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Abstract

Abstract

Three water samples with different salinities (0.23 %, 3.19 % and 5.49 % NacCl) were
collected from the Qarun Petroleum Company (QPC) water tanks, Egypt. The water
samples were enriched three times and used as an inoculum for biofilm cultivation.
Dissimilatory sulfite reductase-3 subunit (dsr3) based on denaturing gradient gel elec-
trophoresis (DGGE) was used to identify the sulfidogenic community’s composition
directly from the original water samples and from their cultivated biofilms. The three
samples showing different microbial diversity composition. The most often detected
sulfidogenic bacteria were Desulfovibrio spp. (phylum Proteobacteria, class Deltapro-
teobacteria) and the Desulfotomaculum spp. (phylum Firmicutes, class Closdtridia).
No Archaea species were detected by DGGE using the functional gene dsrf3. There-
fore, the 16S rRNA cloning technique was used to detect the presence of other Ar-
chaea such as methanogens that induce corrosion of metal. Only one water sample
with low salinity and sulfate content had a positive result with Archaea primers. Meth-
anogens were the dominant species in the water sample. The activity of the sulfido-
genic biofilms was detected by measuring sulfide production in the bulk phase, the
metal corrosion rate and biofilm structure and constituent analyses. The sulfidogenic
biofilm cultivated with the highest medium salinity had the highest corrosion rate.
These results gave an indication of severe metal corrosion when high chloride anions
concentration was present beneath the sulfidogenic biofilm matrix. However, the sul-
fidogenic biofilm cultivated with the lowest medium salinity and the highest sulfide
production showed low metal surface corrosion. The metal corrosion rate in this case
was related to the sulfidogenic bacterial activities over the metal surface. Scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) con-
firmed the effects of salinity and activity on the metal surface by detecting the chloride
and the sulfide ions beneath the biofilm matrices. The fully hydrated cultivated bio-
films were analyzed by applying the confocal laser scanning microscopy (CLSM) to
determine their structure with respect to distribution of extracellular polymeric sub-
stance (EPS glycoconjugates and proteins) and microbial population over the metal
surface. In order to protect the metal surface from the effects of salinity and activity of
sulfidogenic bacteria a novel cationic monomeric surfactant (CMS-I) and two novel
cationic gemini surfactants (CGS-Il, CGSIII) were synthesized and characterized. Sul-

fidogenic activities were determined based on sulfide production, redox potential, bio-
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film constituents and metal corrosion rate. Comparison of the inhibitory effect of CMS-
| and CGS-Il was done on the basis of protecting the metal surface from the salinity
(3.18 % NaCl) and the activity of sulfidogenic bacteria. The lowest corrosion rate was
achieved for sulfidogenic-bacteria at concentration of 10 mM and 1 mM with inhibitory
efficiencies of 92 and 94 % for CMS-I and CGS-lI, respectively. CGS-Il was also ap-
plied to inhibit the sulfidogenic bacteria growing at low salinity (0.23 % NaCl). A high
inhibitory efficiency of 95 % of the sulfidogenic bacteria was achieved at 1 mM CGS-
II. Additionally CGS-IIl was used to protect the metal surface from the high salinity
(5.49 % NaCl) and the activity of sulfidogenic bacteria. The lowest corrosion rate was
detected for the sulfidogenic bacteria at concentration of 5 mM CGS-IIl with an inhibi-
tion efficiency of 97 %. The gemini surfactants (CGS-Il, CGS-Ill) showed high ability
to inhibit the sulfidogenic-biofilm formation over the metal surface at a concentration
of 0.1 mM in comparison to CMS-I at the same concentration. The inhibition efficiency
of the synthesized surfactants was discussed in terms of protecting the metal surface
from the medium salinity and strong inhibition of the environmental-sulfidogenic
communities on the metal surface and in the bulk phase. This efficiency can be
achieved by adsorption of the synthesized surfactant molecules on the metal surface
and formation of a protective film. The biocide effect of the synthesized surfactants
was attributed to an electrostatic interaction between the negatively charged bacterial
cell membrane (lipoprotein) and the positively charged ammonium group (NH,") of
the synthesized surfactants. In addition, physical disruption also occurs as a result of
the penetration of the hydrophobic chains (alkyl groups) of the synthesized surfac-
tants into the cell membrane which leads to damage of the selective permeability of

the cell membrane and hence inactivation of the cells occurs.

Keywords: Microbial influenced corrosion, sulfidogenic biofilms, dissimilatory sulfite
reductase- subunit, denature gradient gel electrophoresis, methanogenic Archaea,
confocal laser scanning microscopy, microbial corrosion inhibition, cationic

monomeric surfactant, cationic gemini surfactant.
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Drei Wasserproben mit verschiedenen Salzkonzentrationen (0,23 %, 3,19 %, und
5,49 % NaCl) wurden aus Wassertanks der Qarun Petroleum Company (QPC),
Agypten, entnommen. Die Wasserproben wurden dreimal angereichter und das
Inokulum fur die Biofilmkultiverung verwendet. Um die Zusammensetzung der
sulfidogenen, mikrobiellen Gemeinschaft zu identifizieren verwendete man das Gen
fur die B-Untereinheit der dissimilatorischen Sulfitreductase (dsrf) kombiniert mit der
denaturierenden Gradienten-Gelelektrophorese (DGGE). Diese Analyse erfolgte
sowohl fur die originalen Wasserproben als auch fir die kultivierten Biofilme. Diese
drei Proben zeigten unterschiedliche Zusammensetzungen in ihrer mikrobiellen
Diversitat. Dabei wurden am haufigsten die Bakterien Desulfovibrio spp. (Familie
Proteobakterien, Klasse Deltaproteobakterien) und Desulfotomaculum spp. (Familie
Firmicutes, Klasse Clostridien) gefunden, jedoch keine Archaeen mittels DGGE uber
das funktionelle dsrp-Gen detektiert. Deshalb wurde versucht Uber Klonierung der
16S rRNA das Vorkommen anderer Archaeen, wie z.B. methanogener, welche flr die
Korrosion von Metall verantwortlich sind, nachzuweisen. Ein positives Ergebnis
mittels archaeellen Primern zeigte nur eine Wasserprobe (geringer Salz- und
Sulfatgehalt), in welcher methanogene Archaeen die dominierende Gruppe
darstellten. Uber Messung der Sulfidzunahme in der Fliissigphase, die Korrosion des
Metalls und Verédnderungen in der Struktur und Zusammensetzung des Biofilms auf
der Metalloberflache wurde die Aktivitat des sulfidogenen Biofilms ermittelt. Dabei
stellte sich heraus, dass der Biofilm im Medium mit dem héchsten Salzgehalt auch
die starkste Korrosion verursachte. Dieses Ergebnis gab einen Hinweis darauf, wie
schwere Metallkorrosion unter Anwesenheit hoher Konzentrationen an Chlorid lonen
in der Matrix der sulfidogenen Biofilme verursacht werden kdnnte. Jedoch zeigte sich
Korrosion auf der Metalloberflache auch an jenem Biofilm die mit dem geringsten
Salzgehalt im Medium und der hdchsten Sulfid Produktion kultiviert wurden. In
diesem Fall war die Korrosion des Metalls durch die Aktivitdt der sulfidogegen
Bakterien Uber der Metalloberflache bedingt. Die Effekte der Salinitat und auch der
mikrobiellen Aktivitat auf der Metalloberflache wurden durch Auswertung von
rasterelektronen-mikroskopischen Daten (SEM) und dem Einsatz der Energie-
Dispersions-Rontgen-Spektroskopie (EDX) bestatigt indem direkt die Chlorid und

Sulfid lonen unter den Biofilmen gemessen wurden. Zusatzlich wurden vollstéandig
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hydratisierte Biofilme mit Hilfe der konfokalen Laser-Scanning-Mikroskopie (CLSM)
mit dem Ziel untersucht deren Struktur hinsichtlich der Verteilung der extrazellularen,
polymeren Substanzen (EPS Glykokonjugate und Proteine) und der mikrobiellen
Population auf der Metalloberflache zu analysieren. Zum Schutz der Metalloberflache
vor den Effekten des Salzgehaltes von 3,19 % NaCl und der Aktivitat sulfidogenischer
Bakterien kamen drei Tenside zum Einsatz: ein neues kationisches Monomer (CMS-I)
und zwei neue kationische Gemini-Tenside (CGS-1l, CGS-Ill) welche charakterisiert
werden sollten. Die Bestimmung sulfidogenischer Aktivitat erfolgte tGber die Suflid
Produktion, das Redoxpotential, Bestandteile des Biofilms und die Korrosionsrate des
Metalls. Der Schutz der Metalloberflache vor den Einflissen der Salinitat und der
Aktivitat der sulfidogenischen Bakterien diente als Grundlage fir den Vergleich der
hemmenden Effekte von CMS-I mit dem von CGS-Il. Die geringste Korrosionsrate
wurde dabei fur sulfidogenische Bakterien bei 10 mM und 1 mM, mit einer effektiven
Hemmung von 92 % bei CMS-I und 94 % bei CGS-II, erreicht. CGS-Il wurde zudem
benutzt um das Wachstum sulfidogenischer Bakterien bei niedrigem Salzgehalt von
0,23 % NaCl zu inhibieren. Ebenso wurde eine hohe Hemmungseffizienz von 95 %
bei einer Konzentration von 1 mM CGS-IlI bei den sulfidogenischen Bakterien erzielt.
Zum Schutz der Metalloberflache vor hoher Salzkonzentration von 5,49 % NaCl und
sulfidogenischen Bakterien wurde fur das Benetzungsmittel CGS-IIl verwendet. Dabei
reichte 5 mM CGS-lll aus um eine Hemmung von 97 % zu erreichen. Die zwei
Gemini-Tenside CGS-Il und CGS-IlIl zeigten, verglichen mit CMS-I und bei gleicher
Konzentration von 0,1 mM eine hohe Hemmung der Biofilmbildung auf der
Metalloberflache. Es wurde vermutet, dass die hohe Effizienz der synthetisierten
Benetzungsmittel einerseits auf den Schutz der Metalloberflache vor dem Salzgehalt
des Mediums zuriick zu fuhren ist, andererseits diese Substanzen das Wachstum der
sulfidogenischen Bakteriengemeinschaft stark hemmen, sowohl auf dem Metall als
auch in der Flussigphase. Dieser Effekt entsteht dadurch, dass die Molekile dieser
Benetzungsmittel an die Metalloberflache adsorbieren und einen Schutzfilm bilden.
Die biozide Wirkung dieser Benetzungsmittel beruht auf der elektrostatischen
Wechselwirkung der positiv geladenen Ammonium-Gruppe (NH;") mit der negativ
geladenen bakteriellen Zellmembran (Lipoproteine). Zusatzlich entsteht eine ,aktive“
Storung in der selektiven Permeabilitat der Zellwand als Ergebnis der Durchdringung
dieser durch die hydrophoben Ketten (Alkylgruppen) der synthetischen
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Benetzungsmittel was schlief3lich zur Beschadigung der Zellwand und damit dem Tod

der Zelle fuhrt.

Schlisselbegriffe: Mikrobiell beeinflusste Korrosion; Sulfidogenische Biofilme;
dissimilatorische  Sulfitreduktase [(B-Untereinheit; denaturierende Gradienten-
Gelelektrophorese; methanogene Archaeen; konfokale Laser-Scanning Mikroskopie;
Hemmung mikrobieller Korrosion; kationisches, monomeres Benetzungsmittel;

kationisches Gemini-Tensid.
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Chapter 1

CHAPTER 1

State of knowledge

1.1. An overview on economic impacts and principal reactions during corro-
sion process

The term “corrosion” refers to a process of material deterioration due to
reactions with its surroundings (Davis, 2000). Materials exposed to corrosion include
metals, polymers, ceramics, and even our own teeth.

Iron as a base metal is the cheapest and most widely used material in
industry. It is usually unstable without protection and can corrode in agueous
environments. This corrosion process implies chemical or electrochemical reactions
and metabolic activities of microorganisms in a process termed microbially influenced
corrosion (MIC). MIC of iron materials leads to a lot of economic and environmental
problems such as plugging of injection and disposal systems, corrosion of facilities
and souring of fluids and reservoirs (Flemming, 1996).

The total estimated cost of metallic corrosion in the United States represented
approximately $276 billion per year occurred in different industrial fields (Figure 1-1).
Specifically, in the oil and gas industries the estimated cost of metallic corrosion is

$13.4 billion per year, with MIC, alone accounted for about $2 billion per year (Koch
et al., 2002).
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Figure 1-1. Cost caused by corrosion in USA (www.corrosion .com; assessed 01.01.2012).
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When metal contacts water, positive metal ions are released into the

surrounding medium and free electron remains in the metal surface (eq. 1).

Me < Me"™ + ne” (1)
The reaction shifts to the right if the released electrons are continuously
removed, resulting in a net dissolution of the metal. The free electrons can be
consumed by reactions with oxidizing substances (electron acceptor) from the
aqueous phase at the metal-water boundary. Such electron acceptors are protons,
oxygen, undissociated weak acids or water. Areas on the metal surface where metal
dissolution and electron uptake reactions occur are termed anodic and cathodic sites,
respectively. If the anodic and cathodic corrosion products accumulate at the
metal/water interface, the corrosion rate will slow down. This process termed
polarization which might collapse by continuously removing of corrosion products,
causing depolarization processes and continuous corrosion.

Microorganisms are known to have the ability to depolarize both anodic and
cathodic sites either indirectly by excretion of chemically reactive products or directly
by their metabolic activities over the metal surface. The main species of
microorganisms associated with microbial corrosion on the metals surface are
sulfate-reducing bacteria (SRB), metal-reducing bacteria (MRB), metal-depositing
bacteria (MDB), slime-producing bacteria and acid producing bacteria (APB) (Beech
et al., 2002).

In natural habitat, it is difficult to find single bacterial species existing in
isolation, and commonly, bacterial communities act synergistically to induce corrosion
of the metals through co-operative metabolism. These microorganisms can induce
corrosion either in the presence of oxygen (aerobic) or in the absence of oxygen
(anaerobic). The most aggressive microbial corrosion is usually observed where both
aerobic and anaerobic microorganisms are involved (Videla, 2001).

1.2. Aerobic microbial corrosion

Under aerobic conditions MIC processes take place by using oxygen as a final
electron acceptor which is removed by iron oxidation. The ferrous ions (Fe**) formed
might be oxidized chemically or by biologically (iron-oxidizing bacteria) to ferric oxide.
The best studied iron-oxidizer is Thiobacillus ferrooxidans, which is cultivated at a low
pH and a high redox potential. This microorganism promotes the corrosion on the
metal surfaces as a result of its high ability to produce sulfuric acid by oxidizing sulfur
compounds (Gu and Mitchell, 2000).
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Pseudomonas species are commonly found also in connection with aerobic
microbial corrosion. They colonize the metal surfaces, thereby creating oxygen-free
environment for anaerobic bacteria especially sulfate-reducers (Hunter, 2001).

