

Table 5.3: BET surface area (BET-SA), BJH pore area (BJH-PA) and volume 

(BJH-PV) per gram of the KN blank sample and KN sediments 

 

5.4.2 Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) 

The changes in surface area, pore area, and volume of the MM and KN clays 

due to dozing with BCAs in a CO2 environment are supported by ATR-FTIR 

analyses which show differences in absorption peaks and intensities (see 

supplementary Fig. S5.1, S5.2, S5.3, and S5.4 in appendix). These results are 

further discussed in section 5.5. 

5.4.3 Infrared reflectance spectroscopy 

The reflectance spectra for different wavelengths of the MM and KN blank 

samples and MM and KN sediments are shown in Figs 5.4, 5.5, 5.6, and 5.7. 

These are discussed in section 5.5. 
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Fig. 5.4: Reflectance vs wavelength for the MM blank sample and MM sediments 

of experiments non-dozed and dozed with BCAs in distilled water under CO2 

environment 

 

Fig. 5.5: Reflectance vs wavelength for the MM sediments of experiments 

dozed with BCAs in brine under CO2 environment 
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Fig.5.6: Reflectance vs wavelength for the KN blank sample and KN sediments 

of experiments non-dozed and dozed with BCAs in distilled water under CO2 

environment 

 

Fig. 5.7: Reflectance vs wavelength for the KN sediments of experiments dozed 

with BCAs in brine under CO2 environment 
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5.4.4 X-ray powder diffraction 

The diffractograms of the blank samples and sediments showing changes in 

overall crystallinity phases are shown in Supplementary Figs. S5.5 and S5.6 

(in appendix) are further discussed in section 5.5.  

5.4.5 ICP-OES 

The ions that dissolve in solution during the experiments are determined with 

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) 

analyses of the supernatants (See Supplementary Tables S5.1 and S5.2 in 

appendix). Results for blank samples of DW and brine are included. The 

concentrations of metal ions dissolved from the surface of the minerals [Ctotal] 

are normalized with the surface area (BET-SA) of the MM and KN  to give [Cnor 

total] as shown in Table 5.4 (Hodson, 2006; Hodson et al., 1997). 

Table 5.4: Normalized total concentration of dissolved metal ions in 

supernatants for MM or KN non-dozed and dozed with BCAs in distilled water 

and brine under CO2 environment 

 

Note: [Ctotal] = total concentration of dissolved metal ions in ppm; [Cnor total] = 

Normalized total concentration of dissolved metal ions 

 



Chapter 5 

131 

5.4.6 pH, conductivity, and salinity 

The change in surface area of the clay minerals is supported by changes in pH, 

electrical conductivity, and salinity. Fig. 5.8 and 5.9 show electrical 

conductivity versus pH while Fig. 5.10 and 5.11 show electrical conductivity 

versus salinity.  

 

Fig. 5.8: Electrical conductivity versus pH of formulated solutions and post-

experiment solutions of MM; a) formulated solution with distilled water; b) 

post-experiment solution with distilled water; c) formulated solution with 

brine; d) post-experiment solution with brine 
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Fig. 5.9: Electrical conductivity versus pH for formulated solutions and post-

experiment solutions of KN samples; a) formulated solution with distilled 

water; b) post-experiment solution with distilled water; c) formulated solution 

with brine; d) post-experiment solution with brine 
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Fig. 5.10: Electrical conductivity versus salinity for formulated solutions and 

post-experiment solutions of MM samples; a) formulated solution with distilled 

water; b) post-experiment solution with distilled water; c) formulated solution 

with brine; d) post-experiment solution with brine 

  

 



The influence of chelating agents on clays in geothermal reservoir formations: 

implications to reservoir acid stimulation 

134 

 

 

Fig. 5.11: Electrical conductivity versus salinity for formulated solutions and 

post-experiment solutions of KN samples; a) formulated solution with distilled 

water; b) post-experiment solution with distilled water; c) formulated solution 

with brine; d) post-experiment solution with brine 

5.4.9 Multiple Linear Regression 

The data shown in Table 5 is analyzed by multiple linear regression to predict 

the total normalized concentration of dissolved metal ions in the supernatant 

as a function of pHinitial and Functional Groups (FG) of BCA in the supernatant 

of MM or KN with distilled water or brine. The IBM SPSS statistics 27 software 

is used. The data in Table 5.5 do not show any quadratic, polynomial, 

exponential, or logarithmic relation. Also, the literature does not suggest 

anything (Larson et al., 1996) and therefore a multiple linear regression 



Chapter 5 

135 

analysis was done on the data. The R, p, and coefficient values are shown in 

Tables 5.6 and 5.7.  

Table 5.5: Normalized total concentration of dissolved metal ions in the 

supernatant (Cnor total), pHinitial of the formulated solution, and FG (number of 

functional groups of BCA) 

 

[Cnor total] = Normalized total concentration of dissolved metal ions in 

supernatant 

Table 5.6:  R and p values on prediction of the normalized total concentration 

of dissolved metal ions in the supernatant (Cnor total) as a function of pHinitial of 

formulated solution and FG (number of functional groups of BCA) 

 

Notes:  R2: coefficient of determination. p-value: Probability of obtaining 

results. 
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Table 5.7: Coefficient values on prediction of the normalized total 

concentration of dissolved metal ions in the supernatant (Cnor total) as a function 

of pHinitial of formulated solution and FG (number of functional groups of BCA) 

 

5.5 Discussion 

The changes of surface properties and structural changes of the clay minerals 

(MM and KN) are discussed first, followed by the dissolved metal ions in 

solution, pH, conductivity, salinity, and the cause-effect statistical 

relationships. 