Fungi and algae species might be also involved in the aerobic microbial
corrosion process. Fungi species such as Aspergillus, Penicillium, and Fusarium
grow on fuel components and produce organic acids which induce localized corrosion
on metal surface (Little et al., 2001). Algae are also able to produce organic acids
and decrease the pH of the environment in the presence of light favoring corrosion of
the metals (Mara and Williams, 1972).

1.3. Anaerobic microbial corrosion

Iron and steel also corrode severely under anaerobic conditions (Cord-
Ruwisch, 2000). Pipelines, tanks, marine platforms and underground structure have
been assumed to be mediated by different groups of anaerobic microorganisms
respiring with oxidized compounds such as sulfate, nitrate, ferric iron or carbon
dioxide (Iverson, 1987).

Sulfate-reducing prokaryotes (SRP) are considered a large and heterogene-
ous group of anaerobic prokaryotes comprising both Bacteria and Archaea. SRP
share the ability of anaerobic respiration using organic compounds or hydrogen as
electron donor and sulfate as a terminal electron acceptor (Thauer and Badziong,
1980).

1.3.1. Sulfate-reducing bacteria (SRB)

Sulfate-reducing bacteria (SRB) represent a diverse group within the SRP.
They are abundant in many ecosystems such as soil, marine and fresh water
sediments, brackish water, artesian water, hot spring, oil and natural gas wells, sulfur
deposits, sludge, acid main drainage, rice fields, deep-see hydrothermal vent, rumen
of sheep and gut of insects and can even be related to human diseases (Postgate,
1984).

SRB are anaerobic bacteria which gain energy for growth by oxidizing organic
compounds or hydrogen with sulfate being reduced to hydrogen sulfide (Rabus et al.,
2006). They are ubiquitous in anoxic environments and play an important role in
many industrial processes. In addition to their important role in the global sulfur cycle,
SRB are important regulators of a variety of processes including mercury methyla-
tion, biodegradation of chlorinated aromatic pollutants in anaerobic soil and sedi-

ments, organic matter turnover and removing of heavy metals, sulfate or sulfur com-
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pounds from wastewater (Ach and Hintelmann, 2011, Barton and Tomei, 1995). SRB
are proposed to be mainly responsible for MIC (Cord-Ruwisch, 1995). SRB lead to
many of economic and environmental problems such as corrosion of pipelines and
tanks, plugging of injection or disposal wells and souring of oil reservoirs (Brennen-
stuhl and Doherty, 1990).

The mechanism by which sulfate reducers facilitate corrosion of metals has
attracted many investigators, but details of the process are still inadequately
understood (Cord-Ruwisch, 2000).

1.3.1.1. Taxonomy of SRB

SRB classification has traditionally been based on morphological,
physiological, and biochemical characteristics (see Table 1-1). The cellular morphol-
ogy of SRB is highly diverse, and still used as a taxonomic feature. The common
shapes of SRB are vibrio, rods, spheres, and oval. SRB can also be divided into two
main groups according to their oxidation of organic substrates (Widdel and Bak,
1992). The first group carries out an incomplete oxidation of substrates to
acetate and CO,, while the second one completely oxidizes its substrates to CO».

The final step in the sulfate reduction reaction by SRB is the reduction of
sulfite (SO5%) to sulfide (S%). This reduction reaction is catalyzed by dsr. The dsr
studied is composed of a multi subunit complex (a, B, y, 8) (Steuber and Kroneck,
1998). The dsr is present in all prokaryotes capable of respiring sulfate. Four bacteria
and one archaeal (Archaeoglobus fulgidus) dsr have been purified and their enzyme
properties have been characterized Dahl et al., 1993, Lee et al., 1973). Characterized
dsr bacterial enzyme can be identified according to the optical properties e.g.
desulfoviridin, desulforubidin, desulfofuscidin and P582 compounds (LeGall and
Frague 1988) The optical properties of dsr are due to the presence of a prosthetic
group (consisted of siroheme and iron-sulfur (Fe-S clusters). Minor variations in the
structure and composition of these groups result in distinct spectral differences.
Therefore the dsr can be used as a taxonomic marker (Birkeland, 2005). A number of
additional properties, such as the electron donors pattern, fatty acid composition,
electron transfer proteins (cytochromes of Cz and b-types, flavodoxins, ferredoxins
and hydrogenase), respiratory menaquinones, immunological similarity, mole percent

of guanine and cytosine (GC) in DNA, optimal growth conditions and acetate
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oxidation have also been used for the taxonomic classification of SRB (Caumette et
al., 1991).

Table 1-1. Taxonomic Characteristics of some representative genera of sulfate-reducing

microorganisms. Table has been taken from Ref. (Rabus et al., 2006).

Electron donor (examples)

> >
<) Q e 0 s [ L £ L= °
o 548 688, BS 2 & T s 3T £
Genus 2 2E D 5§80 28 2 € § o =2 § &
SES  BB: 53£35 8 2 5% <
g >33 2 oc® £ = 5 8 8 £o E 2
S e w83 33 £ £ 2
S03%7, 8,05
Desulfovibrio Vibrio Desulfovirdin 37023 + o+ - + +
Fumarate
Desulfomicrobium Oval orrad ND so32'_, szoaz' - - e - - - + -
2= 2
Desuifobulbus Oval Desulforubdin 503 \33203 : + o+ T
Desuifobacter Oval orvibrio ~ Desulforubdin 3037 $,05™ + £ -+ - - = g
Destifobacterium Oval Desul forubdin $,05F + o+ oz @ = 2+ oz 7
Desulfococcus Sphere Desulfovirdin S03%, 8,05 - -+ ® o+ + + g
Desulfosarcina g;leg;?sr; ND S05%, 8,08  +  + o+ @) o+ " P i
R
Desulfomonile Rod Desulfovindin 3393 -3C1 o ND ND - -
enzoate
Desulfonema Mg:;i;?:ar (= Desulfovirdin) ~ SO3%, $203> + + = (#) o+ + . x
Straight or SaiZ
Desulfotomaculum curved rods, P582 2N + + = = + ¥ + +
endospors Fumarate
The rmodesulfobacterium Rod Desulfofuscidin S 2032' - + + - - - - -
Archaeoglobus Sphere Archaeal S0, 8,02  + %=+ ND ND ND ND

2 +, utilized; -, not utilized; %, utilized by some strains; (+), poorly utilized; ND, not determined; (+ Desulfo- virdin),
present in some strains.

Sulfate reducing microorganisms can be divided into seven phylogenetic
lineages, five bacterial lineages and two archaeal based on 16S ribosomal RNA (16S
rRNA) gene sequence analyses (Figure 1-2) (Muyzer and Stams, 2008). The
majority of the identified SRB (around 23 genera) belongs to the phylum Proteobacte-
ria (class Deltaproteobacteria) (Wingender et al., 1999). The phylum Firmicutes
composes three endospore-forming SRB species affiliated within the class clostridia
(Desulfotomaculum, Desulfosporosinus and Desulfosporomusa) (Birkeland, 2005).
Three phyla lineages, Nitrospirae (Thermodesulfovibrio spp.), Thermodesulfobacteria
(Thermodesulfobacterium spp.) and Thermo-desulfobiaceae (Thermodesulfobium
spp.) represent thermophilic sulfate reducers. Within the Archaea, Sulfate reducers

belong to the genus Archaeoglobus within the phylum Euryarchaeota and to the
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genera Thermocaldium and Caldirvirga within the phylum Crenarchaeota (Muyzer

and Stams, 2008).
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Figure 1-2. Phylogenetic tree based on nearly complete 16S ribosomal RNA (rRNA)
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sequence of described sulfate-reducing bacteria species. Figure has been taken from Ref.

(Muyzer and Stams, 2008).
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1.3.1.2. Biochemistry of SRB

In the process of anaerobic sulfate respiration, SRB reduce sulfate to sulfide in
a reaction involving the transfer of eight electrons. This reaction occurs via several
intermediates and is accomplished by number of enzymes. The sulfate anion is a
chemically stable ion and cannot easily be reduced due to its low redox-potential
(SO4*/HS- anion pair E¢y'= - 0.22 V). Therefore sulfate cannot be reduced without
being activated; SO,* is activated by adenosine triphosphate (ATP). The enzyme
ATP sulfurylase firstly catalyzed the binding of sulfate to a phosphate molecule of
ATP, leading to the formation of adenosine phosphosulfate (APS) as shown in Figure
1-3. Sulfate reduction process can be achieved either by dissimilative or assimilative
reactions. In the dissimilative sulfate reduction, the SO,* ion in APS is reduced
directly to sulfite (SOs%) by the enzyme APS-reductase with releasing adenosine
monophosphate (AMP). While in the assimilative sulfate reduction, another
phosphorus (P) is added to APS forming phosphoadenosine phosphosulfate (PAPS)
followed by the reduction of sulfate to sulfite with the release of phosphoadenosine
5’-phosphate (PAP). Once sulfite is formed, it is reduced to hydrogen sulfide by the
activity of sulfite reductase enzyme in both cases. The sulfide formed is excreted to
the environment during dissimilative sulfate reduction. While in case of assimilative
sulfate reduction the sulfide formed is immediately converted into organic sulfur
compounds such as sulfur-containing amino acids (Madigan et al., 2010). Sulfite is
more reactive than sulfate as it contains free electron pairs. The redox potential of the
HSO®*/HS- anion couple is Eq'= - 0.116 V. Therefore sulfite is reduced by dsr directly
to sulfide. Two different pathways have been proposed. The simplest pathway is a
six-electron reduction step directly without any free intermediates. The second
pathway (called trithionate) postulates sequential sulfite reduction via trithionate
(S306%) and thiosulfate (S,05%) as intermediates. The latter pathway is based on the
observation that trithionate and thiosulfate are formed as byproducts when sulfite is
reduced in vitro by purified dsr and an artificial electron donor (Trudinger and
Loughlin, 1981). In SRB, there is no unifying model for the transport mechanism of

electron from donor to acceptor.
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Figure 1-3. Biochemistry of sulfate reduction: (a) Two forms of active sulfate, adenosine
5’-phosphosulfate (APS) and phosphoadenosine 5’-phosphosulfate (PAPS). (b) Schemes of
assimilative and dissimilative sulfate reduction. Figures have been taken from Ref. (Madigan
et al., 2010).

e Electron donor and acceptor metabolism

SRB can utilize a variety of electron donors (Table 1-1). They have the ability
to oxidize hydrogen and organic compounds such as lactate, propionate, succinate,
format, ethanol, short chain fatty acid (e.g. acetate), long-chain fatty acids, aromatic
compounds (benzoate, phenol, toluene) and short-chain hydrocarbon (ethane,
propane, butane) (Nagpal et al., 2000, Rabus et al., 2006). Lactate is a " classical™
electron donor for SRB and is utilized by a majority of species (Birkeland, 2005).

SRB oxidize organic compounds or hydrogen as an electron donor with sulfate
being reduced to hydrogen sulfide (Table 1-1). The different SRB species can use
many electron acceptors in addition to sulfate (SO.*). They can use sulfur
compounds such as elemental sulfur, organic sulfur compounds, thiosulfate, sulfite
(Rabus et al, 2006), dimethylsulfoxides, and sulfonates (Jonkers et al., 1996, Lie et
al., 1999). Few species of SRB can utilize non-sulfur compounds such as nitrate
(Pietzsch and Babel, 2003). Although SRB are strict anaerobes, some sulfate
reducers have the ability to tolerate oxygen at low concentrations and this oxygen
tolerance is species-dependent. These SRB can use oxygen as terminal electron
acceptor to oxidize the organic substrates or hydrogen and couple this reaction to
ATP formation (Dolla et al., 2006).
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e Growth/activity at different environmental conditions

SRB are a big group showing metabolic activity under many different
environmental conditions. According to their optimal growth temperature SRB can be
classified into, psychrophilic SRB isolated from permanently cold arctic marine
sediments (optimal temperature between 7 and 10°C) (Knoblauch et al., 1999),
mesophiles SRB (growth temperature < 40°C), moderate thermophiles SRB (growth
temperature 40-60°C) and extreme thermophiles SRB (growth temperature > 60°C).
(Rabus et al., 2000). The genus Desulfotomaculum (spore-forming species, phylum
Firmicutes) grows optimally between 55 and 65°C and was isolated from hot North
Sea oil reservoir (Nilsen et al., 1996). The thermophilic genera Thermodesulfobacte-
rium and Thermodesulfovibrio as well as Archaeoglobus spp. have been reported to
grow optimally between very high temperature of 70 and 90°C (Burggraf et al., 1990,
Jeanthon et al., 2002).

SRB are also active over a wide range of pH values. SRB prefer a neutral pH
environment (pH 7) and their growth is usually inhibited at pH values less than 5.5 or
more than 9 (Widdel and Bak, 1992). Nevertheless, sulfate reduction activity has
been observed in acid mine water having a pH of 2.5 (Tsukamoto et al., 2004). SRB
isolated from these habitats, were grown in microniches, where higher and more
favorable pH values could exist. Such microniches are maintained probably by the
alkalization resulting from the production of bicarbonate (HCOj3) and proton
scavenger ions (HS") (Widdel and Bak, 1992). High sulfate reduction activity was also
observed at pH 10. Alkaliphilic Desulfonatronum thiodismutans sp. and Desul-
fonatrovibrio hydrogenovorans exhibit optimal pH values between 9.5 and 10 (Detko-
va et al., 2005).

Sulfate reduction activity is more often observed in marine habitat than in
terrestrial environment because sulfate is more abundant in the seawater (28 mM).
Marine SRB species are often completely inhibited in fresh water environment
(Widdel and Bak, 1992). Halophilic sulfate reducers such as Desulfovibrio halophilus
and Desulfocella halophila that were isolated from hypersaline environment with an
optimum concentration of 4 - 5 % NaCl and can also tolerate the salinity up to 19 %
NaCl (Brandt et al., 1999, Caumette at al., 1991). However, some SRB species have
also been detected in fresh water environment (Castro et al., 2002).

SRB are strictly anaerobes and they need an anaerobic medium with a redox

potential lower than -100 mV (Postgate, 1984). However it has been reported that
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SRB are able to tolerate the oxygen and can grow with various negative redox

potential or even with positive values. These phenomena can be explained by their

ability to form favorable anoxic microniches environment (Neculita et al., 2007).

1.3.1.3. Mechanism of corrosion mediated by SRB

SRB are commonly detected where anaerobic corrosion of metal occurs. The

corrosiveness of SRB is due to metabolites produced such as H,S, supposed

electrochemical effect termed cathodic depolarization, and microbial colonization

(biofilm) over the metal surface.

Corrosion by H,S. It has been reported that the rate of chemical-induced
corrosion was proportional to the concentration of H,S added (Videla, 2000). H,S
can accelerate corrosion of metals by being source of bound protons and by
precipitation of Fe** as FeS (Lee et al., 1995). It has also been proposed that the
iron sulfide film that forms over the surface play an important role in the initiation
of pitting corrosion (Rickard, 1969).

Corrosion by cathodic depolarization: Cathodic depolarization is the most
frequently theory of corrosion accelerated by SRB that has been proposed by Von
Wolzogen Kuehr and van der Viugt, 1934. This theory is based on the
hydrogen consumption activity of SRB. Generally the corrosion reaction is an
electrochemical reaction involves an anodic site and a cathodic site. The anodic
reaction is the transfer of electrons from zero valent metal to an external electron
acceptor causing the release of ferrous ions and electrons into the surrounding
medium (Figure 1-4b, reaction 1). While at the cathode, the produced electrons at
the anode can be consumed. In anaerobic environment, electrons at the cathode
reduce the H' ions coming from water dissociation (Figure 1-4b, reactions 2 and
3), and consequently a hydrogen film is formed at the metal surface. The cathodic
hydrogen film is consumed by SRB, and the cathode is depolarized continuously
facilitating the transfer of the electrons from the anode to the cathode (Figure 1—
4b, reaction 4) causing more iron dissolution. The metabolic end product of SRB
is sulfide (S%7) which deposited on the metal surfaces as FeS or Fe(OH), (Figure
1-4, reaction 5).

Biofilm induced corrosion: Microorganisms attached to the biological or
non-biological surfaces embedded in an extracellular polymeric matrix form
microbial layers, which are called “"biofilm™. Biofilms are layers composed of mul-

tispecies microbial communities, extracellular polymeric substances (EPS),
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inorganic material and water (Stoodeley and Kroneck, 1998). Biofilms are ecosys-
tems organized by microorganisms protecting them from external forces
influences once they are established. These ecosystems are characterized by a
wide range of environmental conditions from aerobic to microaerophilic to
anaerobic. Also, from copiotrophic to oligotrophic and from heterotrophic
to chemolithotrophic. Biofilms provide a variety of potential growth niches for
microorganisms by their ability to modify their surrounding medium. Modification
of the biofilm surrounding medium results in a local gradient of many conditions
such as oxygen, pH, redox potential, nutrients and flow rate (Sanders and Stur-
man, 2005). Sessile microorganisms and their planktonic counterpart are
bio-functionally different with respect to gene regulation and protein synthesis
(Stoodley et al.,, 2002). Over the past decades, it has become increasingly
apparent that biofims mode is the preferred growing way for most
microorganisms Costerton et al., 1978). The biofilm formation process comprises
of five major steps (Sanders and Sturman, 2005): initial attachment of
microorganisms to the surface; biofilm initiation and EPS production; biofilm struc-
tural development; biofilm maturation and detachment of biofilm. Surface
roughness and material composition of the substratum as well as hydrodynamic
shear stress play an important role in the biofilm formation process. EPS typically
account for about 50 % to 90 % (wt.) of organic matters in a biofilm (Wingender et
al., 1999). Microbial EPS are biopolymers consisting of proteins, nucleic acids,
polysaccharides, lipids and humic substances (Costerton, 1985). The content of
EPS is varying depending on bacterial species and growth conditions (Sutherland,
1985, Horn and Morgenroth, 2006). EPS production serves to build a three
dimensional structure (3D) in which microbial cells may occupy less than 15 % of
the total biofilm volume (Costerton and Stoodley, 2003). This three-dimensional
structure influences the movements of dissolved chemical compounds in and out
of the biofilm matrix. In addition, it entraps particulate materials and cell clusters
from the bulk phase create diffusion gradients. This diffusion gradient leads to
localized conditions of chemical compounds dissolved in the water over the
substratum (Lewandowski and Beyenal, 2003). Extracted EPS alone in seawater
was found to accelerate the corrosion five times more than in the case of EPS
free medium (Chan et al., 2002). A part from the direct EPS corrosive effect on

the metal surfaces, EPS can help microbial communities in the biofilm matrix to
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thrive under anaerobic conditions (even in aerobic environment) due to its adhe-
sive and complex biofilm matrix structure. These conditions facilitate the growth
and colonization of anaerobic bacteria such as SRB. Sulfidogenic biofilm facilitate
corrosion by trapping corrosive metabolites products such as hydrogen sulfide in
close proximity to metal surface and initialize localized corrosion (Geesey et al.,
2000). It has been found that, EPS together with SRB species (Desulfovibrio
desulfuricans) can induce more corrosion than that of EPS with none SRB
species (Pseudomonas fluorescence) or a mixture culture of both strains (Beech
and Campbell, 2008). It has been hypothesized that EPS has the ability to entrap
metal ions by binding carboxylic groups of the exopolysaccharides and phosphate
groups of the nucleic acids to the metal ions. Hence, it increased the overall
metal-binding capacity of EPS (Beech and Gaylarde, 1999). This binding would
influence the electrochemical behavior of a metal through formation of metal
corrosion cells and galvanic coupling (Braissant et al., 2007). Sulfidogenic biofilms
have been reported to be responsible for pitting and crevice corrosion on the
metal surfaces (Beech, 2004) (Figure 1-4d). Corrosion rate increases especially
in the presence of harmless anion such as chloride beneath biofilm matrix. The
chloride anion increases the solubility of the corrosion products and also
increases the conductivity of the electrolyte layer on the metal surface
considerably. Thus it leads to destruction of the passive film existing on the metal

surface and increases the corrosion rate (Giudice and Amo, 1996).
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Figure 1-4 Mechanism of corrosion mediated by sulfate-reducing bacteria. (a) the flow of liquid
over the pipeline surface, (b) schematic of anaerobic iron corrosion mediated by SRB (adapted
from Ref. (Mori et al., 2010), and (c) the microbial corrosion problems in petroleum oil-field (Qarun
company, Egypt).

1.3.1.4. Methanogenic Archaea and SRB

Based on 16S rRNA gene sequences, the domain Archaea composed of two
main phyla: the Euryarchaeota and the Crenarchaeota. In addition to these two main
phyla, the Korarchaeota (Elkins et al., 2008), the Nanoarchaeota (Huber et al., 2002),

the Thaumarchaeota (Brochier-Armanet et al., 2008) and the Aigarchaeota (Nunoura
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et al., 2011) have been proposed to be potential phylum-level taxonomic groups
within the Archaea. However, the establishment of these phyla is still controversially
discussed (Takai and Nakamura, 2011). Hyperthermophiles, in which most of them
have the ability to metabolize sulfur, are the dominant group within phylum Crenar-
chaeota. The more physiologically diverse phylum Euryarchaeota is composed of
extreme halophiles, thermoacidophiles, methanogens, hyperthermophilic sulfate
and/or sulfite reducers and sulfur metabolizers (Garrity and Holt, 2001). Methano-
gens (methanogenic Archaea) are obligate anaerobes which are like SRB. Most
methanogenic species are associated with fermentative and hydrogen-producing
microorganisms (Whitman et al., 1992). According to the utilization of specific carbon
sources, methanogens can be classified into three major groups: (i) the
methylotrophic species using Ci-compounds with methyl groups such as trimethyla-
mine or methanol; (ii) the acetoclastic methanogens using mainly acetate for
methane production; and (iii) the hydrogenotrophic species using hydrogen, formate,
or certain alcohol for reduction of CO, to methane (Garcia and Ollivier, 2000). The
most favorable energetic reaction for methanogens is the reduction of CO, to CH,

using H, as electron donor (eqg. 2).

4H, + HCO3 + H" & CH; + 3H,O  AG,=-135.5 KJ/mol methane (2)

Under anaerobic conditions, methanogenic Archaea are competing SRB and
other anaerobic bacteria for the available substrate. In contrast to sulfidogenic
microorganisms, methanogens use a limited number of substrates for growth.
Quantitatively, hydrogen, carbon dioxide and acetate are the most important and
well-known substrates for methanogens. No methanogens have been reported to
grow on organic matter, such as lactate, propionate and butyrate, which are common
substrates for sulfidogenic microorganisms. Consequently, these compounds are
degraded first by sulfidogenic bacteria and then the produce products can be used as
substrates for methanogens. In the presence of excessively high concentration of
sulfate compounds, sulfidogens compete with methanogens for hydrogen and
acetate substrates (Schink and Stams, 2006). In this case sulfate reducers have a
competitive advantage over methanogens as in marine environment (Ward and
Winfrey, 1985). In contrast in freshwater environment where low sulfate concentration
exists, methanogenesis is usually the dominant terminal process (Lovley and Phillips,

1987). When methanogens are present in contact with the metal surface, they are
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inducing corrosion of metals by consuming cathodic hydrogen (cathodic depolariza-

tion) according to the following reaction (eq. 3)
4Fe + HCO3z + 9 H" >CH, + 4Fe,” + 3H,0 (3)

1.3.1.5. SRB recovered from oil field water

In early 1926 it was suggested that the sulfide detected in water originated
from oil-fields was produced by microorganisms. This suggestion was based on the
presence of SRB in water samples from a number of oil fields in United States
(Bastin et al., 1926). Much later, it has been demonstrated that sulfide production can
be caused by microorganisms growing under extreme physical conditions such as
deep and hot petroleum reservoirs Rosnes et al., 1991). Hyperthermophilic SRB was
recovered from a North Sea oil field (Beeder et al., 1995), and from a deep oil well in
Alaska (stetter et al., 1993). A great diversity of SRB has been isolated from oil field
all over the world and many of these isolates belong to new species and genera.
A wide range of organic acids (such as lactate, acetate, propionate, butyrate penta-
noate, and hexanoate) was detected in oil reservoirs (Barth and Riis, 1992, Barth,
1991) that might serve as substrate for SRB growth. Lactate is considered as a “clas-
sical” organic acid which is utilized by majority species of SRB as a substrate (Birke-
land, 2005).

Results from cultivation-dependent experiments in produced water show
a considerable difference. The German sulfide-rich reservoir wellhead water was
characterized by using acetate as substrate for SRB (Cord-Ruwisch et al., 1986).
While in African reservoirs, it was characterized by using lactate plus acetate as
substrate (Tardy-Jacquenod et al., 1998).

Salinity of the oil field water is variable and is an important factor for in situ
microbial diversity and activity. Voordouw and co-workers showed that cultivation
from oil-field water with high and low salinity differed significantly in the SRB diversity.
This result demonstrates that salinity is an important discriminating factor (Voordouw
et al., 1996). The halophilic SRB isolates grow at optimum salinity between 5 and 6
% that being Desulfovibrio viethamensis (Nga et al., 1996), Desulfovibrio gracilis
(Magot et al., 1992) and Desulfotomaculum halophilum Tardy-Jacquenod et al.,
1996). Qil field brines with salinity > 20 % have been detected, however most oil field

formation water have a moderate salinity < 6 %.
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1.3.1.6. Culture-independent detection of SRB

The application of molecular biological methods is a common technique to
investigate the occurrence and distribution of bacteria in environmental samples. This
technique has the advantage of providing direct information on community structure
without cultivation. This method provides knowledge of the evolutionary relationship
of microorganisms that allow grouping and characterizing microorganism through
sequences of the obtained genes. The 16S rRNA sequence is the most tested
taxonomic marker to study the prokaryotic taxonomy (Bacteria and Archaea). The
16S rRNA has these properties, (i) this gene is present in all bacteria; therefore it is
a universal target for bacterial characterization, (ii) the 16S rRNA gene-function has
remain constant over a long period of time, suggesting that sequence changes are
more likely to reflect random changes (a more accurate measure of time) than
selected changes, and (iii) the 16S rRNA genes (~ 1.500-bp) contain several regions
of highly conserved sequence useful for proper sequence alignments determination.
Therefore it can be used as taxonomic marker for phylogenetic analysis. The 16S
rRNA gene (16S rDNA) is available in more than 200,000 bacterial sequences in the
GenBank, implying the DNA Databank of Japan (DDBJ) (Miyazaki et al., 2004),
GenBank at National Center for Biotechnology Information, USA (NCBI) (Benson et
al., 2005) and the European Molecular Biology Laboratory, UK (EMBL) (Kulikova et
al., 2004). The comparison of new sequences with the available sequences in the
databank reveals information about the identity or relatedness of the new sequences
to known species. 16S rRNA comparative sequence analysis has affiliated the major
SRB genera into a number of distinct lineages (Devereux et al., 2005). Cloning and
sequencing of 16S rRNA genes showed a large diversity of SRB Proteobacteria
found in a shallow low-temperature oil field in Canada (Voordouw et al., 1992).
A limited number of clones representing fermentative microorganism were detected,
indicating that SRB constitute a major component of the bacterial community in this
reservoir. In contrast by using the same approach, a very small number of SRB
clones have been detected from high-temperature reservoirs in California. This
results demonstrating that a high in situ temperature favors the growth of other
microbial groups (Orphan et al., 2000). 16S rRNA based-denaturing gradient gel
electrophoresis (DGGE) was used to determine the bacterial and archaeal diversity in
the environmental samples. A total of 106 bacterial 16S rRNA sequences were

obtained from DGGE bands and classified within three major groups: class beta and
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gamma of phylum Proteobacteria and also class Clostridia of phylum Firmicutes (Zhu
et al., 2003). Phylogenetic analysis based on 16S rRNA does not provide information
about the metabolic capabilities of the microorganisms (Castroet al., 2002). Hence,
a functional encoding gene approach has been implemented to characterize bacteria
responsible for particular biogeochemical process (Fukuba et al., 2003, Scala and
Kerkhof, 1999). Dsr-gene is the best studied example of such approach and has
been used to discriminate between SRB in diverse communities (Wagner et al.,
2005). For a long time, cloning and sequencing of dsr-gene libraries was the only
available molecular approach for studying the functional diversity and dynamics of
SRB communities. Although this is an effective method, a need exists for alternative
approaches such as dsr gene-based DGGE to rapidly assess the SRB communities

in different environments (Geets et al., 2006, Miletto et al., 2007).

1.3.1.7. SRB-biofilm assessment methods and surface monitoring

It is very important to monitor biofilm in oil-field (pipelines and tanks) in order
to understand the interaction between microorganisms and metal surfaces. Tradition-
al approaches rely on sampling of defined surface areas of pipeline or tanks or on
exposure of test surfaces (“coupons”) with subsequent analysis in the laboratory.
Coupons should provide with the same material as the pipeline itself. Classical
example of such approach is the “Robbins device” (Ruseska et al., 1982). After a
given periods of time coupons are removed and analyzed in laboratory to monitor
biofilms. Biofilm monitoring techniques can be classified into three categories,
depending on the level of information they provide (Flemming, 2003):

e Level 1: Monitoring devices such as optical sensors, ultrasound, heat transfer
resistance and quartz microbalances detect the buildup of surface in general and
cannot distinguish between biomass and inorganic deposits.

e Level 2: Monitoring devices such as biochemical probes and confocal scanning
laser microscopy (CLSM) with staining protocols differentiate between organisms
and/or biomass and inorganics fractions.

e Level 3: The application of specific genetic, chemical and enzymatic methods.