5.5.1 BET surface area, and BJH pore area and volume 

The non-dozed MM and KN clay samples (samples 1 and 8) show an increase 

in BET surface area (BET-SA), pore areas (BJH-PA), and pore volumes (BJH-

PV) in comparison with the blank samples (Table 5.2 and 5.3). The increase in 

BET-SA, BJH-PA, and BJH-PV without dozing is possibly due to the sorption of 

CO2. MM and KN clays are reported to have sorption capacity to carbon dioxide 

that can be trapped in the interlayer regions (Chen and Lu, 2015; Romanov, 

2013). However, considering non-dozed MM or KN clay samples as the 

reference to dozed samples, a change in BET-SA, BJH-PA, and BJH-PV for dozed 

samples is observed. These changes in dozed samples are likely influenced by 

the presence of organic acids such as BCAs that modify the surface of clays 
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because of either complexation, adsorption, intercalation, or cation exchange 

(Barrios et al., 2001; Hao et al., 2019; Lagaly, 1984; Lagaly et al., 2013). Other 

literature suggests that the changes in surface area, pore area, and volume 

are linked to lattice substitution (isomorphic) on the octahedral aluminum layer 

and tetrahedral silica layer (Altin et al., 1999; Badathala, 2015; Dai and Zhao, 

2019; Gu et al., 2019a; Mokaya and Jones, 1995; Rufe and Hochella, 1999). 

The BET-SA in presence of BCA1 and BCA3 decreases while in the presence of 

BCA2 increases compared to BET-SA of non-dozed samples. The high number 

of amine functional groups in BCA1 that might induce alkalinity and the 

presence of R-groups (-CH2COOH) in BCA-3 that might induce steric hindrance 

is likely to lower the reactivity and decrease the BET-SA.  

Taking into account the BET-SA of the dozed samples in distilled water as the 

reference for dozed samples in brine experiments, the BET-SA in the presence 

of BCA2 decreases while in the presence of BCA3 and BCA1 increase. The 

reason for these changes is likely that the brine enhances the effect of–COOH 

thus the overall consequences are stronger for BCA1 with four –COOOH 

followed by BCA3 and BCA2 that have 2 and 3 -COOH, respectively. Distilled 

water experiments with KN instead of MM show a similar increase in BET-SA in 

the presence of BCA2 and the decrease in BET-SA in the presence of BCA3 is 

observed. In contrast, an increase in BET-SA is observed in the presence of 

BCA-1 which is likely contributed by the acidic nature of KN. Similar trends and 

reasons on BET-SA as in brine experiments with MM are observed for brine 

experiments with KN. The changes therefore in BET-SA, BJH-PA, and BJH-PV 

due to non-dozing and dozing with BCAs suggest changes of surface properties 
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and structural changes of both MM and KN (Altin et al., 1999; Badathala, 2015; 

Gu et al., 2019a). 

5.5.2 Attenuated Total Reflection Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) 

Comparison of the MM blank sample with sample 1 in Fig. S5.1 shows 

differences in absorption peaks and intensities. Sample 1 shows a peak at 3435 

due to –OH, and other new peaks are present in the range of 1640-1400 cm-

1. The intensities of sample 1 are greater than that of the blank sample 

suggesting changes in the grain size of the clays becoming larger and capable 

to absorb more light. Further, a comparison of sample 1 which is the reference 

to samples 2, 3, and 4 shows similar features. However, the peak due to –OH 

at 3435 cm-1, new peaks in the range of 1640-1400 cm-1, and greatest intensity 

are most explicit for sample 2. When brine is used instead of distilled water 

(Fig. S5.2), a similar peak for OH is observed in the range of 3660 – 3420 cm-

1 and many new peaks are observed in the range of 2400 – 1200 cm-1and the 

intensities for samples 5, 6, and 7 are considerably weaker than those for 

samples in distilled water suggesting that the grain sizes in the presence of 

brine are likely smaller and therefore less light is absorbed.  

On the other hand, a comparison of the absorption peaks of samples 8 with 

the KN blank sample (Fig.S5.3) shows the disappearance of peaks at 1200 – 

1700 cm-1 and lower intensity. In contrast, samples 9, 10, and 11 show peaks 

at 1200 – 1700 cm-1 when compared to sample 8 which is the reference to 

dozed samples. Further, samples 9, 10, and 11 show stronger intensity. Similar 

features are observed to sample 12, 13, and 14 when brine is used instead of 

distilled water (Fig.S5.4).  
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The differences in intensity and disappearance of absorption peaks in both non- 

dozed and dozed MM and KN suggest changes in surface properties and 

structure. The differences in cation radius, valence charge, and hydration 

energies of the exchangeable cations are likely to influence the absorption 

bands and intensity (Madejova and Komadel, 2001). The successive release of 

the central atoms Al/Si which is accompanied by the gradual transformation of 

the layered tetrahedral/octahedral sheet is also likely to influence the 

absorption bands and intensity. Moreover, the absence of strong evidence for 

chemical bonding of CO2 and –OH to form carbonates even in the absence of 

BCAs suggests that CO2 present in the system was likely physically adsorbed 

on clays. 

5.5.3 Infrared reflectance spectroscopy 

The comparison of reflectance spectra of sample 1 with MM blank sample (Fig. 

5.4) lays on absorption depth where sample 1 has a lower absorption depth at 

1410 and 1910 nm. Dozed samples compared to sample 1 show a similar 

feature at 1410 and 1910 nm. However, a doublet peak instead of a singlet is 

observed at 2208 nm on samples 2, 3, and 4. This doublet is likely due to 

internal re-arrangements that resulted in the formation of (FeMg)OH (Tripathi 

et al., 2020). Furthermore, weak absorption peaks at the 2300–2500 nm 

region are observed in sample 2, sample 3, and sample 4 and are related to 

the presence of Fe-OH and/or Mg-OH in the clay minerals, which are in 

agreement with the literature (Fang et al., 2018; Zhao et al., 2018). Replacing 

distilled water with brine, similar characteristics on formation of a doublet at 

2208 nm and weak absorption peak at 2350 nm are observed on samples 5, 

6, and 7 in Fig. 5.5. In addition, a similar decrease in absorption depth is 
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observed at 1410 and 1910 nm for samples 6 and 7. However, sample 5 shows 

a decrease and increase in absorption depth at 1410 and 1910 nm, 

respectively. The decrease or increase in absorption depth is likely due to 

cation/molecule being exchanged to have either a larger or smaller radius. 