To detect the biofilm structure over the metal surfaces, there are several
methods available (Surman et al., 1996). Basically the biofilm can be qualitatively
analyzed in three different ways: dehydrated, partly dehydrated and hydrated.

Biofilm analysis using transmission electron microscopy (TEM) required

different pretreatment steps, the sample has to be fixed, embedded dehydrated,
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stained and sectioned. The results received from TEM will be cross section including
cell location within the biofilm and internal cell structure (Costerton, 1985). Scanning
electron microscopy (SEM) needs only fixation and dehydration steps to visualize the
biofilm. Both TEM and SEM are able to use high magnification that is not achieved by
classical light microscopy. In addition, there is additional option of elemental
surface-microanalysis with either microscopic technique when combined with X-ray
diffraction (XRD) or energy dispersive X-ray spectroscopy (EDS) (Marquis, 1989,
Rajaseker et al., 2010). Nevertheless both techniques (TEM and SEM) shrink the
biofilm sample due to necessity of fixation and dehydration, causing a loss of 3D
structure which might give false information. Partly dehydrated biofiim can be
characterized by applying environmental scanning electron microscopy (ESEM)
which is a descendant of conventional SEM. This technique minimizes sample
damage and changes in biological morphology that SEM and TEM pretreatment
procedure induces. Biofilm sample do not require extensive manipulation, fixation,
dehydration, air drying and metal coating (Sutton et al., 1994). Combination of X-ray
microanalysis with the ESEM provides a potentially useful complement to
conventional procedures (Darkin et al., 2001). The result received from ESEM give
information closer to the real hydrated situation as has been shown for SRB biofilm
(Castaneda and Benetton, 2008). However the electron beams will still damage the
biological biofilm after a short period of time. Atomic force microscopy (AFM) is
another technigue using partly hydrated samples. AFM shows a high-resolution of
biofilms and surfaces (Beech et al., 1991). Nevertheless, it cannot elucidate internal
structure of biofilms.

Completely hydrated biofilms can be examined by light microscopic technique
and light microscopy can be used to investigate biofilm samples with a few
micrometers thickness. However, when biofilm thickness increases to hundred
micrometers, CLSM is preferred (Hille et al., 2005). Combination of CLSM with
different staining protocols allows visualization and quantification of biofilm
constituents such as EPS and microbial populations. This technique allows sequen-
tial examination of serial images on a visual display unit (VDU). This gives
a three dimensional structure of different biofilm constituents. The application of
Fluorescein isothiocyanate (FITC)-labeled lectins allowed the detection of EPS gly-
coconjugates fraction of a biofilm system (Neu, 2000). FITC has been applied to stain

protein fraction in the sludge floc (Schmidtova and Baldwin, 2011). In recent years,
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there is an increased interest in multicolor fluorescence experiments for exploring the
distribution of EPS and/or microbial cells in the biofilm system. The idea of using
multiple fluorochromes experiments is to apply highly specific fluorochromes with
minimum spectral peak interference (Table 1-2). The minimum spectral peak
interference between two channels (bleed-through) can be significantly achieved
when the range of emission of two fluorophores overlap significantly and one of them
is much more strongly excited than the other (Murray, 2005).

Table 1-2. Literature works using multiple stains for probing EPS or cells. (Adapted from
Chen et al., 2007).

Ng? Excitation light source(s) used (nm)
Reference Sample Stain(s) specificity 30~ o0 asg A9 943 Gaa
370 514 568 647

Neu and lawrance (1997) Biofilm Syto, concanavalin A, Arachis 3 N/A

lectins
Neu et al., (2001) Biofilm Selected lectins 3
Strathmann et al., (2003) Biofilm Syto 9, concanavalin A, wheat germ 2

agglutinin
Bockelmann et al., (2002) River snow  Syto 9, DAPI, selected lectins 2 X X X X
Bosemann et al., (2003) Biofilm Aleuria aurantia lectin, Syto 60 2 N/A
Lawrance et al., (2003) Biofilm Syto 9, Sypro orange, Nile red, 3 X X X

lectins
Lawrance et al., (2004) Biofilm Selected lectins 3 X X X
Bosemann et al., (2004) Biofilm Aleuria aurantia lectin, Syto 60 2 N/A
Staudt et al., (2004) Biofilm Syto 60, Aleuria aurantia lectin 2 X X
Neu et al., (2004) Biofilm Syto 9, Syto 40, autofluorescence 3
Lawrance et al., (2005) Biofilm Syto 9, Triticum vulgaris—TRITC, 3

Autofluorescence
McSwain et al., (2005) Aerobic Syto 63, FITC, concanavalin A 3 X X X

Granule

Chen et al., (2007) Aerobic Concanavalin A, calcofluor white, 6 X X X X X X

Granule Syto 63, FITC, Syto Blue, Nile red

DAPI 4',6-Diamidino-2-phenylindole, TRITC tetramethylrhodamine isothiocyanate
& Maximum number of stains used on the biofilm sample.
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1.4. Microbial corrosion control strategies

There are two major approaches to control corrosion in oil and gas industry.
One is the use of a high-grade material (higher cost) which saves on maintenance
and avoiding the risk of catastrophic failure. The other is the use of a low-grade
material (lower cost) along with a corrosion inhibitor. Experience has shown that the
second approach is viable and emphasis on the corrosion inhibitor’s performance has
been assessed predictably. A corrosion inhibitor is “a chemical substance which
when added in small concentrations to an environment minimizes or prevents
corrosion” (Rajasekar et al., 2010). Depending on the mechanism of corrosion mitiga-
tion, liquid phase inhibitors are divided into different groups.

e Anodic inhibitors: Anodic inhibitors are known to facilitate formation of passive
films that inhibit the anodic metal dissolution reactions. These are often termed as
passivating inhibitors. These Passivizing inhibitors adsorbed to the metal surface
via chemisorption.

e Cathodic inhibitors: They minimize corrosion rate by either decreasing the
reduction rate (cathodic poisons) or by precipitating selectivity on the cathode
area (cathodic precipitators).

e Mixed inhibitors: They are known to affect both the cathodic and anodic
reactions.

About 80 % of inhibitors are organic compounds that cannot be related
specifically as anodic or cathodic inhibitors. Hence they are known as mixed
inhibitors. Their effectiveness is a function of their ability to adsorb at the metal/metal
oxide surface.

The oil and gas industry is affected by microbial corrosion in several activities
such as recovery, processing, transport and storage (Maxwell et al., 2004). Corrosion
reduction or prevention can be completely achieved when corrosion inhibitor (biocide)
has biocidal effect for planktonic as well as sessile microorganisms. Biocides are
specific inhibitors which are able to kill or inhibit microorganisms. These substances
are divided into two different classes according to their chemical reaction by acting
as: (i) oxidizing agent and (ii) non-oxidizing agent. Chlorine or hypochlorite is
a frequently used oxidizing biocide because it is relatively inexpensive; it can be
applied on site and it can be continuously dosed at low concentrations. The inhibitive
effect of oxidizing biocide is produced by oxidative stress resulting in a deterioration

of DNA, lipids and cellular macromolecules (Skorko-Glonek et al., 1999). Commer-
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cially available non-oxidizing biocides are generally selected active substances such
as formaldehyde, glutaraldehyde, iso-thiazolones and quaternary ammonia
compounds. Non-oxidizing biocides are claimed to be more effective in comparison
to oxidizing biocides to control microbial corrosion. These substances have greater
persistence and many of them are pH independent (Hector and Quintero, 2007). The
effectiveness of non-oxidizing biocide is based on enzymes poisoning and protein
denaturation.

The effectiveness of a biocide depends on the type of microorganisms in the
system as well as the operating conditions of the system. Therefore, it is
recommended to carry out a test run, preferably under the operating conditions of the
system. If this is not possible to run the test under operating conditions, a test run is
carried out under laboratory conditions to determine optimal doses of the
active ingredient. Experience has demonstrated that the traditional chemical
treatment regime often has limited success in large scale industrial systems, even if
high biocide concentrations or long dosage periods are applied. There are a lot of
reasons why traditional treatment applications often fail to eliminate microbial
population especially biofilms. These need to be addressed when setting up any
microbial control program (Sanders and Sturman, 2005). Planktonic bacteria are
relatively easily and rapidly killed by low concentrations of traditional biocides such as
chlorine or glutaraldehyde. However when bacteria grow in a biofilm, characterized
by large amount of EPS, much higher concentrations are required to kill these
microbes embedded in biofilms. Experience has shown that it often takes more than
10 times more of biocide amount needed to kill the sessile microbes than the same
microorganisms in planktonic state. In addition, the use of only one biocide over an
extended time offers the microbes a chance to get adapted to this substance via
changes in outer cell membrane structure, enzymatic pathways, or metabolism. A
common strategy for avoiding resistance problems is the application of weekly
alternation of two products with different active chemistries (Sanders and Sturman,
2005). Another effective and often preferred strategy is to combine two or more
biocides together (Wen et al., 2009). This can be achieved by intermittent biocide

dose and a continuous low level dose of the second biocide.

1.4.1. Novel microbial corrosion control strategies
Conventional biocide treatment systems often fail to control microbial

corrosion. This has stimulated the development of new strategies to prevent or mini-
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mize microbial corrosion. These strategies depend on using substances or technolo-
gies that inhibit the microbial corrosion and/or protect the metal surface from attack.
1.4.1.1. Nitrate treatment

Nitrate (in the form of calcium or sodium nitrate) is a routinely used strategy in
wastewater and sewage treatment. It is used to control nuisance smells of biogenic
sulfide produced by SRB. Nitrate suppresses hydrogen sulfide production by
encouraging the activity of nitrate-reducing bacteria, denitrifying bacteria, and nitrate-
reducing/sulfide-oxidizing bacteria (NR-SOB) (Garcia-de-Lomas et al., 2007). Four
hypotheses have been proposed to be reasonable for this rapid inhibition of sulfide
by nitrate-utilizing bacteria (NUB): out -competition of SRB by NUB for the organic
nutrients, production of toxic intermediates such as nitrite, biological oxidation of
sulfide by NR-SOB and switching of SRB from sulfate to nitrate reduction (Nemati et
al., 2001). Nitrate treatment is one of the most widespread newly developed microbial
control strategies in oil fields. Full-scale and lab scale test runs have been carried out
for many oil reservoirs and water injection systems (Dumsmore et al., 2006, Sunde et
al., 2004). This shows great evidence of significant reductions in microbial corrosion,
SRB activity and hydrogen sulfide souring accompanied by an alteration in the
microbial community composition after long-term treatment (Voordouw and Telang,
1999). There is recent evidence that nitrate can contribute to increasing microbial
corrosion (Voordouw et al., 2002). So the negative aspects of this treatment must be
assessed to ensure that unwanted side effects do not occur.
1.4.1.2. Nitrite treatment

Nitrite is another simple inorganic compound that has been used to inhibit
SRB and also chemically scavenge preexisting sulfide. Treatment of oil and gas wells
with nitrite has resulted in virtual elimination of SRB in water samples as well as
significant rapid reduction in HpS (Sturman et al., 1999). While bio-competitive
exclusion has been shown to be successful in laboratory and oil-field; current
researches suggest that the microbial consortium does not change as a result of the
treatment of short-term nitrite (Nemati et al., 2001).
1.4.1.3. Molybdate treatment

Molybdate ion is a specific metabolic inhibitor for SRB. Also, there are
synergistic effects when molybdate, nitrate, and nitrite are combined together in one
treatment (Percival, 1999). Molybdate is an efficient SRB inhibitor in laboratory

culture studies. However its effectiveness is very dependent on the activity state of
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the bacteria. It has been reported that the appropriate molybdate treatment is
dependent on the growth rates of SRB in a system. Therefore it is not possible to
establish a universal molybdate treatment regime since each system must be
evaluated individually.

1.4.1.4. Sulfate Removal

A significant reduction in the sulfate concentration of injected water decreases
the amount of sulfide produced by SRB. This leads to reduced bio-fouling, souring,
and microbial corrosion. Ceramic nanofiltration membranes can be used to minimize
the sulfate concentration in the process (McElhiney and Davis, 2002). A large-scale
plant (treating up to 390.000 barrels of water per day) can lower the sulfate concen-
tration from ca. 2.800 mg/L in the influent seawater stream to ca. 40 mg/L in the
desulfated process stream.
1.4.1.5. Dispersant Technology

This technology acts as a biofilm-slime dispersant rather than as a bactericide.
This can be achieved by forming amine film upon the wetted surfaces of the system.
This film prevents biofilms development on surfaces and is effective in limiting the
impact of bacterial growth on a system. The dosage regime is characterized by an
injection of the dispersant at low concentrations and a short period of time to renew
the film. Such treatments work best on clean systems where a good amine film can
be formed. However a bio fouled system probably needs to be physically or
chemically cleaned before starting the treatment. Biofilm dispersal technology
through the addition of signaling molecules (such as HSLS) is a new promising
research area (Dow et al., 2003).
1.4.1.6. Surface active compound (surfactant)

A surface active compound (surfactant) is defined as a substance that at low
concentration adsorbed partially or completely to the interfaces in the system.
Surfactant usually decreases the surface tension (the work required to extend sur-
face by unit area) of water rather than to increase it (Rosen, 1989). Surfactant
molecules usually consist of polar head and nonpolar tail. Both groups influence the
surfactant phase behavior. The polar head is characterized by a hydrophilic
functional group, whereas the nonpolar tails consist of a hydrophobic functional group
as shown (see Figure 1-5).
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Hydrophilic head Hydrophobic tail
Figure 1- 5 Schematic picture of a surfactant molecule.

o Classification of surfactant

Surfactant can be classified by the presence of charged group on its head
(Figure 1-6). A nonionic surfactant has no charged group on its head. The head of an
ionic surfactant carries a net charge. If the charge is negative, the surfactant is called
anionic whereas if the charge is positive, it is called cationic. While surfactant with
two oppositely charged groups in its head is termed amphoteric.

Surfactants

Nonionic Amphoteric

_:’ lonic : +/

l l

Anionic Cationic

—O —®

Figure 1-6. Different types of surfactant.

Nonionic surfactants: This type of surfactant is not dissociated in aqueous
solutions. It plays an essential role in dispersion, floatation, tertiary oil recovery,
household and industrial cleaning. Their important role is coming from their properties
such as hard-water solubility, mildness, and biodegradability.

Amphoteric surfactants: In this type of surfactant, both positive and negative
charges are present in the surface-active part. This type of surfactant is particularly
used as personal care and household cleaning products.

Anionic surfactants: In agueous solution, the surface-active part of these molecules
is negatively charge. For instance carboxylate, sulfate, sulfonate and phosphate are
the polar groups in anionic surfactants (Jonsson et al., 1998). Anionic surfactants are
the most used surfactant for laundering, dish washing liquids and shampoos because

of its excellent cleaning properties.
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Cationic surfactants: The hydrophilic part of a cationic surfactant carries a positive
charge when dissolved in aqueous solution. The majority of cationic surfactants are
based on the nitrogen atom carrying the positive charge. Examples of positive polar
groups are long chain fatty amines and their salts, fatty diamines, poly amines, their
salts and fatty quaternary ammonium salts. The economic importance of cationic
surfactants has increased significantly because of their potential to kill or inhibit the
growth of many microorganisms. They are also widely used in textile industry as
fabric softeners, waterproofing agents, and dye fixing agents. Because many
important mineral ores and metals carry a net negative charge, the cationic surfac-
tants are also wuseful in flotation processing, lubrication, and corrosion
inhibition.
o Surfactant properties

When surfactants are added into water, surfactant molecules escape from
water phase due to their hydrophobic nature. Then they move to available interfaces
(Figure 1-7). The addition of surfactant decreases gradually the surface tension of
water until it reaching a minimum point. If there is no more space in the solution for
additional surfactant molecules to adsorb, they will aggregate in the bulk liquid phase
as well near the solid-liquid interfaces. Even when additional surfactants present in
the solution, they will form aggregate structure like micelles. Thus, additional surfac-
tant (above the level needed for minimum surface tension) does not affect for more
decreasing surface tension of solution. Therefore surface tension measurement is a
useful tool to determine the micelle-forming concentration, termed the critical micelle
concentration (Ccmc) (Figure 1-8) (Hunter, 2001). The surface tension of water at
room temperature (72 mN/m) is normally reduced to value of 30-40 mN/m at C¢nc
(Menger and Littau, 1993).

Metal surface

Figure 1- 7. Adsorption of surfactants molecules to the metal surface (interface)
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Figure 1-8 Solution properties that influencing Cene.

1.4.1.7. Gemini surfactants: a distinct class of self-aggregating molecules
Gemini surfactant represents a new class of surfactant. It consists of two

monomeric surfactant molecules linked by a spacer chain (Maxwell et al., 2004).

o Structure of gemini surfactants

In contrast to conventional surfactant (see Figurel-5), a gemini surfactant is
composed of a hydrocarbon chain, an ionic group, a spacer, a second ionic group
and second hydrocarbon tail (see Figure 1-9). Gemini surfactant possesses two
hydrophilic heads and two hydrophobic chains tails, and a variation in the nature of
spacers exists (Menger et al., 2000). Spacers are short or long methylene groups,
rigid (stilbene), polar (polyether), and nonpolar (aliphatic, aromatic) groups. The ionic
group can be charged positive (ammonium) or negative (phosphate, sulfate, carbox-
ylate), whereas the polar nonionic may be polyether or sugar. The majority of gemini
have symmetrical structures with two identical ionic heads and two identical chain
tails. The arrangement morphology of gemini monomers in polar solvent are one of
the four different types shown in Figure 1-10. This morphology is depending on the

structure of the molecule and its orientation.

Tail
\/\/\/\/\/\/\/‘@

Figure 1-9. Schematic picture of a gemini surfactant.

Tai
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Figure 1-10. Possible morphology of gemini surfactant in the interface. Ref. (Hunter, 2001).

. Properties of gemini surfactants

Changes in the molecular structure of conventional surfactant for improving their
properties have attracted the attention of the chemists (Almeide etr al., 2010, Wang
et al., 2008). The Following parameters are responsible for the successful application

of gemini surfactants:

1. Gemini surfactants have remarkably low C.n up to one to two orders of
magnitude compared to the corresponding conventional surfactants of equivalent
chain length (Atkin et al., 2003). The much lower C.n,c of gemini leads to less skin
irritation which normally depends on concentration of surfactant monomer in solu-
tion.

2. Gemini surfactants are better solubilizes than conventional one due to the very
low Ccmc values (Engberts et al., 1996). The long hydrocarbon chain increases the
surface activity. Moreover, increasing hydrophobicity makes the molecule insolu-
ble, whereas increasing hydrophilicity of the head group increase its solubility in
water. Hydrophilic groups in the spacer also increase the aqueous solubility
(Rosen, 1989).

3. The tighter packing of the hydrophilic head groups of gemini results in a more
cohesive and stable interfacial film. The double-tailed and doubly charged gemini
surfactants interact more prominently with neutral and oppositely charged
surfactants.

4. Gemini surfactants are characterized by a significant surface activity, which is up

to three times as large as monomeric surfactant ones (Rosen, 1989).

27



Chapter 1

5. Several researches emphasize on the importance of biocide properties of gemini
surfactants (Macian et al., 1996, Perez et al., 1996).

6. Gemini surfactant can be used also as a corrosion inhibitor in acidic media (He-
gazy et al., 2010).

7. Gemini surfactants are safe ecologically and most gemini surfactants can be

manufactured at a reasonable cost.

o Gemini surfactant as corrosion inhibitor and biocide

Gemini surfactant can protect the metal surface from corrosion by adsorption on
the metal/solution interfaces. There are two forces favoring the adsorption process.
One is the hydrophobic force causing a strong interaction between water molecules
which results in a repulsion of the alkyl chain from the aqueous phase. The other is
electrostatic forces by which a negatively charged surface will attract cationic
surfactants and repel anionic surfactants while a positively charged surface will do
the opposite. Moreover, gemini surfactant can inhibit the bacteria growth by (i) an
electrostatic interaction and (i) physical disruption. The electrostatic interaction
occurs between the oppositely charged centers on the bacterial cell membrane and
the positively charged head groups of the biocide molecules. While physical
disruption occurs as a result of the penetration of the hydrophobic chains into the cell
membrane due to the similarity in the chemical structure. The interaction between
biocide molecules and cell membrane causes a strong damage of the selective
permeability of these membranes which disturbs the metabolic pathway within the
cytoplasm (Badawi et al., 2007).
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1.5. Objectives of thesis

Although corrosion inhibitors and biocides are widely used in petroleum
companies, the problem of corrosion damages is still urgent. To certain extent this is
due to the fact that microbially induced pitting corrosion is responsible for all
bio-damages cases of water tanks, equipment and pipelines. The corrosion problems
in these companies were noticed on basis of the presence of high sulfide concentra-
tion, detection of sulfate-reducing bacteria with high viable counts and accomplished
by severe corrosion in water tanks and pipelines. In this respect, the knowledge of
microbial diversity is helpful to understand the interaction between the corrosive
bacteria and metal surface and to provide the basic for development of new and
better means for microbial corrosion prevention. Therefore, this study was focused on
two main objectives. The first objective was achieved by studying the corrosion
problem in basis of studying the microbial diversity and activity in the samples.
In addition, the second objective was focused on the control strategy. The two

objectives were studied with the following details:

1. Apply a combination of culture-dependent and culture-independent techniques to
investigate the sulfidogenic microbial diversities (Bacteria and Archaea) present in
the three water samples with different salinities and their related cultivated
biofilms which originated from oil-field water tanks, Egypt. This approach can be
achieved by using functional gene, dissimilatory sulfite reductase-f3 subunit (dsr@3),
based on denaturing gradient gel electrophoresis (DGGE). Detect the presence of
other Archaea such as methanogens that induce metal surface corrosion using
16S rRNA method. Determine the sulfidogenic biofilm activities over the metal
surface.

2. Application of different novel synthesized surfactants to protect the metal
surface from the salinities and the activities of the three environmental-

sulfidogenic bacteria.
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CHAPTER 2

Diversity and activity of sulfidogenic biofilms with different
salinities originated from oil-field water tanks, Egypt

2.1. Objectives

The objectives of this chapter were to, (i) apply a combination of culture-
dependent and culture-independent techniques to investigate the sulfidogenic
microbial diversities (Bacteria and Archaea) present in three water samples with
different salinities and their related cultivated biofilms which originated from oil-field
water tanks, Egypt. This approach can be achieved by using functional gene (dsr)
based on denaturing gradient gel electrophoresis (DGGE) method. (ii) Detect the
presence of non-sulfidogenic Archaea diversity in the different environmental water
samples using 16S rRNA technique, (iii) determine the sulfidogenic biofilms activities
by measuring the sulfide production and corrosion rate. (iv) Biofilm structures and

constituents (microbial cells, and EPS) were also analyzed over the metal surface.

2.2. Materials and Methods
2.2.1. Sampling enrichment and reactor setup

Three water samples with different salinity contents were collected from water
tanks of Qarun Petroleum Company (QPC), and labeled Hamra, KSW, and Youmna.
The Hamra water sample was the lowest salinity (NaCl) of 0.23 %. The KSW water
sample was distinguished by salinity of 3.19 %. While the Youmna water sample was
characterized by the highest salinity of 5.49 % (see Table 2-4). The three water sam-
ples were analyzed chemically concerning Calcium, Magnesium, Sulfate, Bicar-
bonate, Iron using titration method and spectroscopy HACH DR-5000. The pH of the
water samples was measured using SenTix pH electrode, WTW (Weilheim, Germa-
ny). These measurements were done in the QPC-laboratories at the sampling time
(March, 2009). Water samples were transferred to the laboratory under cooling and
anaerobic condition for further analyses. Direct in the field, inoculation of the water
samples were done in an anaerobic selective media (modified Postgate’s-B medium)
according to Postgate (1984). Modification of Postgate’s medium was done by using
the original water salinity (NaCl) and pH during preparation (see Table 2-1). The
medium was prepared, sparged with nitrogen gas and resazurine (0.0002% w/v) was
used as a redox potential indicator for anaerobic cultivation. The medium was

inoculated with 10 % (v/v) water samples and incubated at 37 °C for 14 days. Medi-
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um preparation and cultivation were achieved according to the modified Hungate's
technique for anaerobes (Miller and Wolin, 1974). The appearance of a black precipi-
tation (Ferrous sulfide) was used as a marker for sulfate reduction and as an indica-
tor for the activity of sulfidogenic bacteria in culture media.

The inoculated samples were enriched three times under anaerobic conditions
using modified Postgate’s-B medium to be used as inocula for four parallel two liters
reactors. Each reactor contains one liter anaerobic modified Postgate's C medium
(Table 2—-1). A mild steel coupon with chemical composition reported in Table 2—2
(CS1018 3"x 12’x 1116” strip, Cormon LTD) was used as a main iron source for
the cultivated microorganisms. The four reactors were inoculated with 20 ml of the
enriched sulfidogenic bacteria sample (see Table 2-3). Once a week the culture me-
dium was exchanged completely and new medium was added for one month cultiva-
tion period at 37°C. Four parallel experiments were carried out for each sample (see
Table 2-3). The first reactor (reactor A) was operated to analyze the sulfidogenic-
biofilm diversity, the second reactor (reactor B) was used to determine the sulfido-
genic activity weekly for one month incubation. The third reactor (reactor C) was used
to visualize the biofilm formation over the metal surfaces. Moreover it was used to
detect the elemental surface-microanalysis of the biofilm over the metal surface.
While the fourth reactor (reactor D) was operated in order to detect the change in the
biofilm structures and constituents over the metal surface. The biofilm samples of
reactor D were examined at the maximum sulfidogenic activity (highest sulfide pro-

duction) as explained in Figure 2—1.
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Table 2-1. Composition of modified Postgate's B (Pg) and modified Postgate's C (Pc) media.

Composition (g/l) Modified Pg Modified P¢
KH,PO, 0.5 0.5
NH,CI 1.0 1.0
Na,SO, 1.0 4.5
CaCl,.6H,0 - 0.06
MgS0,.7H,0 2.0 0.06
Sodium lactate 35 4.42
Yeast extract 1.0 1.0
Ascorbic acid 0.1 -
Sodium thioglycolate 0.1 -
FeSO,.7H,0 0.5 -
Sodium citrate. 2H,0 - 0.3
Salinity (NaCl)* Variable Variable
pH** Variable Variable

"The water salinity was 2.3, 31.9 and 54.9 g/l for Hamra, KSW and Youmna samples respectively.

"The pH was 7.1, 6.2 and 5.7 for Hamra, KSW, and Youmna cultivated sample, respectively.

Table 2—-2. Chemical composition of mild steel coupons C1018.

Chemical composition (%) (remaining: Fe)

Al

Co

Cr

Cu

Mn

0.18 Mo
0.035 Nb
<0.01 Ni
0.02 P
0.02 Pb
0.84 S

<0.01

<0.01

0.01

0.01

<0.01

< 0.005

Si

Sn

Ti

0.02

<0.01

<0.01

<0.01

<0.01

< 0.0001
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Table 2— 3 Cultivation parameters and reactor set up

Hamra-sample KSW-sample Youmna-sample
Salinity 0.23% 3.19% 5.49 %
pH 7.1 6.2 5.7
Temperature 37°C
Time One month experiment
schedule
Reactor A Used to analyze the cultivated sulfidogenic— biofilm diversity (CB)*
In addition to the CB diversity analysis of reactor A sample, diversity was also analyzed
in the original water sample (W)
Reactor B Used to determine the sulfidogenic activity in the bulk phase (weekly sample) and corro-
sion rate (after one month incubation)
Reactor C Used to visualize the sulfidogenic biofilm over the metal surface and to detect the ele-
mental-surface microanalysis of the biofilm over the metal surface
Reactor D Used to detect the change in the biofilm structure and constituents over the metal sur-

face (examined at maximum sulfidogenic activity in the bulk phase)

*CB: cultivated biofilm
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Figure 2-1. Schedule of the sampling, enrichment, cultivation, diversity, activity steps of the
three different water samples (Hamra, KSW, and Youmna) collected from Qarun Petroleum
Company (QPC), Egypt.

2.2.2. Sulfidogenic-bacteria and Archaea diversity

2.2.2.1. DNA extraction from the original water samples and the cultivated
biofilms

For the extraction of genomic DNA from the water samples, one liter of the
original water sample was filtrated using 0.22 um pore size filter paper (Whatman).
The filter papers were cut into small pieces and transferred to a 2 ml phosphate
buffer saline (PBS, pH 7.0) then vortex and centrifuged for 10 min at 11627 g.