Cations or molecules with larger radius have a greater internal path and 

photons may be absorbed. The literature suggests that when a grain size 

becomes larger, more light is absorbed and the reflectance drops (Van der 

Meer et al., 2012). 

Replacement of KN with MM shows an increase in absorption depth at 1900 nm 

for sample 8 in comparison with KN blank sample (Fig.5.6). This increase in 

absorption peak is due to an overtone caused by molecular water. Further 

comparison of dozed samples and sample 8 which is the reference shows that 

the right asymmetry of the 1400 nm absorption feature which is overtone 

caused by water and OH decreased in depth. In addition, the 1900 nm 

absorption feature for dozed samples increased in-depth compared to sample 

8. The characteristic doublets at 2200 nm decreased in-depth in dozed samples 

as compared to sample 8. This decrease in depth is due to a combination of 

tones caused by Al-OH and which is in agreement with the literature (Cudahy 

et al., 2016). Additionally, some weak absorption bands in the 2300 – 2500 nm 

region which are related to the presence of Fe-OH and/or Mg-OH are observed. 

Similar characteristics in peaks are also observed on samples 12, 13, and 

sample 14 in brine tests (Fig. 5.7). The decrease or increase in absorption 

depth, disappearance, and formation of new peaks, therefore, suggest changes 

in structural and surface properties of the clay mineral brought by BCAs.  
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5.5.4 X-ray diffraction (XRD) 

The XRD patterns of non-dozed samples in comparison with blank MM and KN 

did not show any significant change in diffractograms (Fig. S5.5 and S5.6). 

Similar results are obtained for dozed compared to non-dozed samples. This is 

likely due to new species formed or chemically removed from the clays as the 

consequence of the absence or presence of BCAs to be below the detection 

limit. The rule of thumb is that XRD has a detection limit of ~1% by volume 

(Schwantes et al., 2017; Treiman et al., 2010).   

5.5.5 ICP-OES 

The normalized total concentration of metal ions in supernatant shown in Table 

5.4 for both MM and KN decreases in the order of BCA1 > BCA3 > BCA2 >No 

BCA. This suggests the presence of a dissolution-precipitation effect. The 

higher normalized concentrations of cations in the supernatant in the presence 

of BCA1 and BCA3 suggest the greater dissolution of MM and KN accompanied 

by low precipitation of metal ions while the lower normalized concentration of 

cations in the presence of BCA2 and no-BCA suggest lower dissolution 

accompanied by high precipitation. The occurrence of high precipitation in the 

sample with BCA2 or no-BCA is in agreement with the BET-SA results as these 

samples experienced larger BET-SA and expected to have more ions in solution. 

The ability of BCA to retain ions in solution is likely linked to the number of 

functional groups of each BCA. The trend suggests that the higher number of 

functional groups correlates with a higher concentration of dissolved metal ions 

in solution i.e low precipitation of metal ions. The reactivity of the chemical 

compounds such as BCAs is in agreement with the literature that the BCAs 

have a high propensity of being able to use their functional groups (Adewuyi 
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and Pereira, 2016; Bucheli-Witschel and Egli, 2001; Hassan and Al-Hashim, 

2016).  

The high concentration of dissolved octahedral/tetrahedral metal ions (Al/Si) 

in supernatants is because protons of organic acids such as BCAs preferentially 

attack the isomorphic substituted elements (Belchinskaya et al., 2013; 

Crundwell, 2014; Dai and Zhao, 2019; Jeon and Nam, 2019; Lagaly et al., 

2013; Yariv and Cross, 1979). To elaborate this, the BCAs tend to exist in 

anionic form (negatively charged form) because of high acidic strength (pKa) 

and therefore the dissociated protons attack the octahedral and tetrahedral 

layer elements of the MM and KN (Fig. 5.12). The released metal ions in the 

clay are then attacked by the anion chelating agents (reaction 5.1) and 

therefore remain in solution. Other literature suggests that dissolution of the 

clay minerals to release Al or Si is achieved through a surface complexation 

mechanism where the chelating agent is adsorbed on the surface of the clay 

mineral (Carbonaro et al., 2008; Tariq et al., 2017a). Moreover, the presence 

of other minerals such as Ca, Na, and Mg in solution are likely released from 

the clay minerals by ion-exchange reactions rather than by destruction of the 

framework (Hanna and Somasundaran, 1979; Kang and Xing, 2007). The 

released metal ions into the solution then bind with BCAs. 
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M = Al or Si 

Fig. 5.12: Crystal lattice destruction of isomorphic substitution cations in the 

clay mineral 

  

M = Al or Si  

5.5.6 pH, conductivity and salinity 

The increase in final pH in the presence of BCA2, BCA3, and no BCA, and the 

decrease in the presence of BCA1 (Fig.5.8b) in comparison with initial pH in 

Fig 5.8a suggest structural and property changes on MM which consequently 

lead to variation in accumulation of metal ions in solution. Despite the increase 

or decrease in final pH, the trend on final pH and electrical conductivity is BCA1 

> BCA3 > BCA2 >No BCA which is in agreement with the trend in the total 
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normalized concentration of metal ions. The increase in pH in the presence of 

BCA2, BCA3, and No BCA suggests that proton (H+) replaces metal ions in the 

minerals and therefore the metal ions result in an increased value of pH as it 

interacts with BCAs. Further, the decrease in final pH in the presence of BCA1 

suggests the anion of BCA1 exchanges with the aluminate or silicate anion. 