The cultivated biofilms (over the coupons) of reactor A were scratched from
the coupons with sterile razor blades and suspended in the culture media,
concentrated by centrifugation, washed two times with PBS (pH 7.0) and again
concentrated by centrifugation. Genomic DNA was extracted from the prepared
pellets diluted in 100 ul PBS using the Fast DNA SPIN kit for soil (Bio101; Carlsbad,
CA, USA) according to the manufacturer’s protocol. The extracted DNA was diluted
to an adequate concentration with sterile water for subsequent PCR reactions to
minimize the formation of heteroduplexe molecules and stored at -20 °C until further
use.
2.2.2.2. Amplification of dsr B-subunit-gene (dsrp)

Primer set DSRp2060F (5" CAA CAT CGT YCA YAC CCA GGG-3") to which
a 40 bp GC-clamp (Muyzer et al., 1993) was added at the 5° end and DSR4R
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(5°GTG TAG CAG TTA CCG CA 3’) was used (White et al., 1985) to get a dsrp-gene
fragment of approximately 350 bp. PCR amplification was carried out in a Primus 96
advanced Thermocycler (Peglab Biotechnology GmbH, Erlangen, Germany). The
reaction mixture (50 ul) contained 1 pl template DNA, 25 ul hot start master mix, 1 pl
from each primer (10 pmol/ul) and 22 pl biodest water (Hot Start Taq Qiagen).
Thermal cycling was carried out by using an initial denaturation step of 95°C for 15
min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1
min, and elongation at 72°C for 1 min. Cycling was completed by a final elongation
step of 72°C for 10 min. Positive control of reference strain Desulfovibrio desulfori-
cans (DSMZ 642) was included in PCR experiments along with negative control (No
DNA added). The PCR products of dsrf3-gene fragments were purified using Qiaquick
PCR purification Kit (QIAGEN GmbH, Hilden, Germany) for denaturing gradient gel
electrophoresis (DGGE).

2.2.2.3. DGGE of dsrf3-gene fragments

Community pattern of the PCR amplicons of the dsrf3-gene from the water
samples (W) and from the cultivated biofilm (CB) were generated using dsrf3 based
DGGE. DGGE was performed according to the manufacturer instruction of Bio-rad
DCode system (Bio-Rad Laboratories, Hercules, CA, USA). The PCR products were
loaded into 8 % (w/v) polyacrylamide gels in 1x Tris-Acetate-EDTA buffer (TAE). The
polyacrylamide gel was made with a denaturing gradient ranging from 35 to 75 %
(100 % denaturant contains 7 M urea and 40 % Formamide). Electrophoresis was
performed in 1x TAE buffer at 100 V and at 60°C for 17 h. The gel was stained for 30
min in 1x TAE buffer containing SYBR Gold (1:1000; Molecular Probes, Eugene, OR,
USA). DGGE bands of interest were excised, reamplified using the corresponding
primers pairs, purified using Qiaquick PCR purification Kit (QIAGEN GmbH, Hilden,
Germany) and sequenced.
2.2.2.4. Amplification of Archaea from the original water samples

For the analysis of Archaea in the original water samples, the amplification
was performed using primers Arch 344F (5’ ACG GGG YGC AGC AGG CGC GA 3)
and Arch 915 R (5°GTG CTC CCC CGC CAA TTC CT 3") with an expected fragment
of 590 bp. Each PCR mixture (50 ul) contained 1 ul template DNA, 25 pl hot start
master mix, 1 pl from each primer (10 pmol/ul) and 22 pl biodest water (Hot Start
Taq, Qiagen). Thermal cycling was carried out by using an initial denaturation step of

95°C for 15 min, followed by 35 cycles of denaturation at 95°C for 45 sec, annealing
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at 65°C for 45 sec, and elongation at 72°C for 1 min. Cycling was completed by
a final elongation step of 72°C for 10 min.
2.2.2.,5. Cloning of Archaea

The eluted Archaea PCR products (590 bp) was ligated into the PCR -®4-
TOPO ® plasmid vector and transformed into competent E. coli TOP 10 cells using
TOPO-TA cloning kit according to the manufacturer’s instructions (Invitrogen, CA,
USA). Fifty colonies were randomly selected from the LB plates with ampicillin
(50ul/ml) and DNA inserts were amplified with M13 forward and M13 reverse
primers. Thermal cycling was carried out by using an initial denaturation step of 95°C
for 15 min, followed by 35 cycles of denaturation at 95°C for 20 sec, annealing at
52.5°C for 45 sec, and elongation at 72°C for 1 min. Cycling was completed by a final
elongation step of 72°C for 10 min. The PCR amplicons from the individual clones
were subjected to restriction enzyme Hin Pll (Hin61) and Haelll (BsuR1) (Fermentas)
digestion. Clones containing inserts that produced identical restriction patterns were
grouped and then one of the different groups were purified and sequenced
commercially by Eurofins (MWG GmbH, Germany).
2.2.2.6. Phylogenetic analysis

The sequences from the DGGE bands and the Archaea clones were analyzed
using the BLAST (Page, 1996) and FASTA programs (Lipman and Pearson, 1985) of
the National Center for Biotechnology Information (NCBI) in order to get phylogenetic
relationships. The dsr3 sequences were translated into amino acids sequences using
ExXPASy-Translate tool. Sequence alignments of dsrf and 16S rRNA Archaea clones
sequences were performed by using the CLUSTAL X program (v.1.83). Matrices of
evolutionary distance were constructed by the neighbor-joining method (Page, 1996)
and the phylogenetic trees were visualized with Tree View software (Saitou and Nei,
1987). Bootstrap resembling analysis of 1.000 replicates was performed to estimate
the confidence of tree topology. The sequence for dsrf3 (accession no. HQ271209—-
HQ271254) and 16S rRNA Archaea sequences (accession no. HQ271186—
HQ271194) have been deposited in GenBank.

2.2.3. Sulfidogenic activity

Fifty ml was taken weekly during 4 weeks cultivation from reactor B bulk phase
and used to analyze dissolved sulfide according to the German Standard Methods
(DEV, 1993). Afterward the biofilm was removed from the coupon by immersing each
coupon in Clarke solution (1 L 36 % HCI, 20 g Sb,03 and 50 g SnCl,) for 10-15 sec,
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washed with deionized water, ethanol and then dried in the desiccator. Subsequently
the dried coupons were weighed and the weight loss was determined by comparison
with the weight of the coupons after and before cultivation. The corrosion rate (g/m?d)
was calculated from weight loss results (Quraishi et al., 2002).

The metal surface in this study was examined using scanning electron
microscopy (SEM) model Leica/Cambridge Stereo scan 360 at magnification ranging
from 50x to 10.000x and operated at an acceleration voltage of 20 V. After cultivation,
the mild steel coupons with the attached biofilms were removed from the reactor C,
fixed with 3 % glutaraldehyde PBS, pH 7.3-7.4 for 4 h, washed two times with PBS
(5 min each), rinsed with distilled water for another two times (5 min each) and then
dehydrated using an ethanol gradient (50, 75, 95 and 99 %) for 10 min before being
finally stored in the desiccator. Energy-dispersive X-ray spectroscopy (EDX) was
used to analyze the chemical composition of corrosion products and biological
deposits on metal surface.

Confocal laser scanning microscopy (CLSM) was used to characterize
bacterial cells and EPS distribution within sulfidogenic biofilm. At maximum sulfide
production the mild steel coupons with the attached biofilms were removed from the
reactor D and immersed first in 0.85 % NaCl to remove the bulk phase planktonic
cells. For the detection of bacterial cells the nucleic acid stain SYTOG60 (Invitrogen,
Eugene, USA) was used according to the protocol described by Neu (Neu, 1996).
Aleuria aurantia lectin (LINARIS Biologische Produkte GmbH, Wertheim-Bettingen,
Germany) labeled with AlexaFluor 488 (Invitrogen/Molecular Probes, Eugene, USA)
was applied to stain EPS glycoconjugates (as a component of EPS). Proteins were
stained with SYPRO Orange (Invitrogen /Molecular Probes, Eugene, USA) according
protocol described by Lawrence et al., (2003). A Zeiss LSM510 META (Carl Zeiss
Micro-lImaging GmbH, Jena, Germany) was used to create image stacks, adjusted by
the AIM software (v. 3.2, Carl Zeiss Micro Imaging GmbH, Jena, Germany). For
excitation two wavelengths were used: 488 and 633 nm that is related to the stain
used. A 63x 0.95 numerical aperture (NA) water immersion lens was applied for in
situ observation of the biofilms over the coupons. For each sample, five microscopic
fields were selected randomly and scanned for nucleic acids, EPS glycoconjugates
and proteins. The pinhole was adjusted for all channels with an identical value to
a stack slice thicknesses of 0.79 um (North, 2006). For Image analysis, the software

Imaged (v.1.39i, http://rsb.info.nih.gov/ij/index.html) was used. Image analysis and
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calculation details are documented by Wagner et al., (2009). The coverage (C) of
each single image of the image stack was quantified by the ImageJ software. The

average coverage (C....) was calculated for each image stack from the first slice

(n=1) where average coverage equal 0.1 % to the last slice (n=nnax) Where average

coverage equal 0.1 % according to the following equation (Wagner et al., 2009),

1 N=Nmax
Cotack= — Z C With n =number of slice (1)
Nmax p—]

Then the mean average coverage values of the five scanned microscopic
fields on the same coupon were calculated and used to evaluate the change in the
nucleic acids, EPS glycoconjugates and proteins distribution in different biofilms.

2.3. Results and Discussion
2.3.1. Chemical characteristics of the water samples

The water samples were yellowish-black in color. The chemical analysis of the
water samples showed significant differences in their chemical properties (Table 2—
4). The lowest salinity Hamra water sample was distinguished by neutral pH (7.1)
with low Calcium, Magnesium, Sulfate concentration in comparison with the KSW
and the Youmna water samples. While the high salinity KSW-water sample was
discriminated by mild acidic pH (6.3) with high Magnesium, Sulfate, Bicarbonate and
very low Iron content in comparison with the Hamra and the Youmna water samples.
Moreover, the highest salinity Youmna water sample was characterized by acidic pH

(5.8) and the highest Calcium and Iron concentration.
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Table 2—4 Original water samples analysis of different parameters

Data Unit Hamra KSW  Youmna
Calcium mg/l 131 950 3600
Magnesium mg/l 21 1950 1120
Sulfate mg/l 850 1520 1300
Bicarbonate mg/l 435 440 140
Iron mg/l 1.69 0.51 20.0
pH 7.1 6.3 5.8
Salinity (NaCl) mg/l 230 3190 5490
Water well temperature °C 78 93 80
Water tank temperature °C 37 37 37

2.3.2. Phylogenetic analysis of sulfidogenic anaerobic microbial community

The impact of sulfidogenic-biofilm activities in QPC water tanks with different
salinity contents is not well understood in spite of the serious problems caused by
these microorganisms over the metal surface. Changing in the chemical analysis of
the water samples (Table 2—4) can predict different microbial diversities and different
corrosion activities.

Detection of sulfidogenic activities in most petroleum companies relies on the
inoculation of standard medium with samples (water, oil). Then after incubation
period, the appearance of a black precipitation (Ferrous sulfide) was used as
a marker for sulfate reduction and as an indicator for the activity of sulfidogenic
bacteria in culture media. However cultivation conditions such as using lactate as a
carbon source, specific nutrients contents according to Postgate (1984) and specific
cultivation temperature (37°C) cannot reflect in situ field conditions (well and tank
temperature). Additionally, the change of these conditions might cause a shift in the
original sulfidogenic microbial diversity in the water samples. In this respect, the
knowledge of microbial diversity in the cultivated biofilms and in the original water
samples is helpful to understand the microbial diversity inducing metal corrosion in
different salinity environments. Dsrf3 (as a taxonomic marker) based DGGE was used
to rapidly assess the community composition of sulfate reducers (Klein et al., 2001).
The DGGE profile (Figure 2—2) demonstrated the change in the sulfidogenic diversity

of the original water samples (W) with different salinities and their related cultivated
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biofiims (CB). The DGGE pattern of the Hamra sample was represented in six
DGGE-bands from W and seven from CB. While the KSW sample was displayed in
seven DGGE-bands from W and ten from CB. Moreover, the Youmna sample results
showed a reduction in microbial diversity from nine bands in W to one band in CB.
The change in the DGGE pattern in W and CB might be attributed to the selective
cultivation conditions which did not reflect the in situ water properties such as organ-
ic, inorganic contents and cultivation temperature (Gasol et al., 2004, Voordouw et
al., 1992). Additionally, it has been reported that bacteria that compose < 9 % of
complex microbial communities may not be detected by DGGE (Straub and Buch-
holz-Cleven, 1998).

The phylogenetic sequence analysis of the excised DGGE bands of the
Hamra sample (Figure 2—3a) showed that, most of sequences affiliated to the phylum
Proteobacteria, order Desulfovibrionales. These sequences were represented by two
genera Desulfovibrio and Desulfomicrobium. The presence of Desulfomicrobium
thermophilum in the original water sample sequences can be attributed to the high
temperature (78°C) of Hamra-water well. It has been reported that Desulfomicrobium
thermophilum grow optimally at 55°C (Thevenieau et al., 2007). Further Hamra
sequences were identified as genus Desulfotomaculum and Desulfosporosinus (phy-
lum Firmicutes). The taxonomic affiliation of the genera Desulfotomaculum and
Desulfosporosinus, (phylum Firmicutes) within the phylum Proteobacteria can be ex-
plained by the presence of nonorthologous dsr-genes in these species obtained by
lateral gene transfer from species belonging to the phylum Proteobacteria (Geets et
al., 2006, Klein et al., 2001).

The phylogenetic sequence analysis of the KSW sample (Figure 2-3b)
showed that most of the analyzed DGGE band sequences were also belonging to the
phylum Proteobacteria of the order Desulfovibrionales. These sequences were
represented by three genera, Desulfovibrio, Desulfomicrobium and Desulfonauticus.
Desulfonauticus submarinus was detected in the cultivated biofilm sample and this
species was detected growing with optimum salinity of (2-5 % NaCl) (Mayilraj et al.,
2009) similar to the salinity of KSW sample. Desulfotomaculum acetoxidans affiliated
within the phylum Firmicutes was detected in this sample (as in the Hamra sample).

Phylogenetic analysis of the Youmna DGGE band sequences (Figure 2—3c)
demonstrated a high similarity to the Hamra and KSW samples. Most of the DGGE
band sequences were related to the phylum Proteobacteria within the order
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Desulfovibrionales. These sequences were represented by two genera Desulfovibrio
and Desulfohalobium. The Desulfohalobium retbaense was detected in the DGGE
band sequences and the same species was isolated from Hypersaline Lake in
Senegal and growing with the high salinity as in the Youmna sample (Ollivier et al.,
1991). The other band sequences were attributed as uncultured bacteria. Desulfovib-
rio oxyclinae was present in both the water sample and the cultivated biofilm. It is
also known this species can grow in salinity up to 10 % NaCl (Krekeler et al., 1997)
similar to the salinity of Youmna sample.

Desulfovibrio spp. was the most dominant sequence in the analyzed DGGE
sequence-bands of all original water samples and their cultivated biofilms. These re-
sults emphasized the important role of the genus Desulfovibrio in the microbial
corrosion as reported in the previous studies (Chan et al., 2002, Dinh et al., 2004). Its
important role is due to H,S production which changes the medium pH and leads to
precipitation of ferrous sulfide on the metal surface and hence leads to severe
metal corrosion (Neria-Gonzalez et al., 2006).

The phylogenetic analysis of the DGGE band sequences showed that
multiple-bands for one related species sequence, KSW (W1), KSW (W2), Hamra
(CB3), Hamra (CB5) were related to genus Desulfovibrio. Multiple bands might be the
result of degeneracy of the DSRp2060F primer resulting in two or more copies of the
same dsr3-gene with minor variation followed by heteroduplexes formation (Geets et
al., 2006).

In the present study, dsr3-gene as a functional marker was effectively applied
to investigate the changes of the sulfidogenic microbial communities in the water
samples with different salinities and their related cultivated biofilms. With this
approach it is possible to differentiate between genus and species. Therefore is
considered the best studied example of such functional and taxonomic marker as
reported in the previous studies (Dhillon et al., 2003).

No sulfidogenic Archaea species were detected with the dsrf3-gene based
DGGE. In order to assess if there is Archaea species present in the original water
samples with corrosion activity, the 16S rRNA cloning approach was used. Only
Hamra water sample produced a positive PCR result with Archaea specific primers.
The occurrence of Archaea species was associated with the lower sulfate content
and the lower salinity in the Hamra-original water sample in comparison to the KSW

and Youmna water samples (see Table 2—4). It has been reported that the presence
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of SRB in high sulfate environment (as in marine system) leads to the production of
corrosive hydrogen sulfide (Jgrgensen, 1993). The corrosive toxic hydrogen sulfide
inhibits the growth of methane producing Archaea (Karkhoff-Schweizer et al., 1995).
In contrast, the methanogenesis is the dominant process in the fresh water systems
with low sulfate level (Lovely and Phillips, 1987) as determined in the Hamra water
sample. All clone inserts within the clone libraries of the Hamra sample (Figure 2—4)
associated within the phylum Euryarchaota represented by different methanogenic
species. This result was expected due to the optimal growth conditions for these
species with the Hamra water sample as explained above. The most of the clone
sequences were belonged to the order Methanobacteriales. One clone sequence
was classified within the order Methanomicriales and one clone sequence was
affiliated with the order Thermococcales. Members of the orders Methanobacteriales
and Methanomicriales were known to be associated with petroleum pipeline
corrosion (Zhu et al., 2003). Additionally, the detected species Methanoplanus limico-
la (order Methanobacteriales) in the Hamra water sample was reported to be an
anaerobic hydrogen consuming microorganism. The same species was isolated from
Japanese oil/gas facilities (Mori et al., 2010). It is well known that the detected
methanogenic Archaea have the capability to accelerate corrosion process by a ca-
thodic depolarization. Therefore the presences of the methanogenic Archaea in
addition to the sulfidogenic bacteria within the Hamra water sample help us to better

understand the microbial corrosion process.
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L Hamra KSW vyoymna

cB W

Figure 2—-2. DGGE analysis of dsrf3-gene fragments amplified with GC-DSRp2060F/DSR4R
(fragment length 350 bp) from three sulfidogenic microbial communities with different salinity
contents (NaCl), Hamra (0.23 %), KSW (3.19 %) and Youmna (5.49 %). DGGE denaturing
gradient was 35 to 75%. Numbers represent excised bands, (L) DNA ladder, (CB) cultivated

biofilm and (W) original water sample.
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Figure 2-3. Neighbor-joining phylogenetic tree of partial the dsrf3 protein sequence (350 bp)
from DGGE bands. Original water sample (W) and related cultivated bacteria (CB). (a) Hamra,
(b) KSW and (c) Youmna samples. Bootstrap values (1000 replicates). Gene bank accession
numbers of DGGE band sequences and closely related bacteria are shown in parentheses,

scale bar represents 10 % estimated sequence divergence.
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Figure 2—4. Neighbor-joining phylogenetic tree based on 16S rRNA gene (590 bp) partial
sequence of Archaea clone library detected in the Hamra original water sample. Bootstrap
values (1000 replicates). Gene bank accession numbers of the Hamra Archaea clones and
related Archaea are shown in parentheses, scale bar represents 10 % estimated sequence

divergence.

2.3.3. The sulfidogenic biofilm activity

Sulfide concentration was measured in all reactors as a metabolic end product
of sulfidogenic process (Figure 1-4). All sulfidogenic biofilms attached to the metal
surface (coupon) were able to produce sulfide in the bulk phase as an indication of
very active bacterial consortia over the metal surface. Sulfide concentrations in all
reactors were increased from the beginning followed by a decline after two weeks
cultivation (Figure 2-5). These observations indicated that the produced sulfide
inhibited further sulfate reduction activity as was also reported by Utgikar and
co-workers (Utgikar et al., 2002). The Hamra-sulfidogenic biofilm showed the highest
sulfide production in comparison to the KSW and the Youmna-sulfidogenic biofilms.
This result was attributed to strong bacterial consortia over metal surface that were
represented by seven DGGE band sequences (see Figure 2-2). In addition Hamra-

sulfidogenic activity-result can predict microbially-influenced corrosion (MIC) effect
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over the metal surface. However Youmna-sulfidogenic biofilm was the lowest micro-
bial diversity, it is showing high sulfide production in comparison to KSW-sulfidogenic

biofilm with high diversity composition.

800
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Sulfide concentration (mg/l)

Time (week)

——Hamra -m-KSW -4-Youmna

Figure 2-5. Sulfide concentrations (mg/l) in the bulk phase of the three reactors (Hamra,

KSW, and Youmna) during cultivation.

At the end of one month cultivation, the weight loss of the coupon was meas-
ured and metal corrosion rate was calculated (Table 2-5). The results
demonstrated a positive correlation between the metal corrosion rate and the salinity
of the cultivated biofilms in the KSW and Youmna-sulfidogenic biofilms. The KSW
and the Youmna-sulfidogenic biofilms with high medium salinities showed higher
metal corrosion rate than in the Hamra-sulfidogenic biofilm with a low medium salini-
ty. This result can be attributed more to the different medium salinity than the sulfido-
genic biofilm activity. In contrast, the Hamra-sulfidogenic biofilm metal corrosion rate
was related more to the sulfidogenic activity than the medium salinity (see Figure 2—
5) in comparison to Youmna and KSW-sulfidogenic biofilms.

The metal corrosion rate of the cultivated sulfidogenic-bacteria (at different
medium salinities) was attributed to three main factors. (1) Medium salinity (NaCl %)
that is considered as one of an important factors increasing the metal corrosion rate
especially in KSW and Youmna samples in comparison to Hamra sample.

Chloride anion increases the solubility of the corrosion products and rises significant-
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ly the conductivity of the electrolyte layer over the metal surface. Thus it destroys the
passive film existing on the metal surface and produce pits and crevices corrosion
(Giudice and Amo, 1996, Skolink et al., 2000) (More details were provided in chapter
3). (2) Corrosiveness of hydrogen sulfide (H.S) which produced from the cultivated
sulfidogenic-bacteria (Figure 2-5). Sulfide can accelerate corrosion of metals by be-
ing source of bound protons and by precipitation of Fe** as FeS (Lee et al., 1995)
(Figure 1-4). It has also been proposed that the iron sulfide layers that forms over the
metal surface plays an important role in the initiation of pitting corrosion (Rickard,
1969). King et al., (1973) demonstrated that weight loss of the metal was proportional
to the concentration of sulfide (More details were provided in chapter 3).
(3) The cultivated sulfidogenic-bacteria facilitate corrosion process by attaching
themselves to the metal surface, trapping corrosive metabolites products such as
sulfide in close to the metals surfaces and thus initialized localized corrosion (Geesey
et al., 2006, Jones and Amy, 2002). It has been hypothesized that EPS have the abil-
ity to entrap metal ions by binding carboxylic groups of the exopolysaccharides and
phosphate groups of the nucleic acids to the metal ions. Hence, it increased the
overall metal-binding capacity of EPS (Beech and Gaylarde, 1999). This binding
would influence the electrochemical behavior of a metal through formation of metal
corrosion cells and galvanic coupling (Braissant et al., 2007). The detection of biofilm,

sulfide and sodium chloride will be confirmed later from SEM and EDX analysis.

Table 2—5 Corrosion rate for each sulfidogenic coupons attached in the reactors.

Sample Hamra KSW Youmna

Corrosion rate (g/m- d) 0.73 0.92 3.29

To visualize the biofilm formation over the metal surfaces, SEM was used. Re-
sults clearly confirmed that the sulfidogenic biofilms colonized the metal surface (Fig-
ure 2—6a). SEM combined with EDX detects the elemental surface-microanalysis of
the biofilm over the metal surface. EDX analysis (Figure 2—6b) revealed that sulfide
as a sulfidogenic metabolic end product was present in all samples over the metal
surface. Sulfide ions can be bound with ferrous forming ferrous sulfide deposited on
the metal surfaces as FeS or Fe(OH), and initiated the pitting corrosion. Sulfide itself
showed anodic properties substance that play important role in metal dissolution
(Hamilton, 1985). Sodium and chloride can also be identified in the biofilm matrices
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over the metal surface. The presence of chloride anion beneath the biofilm matrix is
likely due to the medium salinity. It can be obviously recognized in the Youmna and
the KSW sample in comparison to the Hamra and the control sample. The EDX re-
sults confirmed the corrosion rate data, the role of metabolic products of sulfidogenic
biofilms and harmful chloride anion for inducing severs corrosion on the metal sur-

face.

Control Hamra KSW Youmna
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Figure 2-6. SEM image of sulfidogenic biofiims on the mild steel coupons, the Hamra-
sulfidogenic biofilm (a) and EDX spectra (b). Control coupons=coupons without bacteria, Ham-
ra= coupons with Hamra-sulfidogenic biofilm at salinity of 0.23 %, KSW=coupons with the
KSW-sulfidogenic biofilm at salinity of 3.19 % and Youmna=coupons with the Youmna-
sulfidogenic bacteria at salinity of 5.49 %. Scale bar = 3 um.

2.3.4. Biofilm structure

Fully hydrated biofilms (Hamra, KSW, and Youmna) were investigated with
CLSM and staining protocol to determine their structure concerning the distribution of
the EPS and the microbial population over the coupons (Figure 2—7 and Figure 2-8).
Results represented in Figure 2—7 showed the distribution of nucleic acids/EPS gly-
coconjugates (slice coverage %) across the biofilm thickness (um) of the cultivated
biofilms (Hamra, KSW and Youmna) which cultivated at different medium salinities

and showed different diversities Figure 2—2 and activities Figure 2-5 and Table 2-5.
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Most of the biomass of the sulfidogenic biofilms is mainly located in the upper regions
of the biofilm, near to the bulk phase. The Hamra and KSW-sulfidogenic biofilms
showed thicker and developed biofilms in comparison to Youmna-sulfidogenic-
biofilm. This result can be attributed to the diversity of the cultivated biofilm matrix.
The distribution of nucleic acids, EPS glycoconjugates and proteins for five
microscopic fields on the same coupons were detected. The results (Figure 2-8) re-
vealed that the heterogeneity of the biofilms and the bacterial density over the metal
surface can also be correlated to high EPS-compounds with metal surface interac-
tions (Gu et al., 2000). The Hamra-sulfidogenic biofilm which was cultivated with low
salinity medium (0.23 % NacCl), seven DGGE band sequences and highest sulfide
production showed similar average coverage of the bacterial population and EPS
compounds over the metal surface. While the cultivated KSW-sulfidogenic biofilm
with a medium salinity (3.19 % NaCl), ten DGGE band sequences and lowest sulfide
production demonstrated most excessive biofilm development over the metal surface.
KSW-sulfidogenic biofilm tend to produce EPS glycoconjugates rather than protein.
The cultivated Youmna-sulfidogenic biofilm with the highest salinity (5.49 % NacCl)
and only one DGGE band sequence showed the lowest biofilm development over the
metal surface. The Youmna-sulfidogenic biofilm showed also the tendency to pro-
duce EPS glycoconjugates rather than protein as in the KSW-sulfidogenic biofilm.
This can be explained by the sensitivity of the proteins to salinity that leads to dena-
turation of the proteins. The salt ions bind to ionic "R" groups of the protein and then
disrupt the ionic salt bridges which stabilize the tertiary and quaternary protein struc-

ture.
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Figure 2—7 Distribution of nucleic acids/EPS glycoconjugates (represented as slice coverage
%) across the biofilm thickness (um) of three different biofilms. The left graphs showing (a)
Hamra-sulfidogenic biofilm, (b) KSW-sulfidogenic biofilm and (c) Youmna-sulfidogenic bio-
film. Zero marks the position of the substratum (coupon surface). The right graphs showing
the corresponding 3D reconstruction of the CLSM stacks of the cultivated biofilms. Green
color indicates EPS glycoconjugates, red color indicates Nucleic acids, and blue color indi-

cates proteins.
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Figure 2-8. Distribution of nucleic acids, EPS glycoconjugates and proteins of the three
different biofilms inoculated with the enriched sulfidogenic bacteria from Hamra, KSW and
Youmna samples. The figures showed the average coverage of five randomly selected areas
of the cultivated biofilms with corresponding standard deviation.
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Summary

Chapter 2 showed a comparison between three water samples with different
salinities on the basis of diversity and microbial/metal corrosion activity. Diversity was
examined in the original water samples (w) as well as after enrichment and biofilms
cultivation (CB).

The dsr (as a functional and taxonomic marker) gene-based DGGE ap-
proach. Microbial activity was detected on the basis of sulfide production, changes in
the biofilm structure and constituents, and metal corrosion rate. The dsrf3 gene-based
DGGE approach was successfully used to assess the sulfidogenic diversities. Hamra
sample, which was characterized by a low salinity (0.23 % NacCl), was represented in
six DGGE-bands from original water samples (W) and seven from cultivated biofilm
(CB). While, KSW sample, which had a salinity of 3.19 % NaCl was displayed in sev-
en DGGE-bands from W and ten from CB. In addition, Youmna sample, which had a
high salinity of 5.49 % NaCl, showed a reduction in microbial diversity from nine
bands in W to one band in CB. No sulfidogenic-Archaea were detected in the DGGE-
bands. In order to assess if there is Archaea species present in the original water
samples with corrosion activity, the 16S rRNA cloning approach was used. Methano-
genic-Archaea were only detected in water having a low salinity and sulfate concen-
tration (Hamra).