The same trend for pH and electrical conductivity is achieved when distilled 

water is replaced by brine. This trend is in agreement with the normalized 

concentration of metal ions in the solution. Replacing MM clay mineral with KN, 

the changes in initial pH and electrical conductivity for the formulated solution 

and final pH and electrical conductivity for post-experiment solution in either 

distilled water or brine (Fig. 5.9) follow the same trends as depicted in MM. 

Furthermore, plots of salinity against conductivity (Fig. 5.10 and 5.11) show 

that the conductivity increases as salinity increases and the trend is BCA1> 

BCA3> BCA2> No BCA which is also in agreement with the trend of the total 

normalized concentration of metal ions. 

5.5.7 Multiple Linear Regression 

The R- square values in Table 5.6 of the multiple linear regression show a 

strong correlation between the variables. The pH and functional groups have a 

high influence on the normalized total concentration of dissolved metal ions in 

supernatants of MM or KN in distilled water or brine. However, the p-values 

show that the correlation is not significant because it is greater than the 

statistical accepted value which is 0.05. On the other hand, the coefficient 

values in Table 5.7 show that BCAs’ functional groups have more influence on 

the normalized total concentration than the pH. The results of the regression 

are strongly in agreement with the chemistry that functional groups are the 
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most determinant of reactivity of the compound or molecule. The higher the 

number of functional groups, the higher the concentration of dissolved metal 

ions in the solution.  

5.6 Conclusion 

In this study, biodegradable chelating agents (BCAs) that are often used in 

acid stimulation interact with clay minerals Kaolinite-natural (KN) and 

montmorillonite K10 (MM) under simulated geothermal reservoir conditions 

with temperature 230 C and pressure 85 bar, in distilled water and a brine 

solution under a CO2 environment. Analytical and statistical techniques are 

used to understand the interaction of BCAs and clay minerals. Porosimetry, 

Reflection Fourier Transform Infra-Red (ATR-FT-IR), infrared reflectance 

spectroscopy, and XRD are used to study the surface properties and structural 

changes of the clay minerals. Moreover, ICP-OES, pH, conductivity, and salinity 

are used to quantify the interaction of the clay minerals with BCAs under a CO2 

environment. The increase in BET surface area (BET-SA), pore areas (BJH-PA), 

and pore volumes (BJH-PV) of the non-dozed and dozed MM and KN evidenced 

by porosimeter results suggest changes in structural and surface properties. 

ATR-FTIR shows changes in light intensities, disappearance, and formation of 

new peaks while infrared reflectance spectroscopy shows an increase and 

decrease in absorption depth, changes in light intensities, and replacement of 

Al-OH peak with (FeMg)OH. These changes in absorption features are evidence 

of surface properties and structural changes in both KN and MM which in turn 

suggest an interaction between the clay minerals and BCAs. XRD shows 

insignificant variations in peak position and intensity. The ICP-OES, pH, salinity, 

and conductivity results strongly support the interaction in terms of dissolution. 
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These results show that BCA1 and BCA3 cause greater dissolution (more 

dissolved metal ions) which implies lower precipitation of ions from solution 

than BCA2 and no-BCA. The R values of the multiple linear regression show 

that the independent variables (pH and chelating functional groups) strongly 

influence the normalized concentration of dissolved metal ions. Further, the 

coefficient values show that BCAs’ functional groups have more influence than 

pH. The study, therefore, suggests that BCA1 and BCA3 would be useful in 

improving permeability in reservoirs containing sizeable quantities of fine-

grained materials such as clay minerals. 
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6 Synthesis 

This chapter examines different literature sources on microbial influenced 

corrosion, and precipitation of clay minerals during reservoir acid stimulation 

and identifies their relationship to the thesis. 

6.1 Introduction 

This research aims to improve understanding of Microbial Influenced Corrosion 

(MIC), and understanding of precipitation of clay during acid stimulation in the 

reservoir as these both hamper flow assurance problems in the geo-energy 

industry. For MIC, the research aims at understanding the role of biofilm in 

corrosion due to Sulfate Reducing Bacteria (SRB) and the role of organic acid 

metabolites in SRB corrosion in oil and gas exploitation, and non-volcanic 

geothermal installations. Further, the research aims at understanding the 

influence of biodegradable chelating agents on the precipitation of clay 

minerals in the geothermal reservoir formation. The research has two goals: 

1) to cover the gap on Microbiologically Influenced Corrosion (MIC) induced by 

SRB species that are the most important species for MIC, and ii) to cover the 

gap on clay mineral precipitation during reservoir acid stimulation. 

6.2 Microbiologically influenced corrosion (MIC) by Sulfate Reducing 
Bacteria (SRB) 

Microbiologically influenced corrosion (MIC) is more prevalent nowadays 

because of the pronounced increase of aging equipment (Chatterjee et al., 

2021; Jia et al., 2018). MIC is documented as a multi-dollar billion problem in 

many settings including the geo-energy industry(Jia et al., 2018). The most 

commonly studied corrosive microbes in MIC are Sulfate reducing bacteria 

6 
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(SRB) because SRB constitute half of all the instances of MIC failures (Bao et 

al., 2011). SRB utilizes sulfate as a terminal electron acceptor for anaerobic 

respiration and uses low molecular weight organic compounds as the carbon 

source for energy. SRB depends on fermentative bacteria which cleave and 

ferment the complex organic matter to low-molecular-weight organic 

compounds. SRB metabolic activities are related to environmental conditions 

such as environmental pH. Based on environmental pH, SRB can be divided 

into three groups namely, acidophilic (2.9 to 6.5), alkaliphilic (6.9 to 9.9), and 

neutrophilic (6–8) (Sen and Johnson, 1999; Sorokin et al., 2015; Widdel, 

1988). The metabolic flexibility of SRB helps to increase their chance of survival 

when environmental conditions change. If sulfate resources (electron 

acceptors) become limited, SRB may continue to be active due to this 

association with other microbes such as methanogens, acetogenic, and 

fermentative bacteria (acid-producing bacteria) (Cord-Ruwisch et al., 1987; 

Tran et al., 2021). This coexistence helps SRB to obtain enough energy for 

their survival and growth.  

The distribution of microbes in a microbial community is not homogeneous 

(Almela et al., 2021a; Davis and Isberg, 2016). Given the heterogeneous 

nature of the SRB environment due to chemical composition, physical 

parameters, and the complexity of microbiological processes, the identification 

of the microbial metabolites responsible for corrosion becomes more 

complicated (Bao et al., 2012). Recent studies have shown that results from 

abiotic sulfide experiments to simulate SRB corrosion are similar with SRB 

experiments (Fatah et al., 2013). However, the overwhelming majority of 

simulations of SRB corrosion with abiotic sulfide are focused on H2S as the only 
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SRB metabolic product. The presence of EPS (biofilm), CO2, and metabolites 

from other microbes such as low-molecular-weight organic compounds were 

neglected (Fatah et al., 2013). These metabolites modify the chemistry 

between the material-solution interface that in turn affects the 

thermodynamics and kinetics of the material surface (Wong et al., 2021). 

In Chapters 3 and 4, the roles of biofilm and organic acid metabolites in SRB 

corrosion are investigated in the presence of abiotic sulfide (to mimic SRB 

metabolic end product H2S) and CO2 (to mimic CO2 from SRB dissimilatory 

sulfate reduction). Understanding the role of biofilm low-molecular-weight 

organic compounds (organic acid metabolites) has strong implications for the 

mitigation of corrosion. This enables the quantification of the severity of MIC 

threat and the relative vulnerability of different materials to MIC which in turn 

enables the design of materials for casings, pipes, and other installations that 

can resist corrosive environments. Moreover, this enables the elucidation of 

other roles of other microbial metabolites.  

6.3 Precipitation of clay minerals during reservoir acid stimulation 

The exploitation of geothermal wells is dependent on natural or induced 

mineral precipitation and associated decrease in permeability of the system. 

This may hinder the fluid flow in well casings or rock fractures and thus 

decrease the heat extraction from the system. Reacting fluids such as acids 

are used to react and remove materials that restrict fluid flow, and due to their 

low cost, reacting fluids are becoming more and more common (Portier et al., 

2007). The goal of using reacting fluids is to improve well productivity or 

injectivity by enhancing rock permeability without damaging the mother rock. 

The type of rock (local mineralogy), the type of formation damage (in the 
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damaged reservoir), thickness, and the number of the permeable zone are 

crucial factors when designing the acid treatment (Veldkamp, 2015). For 

example, disturbance of the chemistry of the reservoir containing clay minerals 

may lead to precipitation of minerals, blocking pore throats. 

Different acid combinations of stimulating agents have been developed to 

acquire the best results related to permeability, porosity, and precipitation, but 

still, there are some limitations associated with such combinations (Shafiq and 

Mahmud, 2017). These include fast spending of acid, precipitation reactions, 

less penetration of acids, and corrosion of pipelines. New acid combinations 

are required to be developed for heterogeneous carbonates and clay-rich 

sandstone acidizing because of the limitations of acid combinations at high-

temperature and precipitation of clay minerals. Chelating agents are usually 

more suitable for heterogeneous carbonates and clay-rich sandstones. 

However, the use of chelating agents as stand-alone stimulation fluids to 

improve reservoir permeability is still a premature research field that requires 

more exploration. In Chapter 5, the influence of biodegradable chelating agents 

(BCAs) on clay mineral precipitation is evaluated. The results have two strong 

implications in the geo-energy industry. The BCAs were stable at high 

temperature T >200 C. Further, the high number of chemical functional groups 

and molecular weight enhanced the efficiency of lowering clay mineral 

precipitation.  
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7 Conclusion9 

This chapter provides the conclusion and recommendations for further 

research. 

7.1 Conclusion  

The work in this thesis has given an understanding of the flow assurance 

problems in the geo-energy industry, specifically on Microbial Influence 

Corrosion (MIC) and precipitation of clay minerals due to reservoir acid 

stimulation. The role of biofilm in MIC on carbon steel (API 5L X70M HFW) due 

to Sulfate Reducing Bacteria (SRB) and the role of organic acid metabolites in 

SRB corrosion are investigated. Simulated biofilm made of calcium alginate, 

abiotic sulfide (to mimic SRB metabolic end product H2S), CO2 (to mimic CO2 

from SRB dissimilatory sulfate reduction), and simulated brine (3.0 wt% NaCl) 

are used to simulate the SRB environment. In addition, simulated organic acid 

metabolites, namely acetic and L-ascorbic acids are used. Different 

temperatures (30, 45, and 60 C) and exposure times (60 and 120 minutes) 

are used to establish the corrosion kinetics. For precipitation of clay minerals, 

the interaction is investigated of biodegradable chelating agents (BCA1, BCA2, 

and BCA3) and clay minerals kaolinite-natural (KN) and montmorillonite-K10 

(MM) in a hydrothermal reactor in which the conditions of a geothermal 

reservoir are simulated under a CO2 environment with a temperature of 230 

C and pressure of 85 bars. 

                                           
9 This chapter is based on the three published articles (chapter 3,4 and 5). 

7 
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The electrochemical results on the role of simulated biofilm show that the 

simulated biofilm in the reference at 120 min exposure time and brine 

experiments neither inhibits nor accelerates corrosion. These results are 

strongly supported by corrosion kinetic adsorption parameters, statistical T-

test, ICP-OES, pH, SEM-EDS, and XRD. The results contradict the existing 

literature on the role of biofilm and this is likely due to the presence of both 

H2S and CO2 as simulated SRB metabolites (Bao et al., 2012; Li et al., 2013; 

Procópio, 2019; Starkey, 1985). Despite this discrepancy, the obtained 

corrosion rates (0.25 to 1.6 mm/year) in the simulated SRB environment are 

comparable to published corrosion rates obtained in SRB experiments (0.20 to 

1.2 mm/year). The results highlight the novelty of this research and have a 

direct impact on the role of other microbial metabolites on the corrosion of 

carbon steel. In addition, simulated H2S, CO2, and biofilm are representative of 

the SRB media for corrosion studies. 

The electrochemical results on the role of organic acid metabolites show that 

both simulated organic acid metabolites accelerate corrosion in a simulated 

SRB environment. The results are further supported by electrochemical weight 

losses, kinetic corrosion activation parameters, multiple linear regression, ICP-

OES, pH, and XRD. However, a comparison of electrochemical results with 

those published in the literature for a simulated SRB environment without 

acetic or L-ascorbic acid under similar experimental conditions shows that the 

presence of acetic in this study results in lower corrosion current densities while 

in presence of L-ascorbic acid results into higher corrosion current densities. 

This implies that acetic and L-ascorbic acids inhibit and accelerate corrosion, 

respectively. In addition, the results highlight that H2S is the key role of 
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corrosion in the presence of organic acid. The results of this study are 

important new and novel information on the role of acetic and L-ascorbic acids 

in corrosion of geo-energy pipelines in the SRB environment.  

Results on precipitation of clay minerals following the interaction of 

biodegradable chelating agents (BCA1, BCA2, and BCA3) and clay minerals 

kaolinite-natural (KN) and montmorillonite-K10 (MM) show that BCA1 and 

BCA3 cause greater dissolution with lower precipitation as compared to BCA2 

and no-BCA (ICP-OES, pH, conductivity and salinity results). The porosimetry, 

ATR-FTIR, and infrared reflectance spectroscopy show changes in surface 

properties and structure of MM and KN which in turn suggest chemical 

interaction to take place. However, XRD results show insignificant changes in 

the structure of MM and KN. Further, the R -values from multiple linear 

regression show that pH and BCAs’ function groups have a strong influence on 

the normalized concentration of dissolved ions though the p-values are 

insignificant. The coefficient values show that the BCAs’ functional groups have 

more influence than pH. BCA1 and BCA 3 would therefore be useful acids for 

reservoir stimulation in improving permeability, especially in geothermal 

reservoir formations which contain clay minerals. 

7.2 What next? 

The following recommendations are suggested for future research on the 

research topic of flow assurance problems (MIC and precipitation of clay 

minerals during reservoir acid stimulation) in the geo-energy industry. 

1. Investigations on corrosion of SRB in association with other microbes 

such as methanogens, acetogenic, and fermentative bacteria (acid-

producing bacteria). 
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2. Detection of corrosion products on the surface of carbon steel using 

techniques that require minimal sample preparation and have fast 

acquisition time such as hyperspectral sensors. 

3. Influence of biodegradable chelating agents on other formation 

damage mechanisms such as rock−fluid and brine−fluid interactions. 

4. Application of biodegradable chelating agents on other upstream 

activities in the geo-energy industry that are recognized as a cause of 

formation damage such as enhancing hydrocarbons (oil and gas) 

recovery, and drilling. 
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Appendix: Supplemental figures and tables 

 

Fig. S5.1: Transmittance vs wavenumber for the MM blank sample and MM 

sediments of experiments non-dozed and dozed with BCAs in distilled water 

under CO2 environment 
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Fig.S5.2: Transmittance vs wavenumber for MM sediments of experiments 

dozed with BCAs in brine in CO2 environment 
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Fig. S5.3: Transmittance vs wavenumber for the KN blank sample and KN 

sediments of experiments non-dozed and dozed with BCAs in distilled water 

under CO2 environment 
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Fig. S5.4: Transmittance vs wavenumber for KN sediments of experiments 

dozed with BCAs in brine in CO2 environment 
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Fig. S5.5: Diffractograms of the MM blank sample and MM sediments of 

experiments non-dozed and dozed with BCAs in distilled water and brine under 

CO2 environment 
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Fig. S5.6: Diffractograms of the KN blank sample and KN sediments of 

experiments non-dozed and dozed with BCAs in distilled water and brine under 

CO2 environment  
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Table S5.1: Concentrations of metal ions in blank samples of distilled water 

and brine and supernatants of MM experiments non-dozed and dozed with 

BCAs in distilled water and brine under CO2 environment 

 

  

Notes: Detection limit of the ICP-OES used is 0.01 ppm; [Ctotal] is the 

concentration of all metal ions 

Table S5.2: Concentrations of metal ions in supernatants of KN experiments 

non-dozed and dozed with BCAs in distilled water and brine under CO2 

environment 

 

Notes: Detection limit of the ICP-OES used is 0.01 ppm; [Ctotal] is the 

concentration of all metal ions 
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Summary 

 

In the geo-energy industry, bio-corrosion of wells and surface installation, and 

precipitation of clays in reservoirs during acid stimulation cause several 

problems such as reduction of mechanical properties of the casing and pipe 

materials and flow path blockages. These types of problems are commonly 

denoted as “flow assurance problems”. The dominant factors in bio-corrosion 

are hard to determine because normally several species of micro-organisms 

and their metabolites are involved and interact. Moreover, different 

metabolites may cause opposing effects. The role of individual metabolites can 

be determined only if the influence of one metabolite is isolated from the 

influence of other metabolites. Moreover, the knowledge on the interaction 

between clays and the agents used in acid stimulation in a reservoir such as 

biodegradable chelating agents is paramount to avoid problems such as 

precipitation of clay minerals that can hamper the smooth flow of fluids and 

gases from the reservoir. Proper knowledge of these processes and 

mechanisms is a priory requirement for optimal production and avoiding flow 

assurance problems. 

The purpose of this research is to improve understanding of bio-corrosion and 

understanding of precipitation of clay during acid stimulation as these both 

hamper flow assurance problems in the geo-energy industry. This research is 

formulated in the following research questions:  

i. What is the role of biofilm in corrosion due to Sulfate Reducing 

Bacteria (SRB)? 

ii. What is the role of organic acid metabolites in SRB corrosion? 
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iii. What is the influence of biodegradable chelating agents in the 

precipitation of clay minerals responsible for decreasing 

reservoir permeability? 

The methodology for answering the research questions is as follows. To better 

understand the role of simulated biofilm and organic acid metabolites (acetic 

or L-ascorbic acid) in SRB corrosion, the research investigated the influence of 

temperature (30, 45, and 60 C) and exposure time (60 and 120 min) in the 

presence of simulated H2S, depleted O2 environment (CO2), brine and smooth 

test coupons. The influence is determined by electrochemical (PDP and EIS) 

and pH measurements, the chemical composition of the surface material of the 

test coupons using XRD and SEM-EDS, and quantities of dissolved metal ions 

in solution using ICP-OES. To better understand the influence of biodegradable 

chelating agents (BCA1, BCA2, and BCA3) in the precipitation of clays 

(kaolinite-natural (KN) and montmorillonite-K10 (MM)), the research 

investigated the influence of functional groups of biodegradable chelating 

agents and brine (pH, salinity and conductivity) in a depleted O2 environment 

with constant temperature and pressure. The influence is determined by 

changes in surface properties of the clay minerals using porosimetry, ATR-

FTIR, XRD, and infrared reflectance spectroscopy, and quantities of dissolved 

metal ions in solution using ICP-OES. Reference experiments are done for all 

investigations. Furthermore, multiple linear regression and t-tests are used to 

analyze the data obtained. 

The results show that the simulated biofilm in the reference experiments at 60 

min exposure time has a very small inhibiting effect on corrosion while at 120 

min exposure time and in brine experiments neither inhibits nor accelerates 
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corrosion. Furthermore, the obtained corrosion rates (0.25 to 1.6 mm/year) in 

a simulated SRB environment are comparable to published corrosion rates 

obtained in SRB experiments (0.20 to 1.2 mm/year). Results on the role of 

organic acid metabolites show that simulated organic acid metabolites 

accelerate corrosion in a simulated SRB environment. However, a comparison 

of these results with those for a simulated SRB environment without acetic or 

L-ascorbic acid under similar experimental conditions shows that the addition 

of acetic results in an inhibitory effect while the addition of L-ascorbic acid 

results in acceleration of corrosion. The results to understand the influence of 

biodegradable chelating agents show changes in surface properties and 

structure of KN and MM which in turn suggest chemical interaction to take 

place. The ICP-OES, pH, conductivity, and salinity results strongly support that 

chemical interactions (dissolution reactions) take place. BCAs’ functional 

groups have more influence than pH on the dissolution. BCA1 and BCA3 cause 

greater dissolution with lower precipitation as compared to BCA2 and no-BCA.  

The results on the role of biofilm contradict the existing literature. This 

discrepancy is likely due to differences in experimental conditions as the 

majority of MIC literature and laboratory investigations are focused on H2S as 

the only SRB product. Such studies ignore the presence of metabolic 

heterogeneity in SRB and the presence of biofilm and CO2 that are likely to 

have their kinetics/influence on corrosion. Despite the discrepancy in the role 

of biofilm in SRB simulated studies, the obtained corrosion rates in a simulated 

SRB environment in this study are comparable to published corrosion rates 

obtained in SRB experiments implying that simulated H2S, CO2, and biofilm are 

representative of the SRB media for corrosion studies. Moreover, the results 
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on the role of simulated organic acid metabolites highlight that H2S has the 

key role in corrosion in the presence of acetic or L-ascorbic acid. The results 

are important new and novel information on the role of acetic and L-ascorbic 

acids in corrosion of geo-energy pipelines in the SRB environment. The results 

have a direct impact on the role of other microbial metabolites in the corrosion 

of carbon steel. In acid stimulation using BCAs, the results reveal that BCA1 

and BCA3 could be useful acids for reservoir stimulation for improving 

permeability, especially in geothermal reservoir formations that contain clay 

minerals. 

 

 



 

 

196 

Samenvatting 

In de geo-energie industrie veroorzaken biocorrosie van putten en 

oppervlakte-installaties en neerslag van klei in reservoirs tijdens zuurstimulatie 

verschillende problemen, zoals vermindering van de mechanische 

eigenschappen van materialen van pijpleidingen en verbuizing in boorgaten, 

en blokkades van stroompaden. Dit soort problemen wordt gewoonlijk 

aangeduid als "stroomzekerheidsproblemen" (“flow assurance problems”). De 

dominante factoren in biocorrosie zijn moeilijk te bepalen omdat normaal 

gesproken verschillende soorten micro-organismen en hun metabolieten 

betrokken zijn en een wisselwerking hebben. Bovendien kunnen verschillende 

metabolieten tegengestelde effecten veroorzaken. De rol van individuele 

metabolieten kan alleen worden bepaald als de invloed van één metaboliet 

wordt geïsoleerd van de invloed van andere metabolieten. De kennis over de 

interactie tussen kleisoorten en de middelen die worden gebruikt bij 

zuurstimulatie in een reservoir, zoals biologisch afbreekbare chelaatvormers 

(“chelating agents”), zijn van het grootste belang om problemen te voorkomen 

zoals het neerslaan van kleimineralen die een vlotte stroming van vloeistoffen 

en gassen uit het reservoir kunnen belemmeren. Een goede kennis van 

bovenstaande processen en mechanismen is een vereiste voor een optimale 

productie en het vermijden van problemen met de stroomzekerheid. Het doel 

van dit onderzoek is om de kennis omtrent biocorrosie en de kennis omtrent 

de neerslag van klei tijdens zuurstimulatie te verbeteren, aangezien deze beide 

problemen met de stromingsgarantie in de geo-energie industrie veroorzaken. 

Dit onderzoek is geformuleerd in de volgende onderzoeksvragen:  
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i. Wat is de rol van biofilm bij corrosie door sulfaatreducerende bacteriën (SRB) 

(“Sulfate Reducing Bacteria”)? 

ii. Wat is de rol van metabolieten van organisch zuur bij SRB-corrosie? 

iii. Wat is de invloed van biologisch afbreekbare chelaatvormers (“chelating 

agents”) bij het neerslaan van kleimineralen verantwoordelijk voor een afname 

van de doorlaatbaarheid van een reservoir?  

De methodologie voor het beantwoorden van de onderzoeksvragen is als volgt. 

Om de rol van gesimuleerde biofilm en metabolieten van organisch zuur 

(azijnzuur of L-ascorbinezuur) bij SRB-corrosie beter te begrijpen, is de invloed 

van temperatuur (30, 45 en 60 °C) en blootstellingstijd (60 en 120 min) in 

aanwezigheid van gesimuleerde H2S, een verarmde O2-omgeving (CO2), pekel 

en gladde testcoupons onderzocht. De invloed is bepaald aan de hand van 

elektrochemische (PDP en EIS) en pH-metingen, de chemische samenstelling 

van het oppervlaktemateriaal van de testcoupons met XRD en SEM-EDS en de 

hoeveelheden opgeloste metaalionen in oplossing met ICP-OES. Om de invloed 

van biologisch afbreekbare chelaatvormers (BCA1, BCA2 en BCA3) in de 

precipitatie van klei (kaoliniet-natuurlijk (KN) en montmorilloniet-K10 (MM)) 

beter te begrijpen, is de invloed van functionele groepen van biologisch 

afbreekbare chelaatvormers en pekel (pH, zoutgehalte en geleidbaarheid) in 

een verarmde O2-omgeving en constante temperatuur en druk onderzocht. De 

invloed wordt bepaald door veranderingen in oppervlakte-eigenschappen van 

de kleimineralen en is bepaald met behulp van porosimetrie, ATR-FTIR, XRD 

en infrarood reflectie-spectroscopie, en de hoeveelheden opgeloste 

metaalionen in oplossing bepaalt met ICP-OES. Voor alle onderzoeken worden 
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referentie-experimenten gedaan. Verder worden meervoudig lineaire regressie 

en t-tests gebruikt om de verkregen gegevens te analyseren.  

De resultaten laten zien dat de gesimuleerde biofilm in de referentie-

experimenten bij 60 min blootstellingstijd een zeer klein remmend effect heeft 

op corrosie, terwijl bij 120 min blootstellingstijd en in pekelexperimenten de 

corrosie niet wordt geremd of versnelt. Bovendien zijn de verkregen 

corrosiesnelheden (0,25 tot 1,6 mm/jaar) in de gesimuleerde SRB-omgeving 

vergelijkbaar met de gepubliceerde corrosiesnelheden verkregen in SRB-

experimenten (0,20 tot 1,2 mm/jaar). De resultaten laten zien dat 

gesimuleerde metabolieten van organisch zuur de corrosie versnellen in een 

gesimuleerde SRB-omgeving. Vergelijking van deze resultaten met die voor 

een gesimuleerde SRB-omgeving zonder azijn- of L-ascorbinezuur onder 

vergelijkbare experimentele omstandigheden laat echter zien dat de 

toevoeging van azijn resulteert in een remmend effect terwijl de toevoeging 

van L-ascorbinezuur resulteert in versnelling van corrosie. De biologisch 

afbreekbare chelaatvormers geven waarschijnlijk veranderingen in 

oppervlakte-eigenschappen en structuur van KN en MM, die op hun beurt 

suggereren dat er chemische interactie plaatsvindt. De ICP-OES-, pH-, 

geleidbaarheids- en zoutgehalte-resultaten ondersteunen sterk dat er 

chemische interacties (oplosreacties) plaatsvinden. De functionele groepen van 

BCA's hebben meer invloed dan de pH op het oplossen. BCA1 en BCA3 

veroorzaken een grotere oplossing met lagere precipitatie in vergelijking met 

BCA2 en zonder-BCA. 

De resultaten betreffende de rol van biofilm spreken de bestaande literatuur 

tegen. Deze discrepantie is waarschijnlijk te wijten aan verschillen in 
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experimentele omstandigheden, aangezien de meeste MIC-literatuur en 

laboratoriumonderzoeken gericht zijn op H2S als het enige SRB-product. 

Dergelijke studies negeren de aanwezigheid van metabole heterogeniteit in 

SRB, en de aanwezigheid van biofilm en CO2 die waarschijnlijk hun 

kinetiek/invloed op corrosie hebben. Ondanks de discrepantie in de rol van 

biofilm in SRB-gesimuleerde studies zijn de verkregen corrosiesnelheden 

vergelijkbaar met de gepubliceerde corrosiesnelheden van SRB-experimenten. 

Dit houdt in dat de gesimuleerde H2S, CO2, en de biofilm representatief zijn 

voor de SRB-media in de corrosie studies. Bovendien benadrukken de 

resultaten dat H2S een sleutelrol heeft in corrosie in de aanwezigheid van 

azijnzuur of L-ascorbinezuur. Deze resultaten zijn nieuw en zijn belangrijke 

nieuwe informatie over de rol van azijnzuur en L-ascorbinezuur in de corrosie 

van geo-energie pijpleidingen in een SRB-omgeving. De resultaten hebben een 

directe invloed op de rol van andere microbiële metabolieten bij de corrosie 

van koolstofstaal. Bij zuurstimulatie met behulp van BCA's laten de resultaten 

zien dat BCA1 en BCA3 bruikbare zuren kunnen zijn voor reservoirstimulatie 

voor het verbeteren van de permeabiliteit, vooral in geothermische 

reservoirformaties die kleimineralen bevatten. 