Hamra-sulfidogenic biofilm showed the highest sulfide production in the bulk
phase. In addition, it was marked by a compact and well developed biofilm structure
with similar average coverage of the bacterial population and EPS compounds over
the metal surface. Therefore, the metal corrosion activity of the cultivated biofilm was
correlated to the sulfidogenic microbial activity on the metal surface. In comparison,
KSW-sulfidogenic biofilm (the highest cultivated biofilm diversity) showed the lowest
sulfide production in the bulk phase. KSW-sulfidogenic bacteria tend to produce
thicker biofilms which mainly due to the highest microbial diversity. As a result of low
sulfidogenic activity and thicker biofilm, the metal corrosion rate was related in this
case more to the medium salinity than to the microbial activity. The thicker biofilm
protected the metal surface from the cultivated medium salinity. Moreover, Youmna-
sulfidogenic biofilm (the lowest cultivated biofilm diversity) produced more sulfide
than KSW-sulfidogenic biofilm. A thinner biofilm developed on the metal surface and
metal corrosion was related to the cultivated medium salinity in addition to microbial

activity.
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CHAPTER 3

Inhibiting mild steel corrosion from sulfidogenic biofilms using
synthesized surfactants

3.1. Objectives

In this chapter, a cationic monomeric surfactant (CMS-I) and two cationic
gemini surfactants (CGS-II, CGS-IIl) were synthesized and characterized. The activi-
ty and effectiveness of the synthesized surfactants (corrosion inhibitors and biocides)
was studied concerning protect the metal surface from medium salinity and activity of
sulfidogenic bacteria originated from Qarun Petroleum Company (QPC) water tanks
(Hamra, KSW, and Youmna). Comparison of the inhibitory effect of CMS-I and CGS-
Il was done on the basis of protecting the metal surface from medium salinity (3.19 %
NaCl) and activity of the KSW-sulfidogenic bacteria. CGS-Il was also applied to inhib-
it the Hamra-sulfidogenic bacteria grown at low salinity habitat (0.23 % NacCl). In or-
der to protect the metal surface from high salinity (5.49 % NaCl) and activity of
Youmna-sulfidogenic bacteria CGS-Ill was used. The activity of all surfactants was
discussed in terms of sulfide production, redox potential, cultivated biofilm constituent

and metal corrosion rate (see Figure 3-1).

To protect the metal surface from the To protect the metal surface from the
salinity-induced corrosion sulfidogenic bacteria-induced corrosion
Applying surfactants as Applying surfactants as
corrosion inhibitors biocides
Cultivation
Reactor A (Sulfidogenic activity) Reactor B (Biofilm structure and Reactor C (Biofilm and metal surface with
l' constituent) and without surfactants)
Sulfide production (bulk phase) CLSM analysis (metal surface) SEM analysis (metal surface)
Measured every 5 days for one month Nucleic acids , Proteins Biofilms, Metal surface after removing the
EPS gylcoconjugates biofilms and Metal surface after applying
Redox potential (bulk phase) Measured at the maximum sulfidogenic activity optimum surfactants concentration
Measured every 5 days for one month Measured after one month

MPN (bulk phase)
Measured after 5 days only to detect MIC

Metal corrosion rate (metal surface) and the
metal corrosion ihibition effeciency
calculated after one month

Figure 3-1 Schematic diagram showing the reactor setup and studied experiments.
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3.2.  Materials and Methods
3.2.1. Synthesis of the surfactants
All surfactants were synthesized and provided by M.A. Hegazy (Egyptian

Petroleum Research institute, Cairo, Egypt).

3.2.1.1. Synthesis of a cationic monomeric surfactant (CMS-I)

The CMS-I in this study was synthesized by two steps. The first step
involves the preparation of the surfactant molecule by quaternization reaction
between 1 mol of N, N-dimethylpropan-2-amine and 1 mol of 1-bromododecane
(Hegazy et al., 2011). The reactants were allowed to reflux in ethanol for 12 h at
70°C. Then the reaction mixture was cooled to room temperature. In the second step,
1 mol of the reactant was allowed to react with 1 mol of potassium hydroxide. After-
ward, it was refluxed in ethanol for 2 h at 70°C. The reaction mixture was left to cool
for 1 h, then filtrated and concentrated by ethanol evaporation. At the end, the ob-
tained white precipitate was then recrystallized twice from ethanol. The synthesis

steps and chemical structure of the synthesized surfactant are shown in Figure 3-2.

3.2.1.2. Synthesis of two cationic gemini surfactants (CGS-Il, CGS-IIl)

The both cationic gemini surfactants in this study were synthesized by three
steps. The first step was quaternization reaction between 1 mol of
2-(dimethylamino) ethanol and 1 mol of 1-bromododecane in ethanol for 12 h at
70°C. The mixture was left to cool and precipitate. Then the obtained white precipi-
tate was purified by diethyl ether and afterward recrystallized by ethanol. The second
step was esterification reaction between 2 mol of N-(2-hydroxyethyl)-N,N-dimethyl-
dodecan-1-aminium bromide and 1 mol of phthalic acid or phosphoric acid (in the
presence of toluene as solvent and p-toluene sulfonic acid as dehydrating agent) for
CGS-ll and CGS-IIl, respectively The reaction was completed after the water was
removed from the reaction system and it was concentrated up to 2 mol. Afterward,
the reaction mixture was distilled under vacuum to completely remove the solvent.
The third step, 1 mol of the resulted products was allowed to react with 2 mol of po-
tassium hydroxide. Then reflux in ethanol for 2 h at 70°C. The reaction mixture was
left to cool for 1 h and then filtrated and concentrated by ethanol evaporation. At the
end the obtained pale brown precipitate was recrystallized twice from ethanol (Figure
3-2).
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The chemical structure of all synthesized surfactants was confirmed by fourier
transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy
(Bruker, Vortex 70 and Bruker, 400 MHZ NMR spectrometer, Avance DRX 400 for
FTIR and NMR, respectively). The CGS-Ill was more confirmed by *P NMR using
Jeol ECA 500 NMR spectrometer at 500 MHZ.

3.2.2. Surface tension and conductivity analysis

The surface tension of the synthesized surfactants was analyzed at different
concentrations using a Du Nouy Tensiometer (Kruss Type 6). The measurements
were done in distilled water (with surface tension 72 mN /m) at 25°C. For the

conductivity analysis conduktometer (LF 191 WTW) was used.
3.2.3. Application of the synthesized surfactants as inhibitors

3.2.3.1. Sulfidogenic consortia
As it has been mentioned in the chapter 2, the sulfidogenic bacteria (Hamra,
KSW, and Youmna) were originated from QPC, water tanks, Egypt.

3.2.3.2. Reactor setup, cultivation conditions and evaluation of the
sulfidogenic activity

In order to investigate the effect of different synthesized surfactants on
the sulfidogenic community, batch reactor experiment was carried out using modified
Postgate’s-C medium see Table 2—1. A mild steel coupon with a chemical composi-
tion reported in Table 2—-2 (CS1018 3"x 12"x 1116” strip, Cormon LTD) was used as
the main iron source for cultivated bacteria. Parallel reactor set ups were used for all
experiments. Inhibition experiments were evaluated using different concentrations of
the synthesized surfactants. In addition two control approaches were carried out (i)
blank (medium without bacteria) and (ii) control (cultivated sulfidogenic bacteria with-
out surfactant).

Three batch reactors (150 ml working volume) were inoculated with 3 ml en-
riched sulfidogenic bacteria (see Figure 3-1 and Table 3-1). The first reactor
(reactor A) was operated in order to determine the sulfidogenic activity in the reactor
bulk phase. A separate reactor (reactor B) was implemented to evaluate the biofilm
constituents using confocal laser scanning microscopy (CLSM) and staining
procedure. Moreover, an additional reactor (reactor C) was operated for one month to

examine the biofilm, the metal surface (after removing the biofilm) and the metal sur-
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face inoculated with the enriched sulfidogenic bacteria and the optimum biocide con-
centration using scanning electron microscopy (SEM).

Samples from the bulk phase of reactor A were taken every five days for one
month cultivation time to detect the sulfidogenic activity by measuring sulfide
concentration according to the German Standard Methods (DEV, 1993) and redox
potential using SenTix ORP electrode, WTW. The minimum inhibitory concentration
(MIC) of the synthesized surfactants against the sulfidogenic-bacteria was detected.
MIC is defined as the lowest concentration of antimicrobial agent that inhibits the de-
velopment of visible microorganism growth (Singare and Mhatre, 2012). Samples
were taken from the reactors (reactor A) bulk phase after 5 days cultivation and test-
ed for viable bacterial counts using most probable number (MPN) method (Anony-
mous, 1998). At the end of one month incubation, the coupons were taken from reac-
tors A and immersed in Clarke solution (1 L 36 % HCI, 20 g Sb,0O3 and 50 g SnCl,)
for 10-15 sec, washed with deionized water, ethanol and finally dried in the desicca-
tor. Afterward, the dried coupons were weighed and the weight loss was determined
by comparison the weight of the coupons after and before the inhibition experiments.
Metal corrosion rate (g/m?d) (Quraishi et al., 2002) and inhibitory efficiency (Khaled
and Amin, 2009) were calculated from the weight loss results.

CLSM with staining protocol was used to detect the change in bacterial cells
and EPS distribution within the sulfidogenic-biofilm matrix in the presence and
absence of the synthesized surfactants. At the highest sulfide value in the bulk
phase, the mild steel coupons with the attached biofilms were removed from the
reactor B and immersed first in 0.85 % NaCl to remove the planktonic cells. For the
detection/quantification of bacteria, the nucleic acid stain SYTO9 (Invitrogen,
Eugene, USA) was used according to the protocol described by Neu (1996). Aleuria
aurantia lectin (AAL, LINARIS Biologische Produkte GmbH, Wertheim-Bettingen,
Germany) labeled with AlexaFluor 633 (Invitrogen /Molecular Probes, Eugene, USA)
was applied to stain EPS glycoconjugates. Proteins were stained with SYPRO
Orange (Invitrogen /Molecular Probes, Eugene, USA) according to the protocol
described by Lawrence et al., (2003). The method and calculation were described in
details in chapter 2.

The biofilms, metal surfaces (after removing the biofilms) and the metal
surfaces with the optimum biocide concentration (reactor C) in this study were

examined using SEM model Leica/Cambridge Stereo scan 360 at magnification rang-
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ing from 50x to 10.000x and operated at an acceleration voltage of 20 V. After one
month incubation time, the coupons were removed from reactor C, fixed with 3 %
glutaraldehyde PBS, pH 7.3—-7.4 for 4 h, washed two times with PBS (5 min each),
rinsed with distilled water for more two times (5 min each) and then dehydrated using
an ethanol gradient (50, 75, 95 and 99 %) for 10 min before being finally stored in the
desiccator.
3.2.4. Antibacterial activity of the synthesized surfactants

The biocidal activity of the synthesized surfactants was tested against different
bacterial strains (DSMZ: Deutsche Sammlung von Mikroorganismen und Zellkul-
turen) as follows: Gram-positive bacteria (Staphylococcus aureus DSM 3463) and
Gram-negative bacteria (Pseudomonas aeruginosa DSM 50071, Escherichia coli
DSM 30083). The antibacterial activity of the synthesized surfactants was determined
by a modified agar well diffusion method (Perez et al., 1990). In this method, nutrient
agar plates were seeded with the tested microorganism by streaking over the agar
plates. A sterile 10 mm borer was used to cut three wells of equidistance in each of
plates; 0.2 ml of synthesized surfactants was introduced into the wells. The plates
were incubated at 37 °C for overnight. The antibacterial activity was evaluated by
measuring the diameter of zones of inhibition (in mm). In addition standard
tetracycline solution (0.025 g/10 ml) was used as a positive control and sterile water

was used as a negative control.
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Figure 3-2. The chemical reaction pathways for the synthesis of the investigated surfactants
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Table 3—1.Reactors operation mode

Reactor A Reactor B Reactor C
Temperature 37°C 37°C 37°C
Shaking 100 rpm 100 rpm 100 rpm
Experiment Sulfidogenic activity Biofilm constituents Biofilm and metal surface
analysis

Analysis - Sulfide CLSM with staining protocols to ~ SEM to detect the biofilm,

- Redox potential detect nucleic acids, proteins metal surface (after remov-

- MPN and EPS glycol-conjugates in ing the biofilm), and metal

- Corrosion rate the cultivated biofilms surface with optimal biocide.
Samplingday - Every five days: sul- At maximum sulfidogenic activi-  After one month cultivation

fide and redox poten-
tial

MPN: after 5 days
Corrosion rate: after
one month.

ty (high sulfide concentration in
the bulk phase).

Table 3-2. Structure and the applied inhibition experiments of the synthesized surfactants

Cationic monomeric
surfactant (CMS-I)

Cationic gemini surfactant
(CGs-II)

Cationic surfactant

(CGS-IIl)

gemini

Structure

The applied
experiment

-One alkyl group
-One ammonium group
-one hydroxide ion

-No spacer

CMS-| in comparison to
CGS-ll with  KSW-
sulfidogenic bacteria at
salinity of 3.19 % NaCl

-Two alkyl groups
-Two ammonium groups
-Two hydroxide ions

-Two ester groups and ben-
zene ring

- CGS-ll in comparison to
CMS-I with KSW-
sulfidogenic bacteria at sa-
linity of 3.19 % NacCl

- CGS-ll with Hamra- sul-
fidogenic bacteria at salinity
of 0.23 % NacCl.

-Two alkyl groups
-Two ammonium groups
-Two hydroxide ions

-One phosphorous and three
oxygen atoms

CGS-ll with Youmna-
sulfidogenic bacteria at salinity
of 5.49 % NacCl.
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3.3. Results and Discussion
3.3.1. Confirmation of chemical structures of the synthesized surfactants
The chemical structure of the all synthesized surfactants was elucidated and

confirmed by FTIR and NMR spectroscopy.

3.3.1.1. FTIR spectra
The FTIR spectra confirmed the expected functional groups in the synthesized

surfactants (see Figure A-1).

3.3.1.2. NMR spectra

e 'HNMR

The data of *H NMR spectra confirmed the expected hydrogen proton distribution in
the synthesized surfactants with indication of no by product (see Figure A-2).

e “CNMR

The data of *C NMR spectra confirmed the expected carbon distribution in the
synthesized surfactants (see Figure A-3).

e *PNMR

The data of P NMR spectra of the synthesized surfactant (CGS-IIl) demonstrated
characteristic signal (see Figure A-4).

3.3.2. Surface active properties of the synthesized surfactants
3.3.2.1. The surface tension (y)

The change of the surface tension (y) values of the synthesized surfactants in
the solution (at different concentrations) is represented in Figure 3—3a, b, c. A signifi-
cant decrease in the surface tension was observed with increasing surfactant con-
centration. Afterward, the curves break rapidly at relatively low surfactant concentra-
tion and continue to slowly decrease as the concentrations increase. The critical mi-
celle concentration (C¢nc) values were determined from the break points in the y—log
C plots of the synthesized surfactants (Lee et al., 1995). This behavior shown by the
surfactant molecule in solution is common and is used to determine its purity and
Ceme Values. CGS-Il and CGS-IllI displayed very low C¢me Values compared to CMS-I.
Lowering C.mc leads to better solubility which normally depends on the concentration
of the surfactant monomer in solution (Engberts et al., 1996). Moreover, both gemini
showed high significant surface activity compared with monomeric surfactant as

previously reported (Rosen, 1989). The results can be attributed to the increased
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number of alkyl chain in the synthesized gemini surfactants compared to the mono-
meric one (see Figure 3-2).
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Figure 3—-3. The surface tension of the synthesized surfactants at different concentrations in
water at 25 °C. The critical micelle concentration (C,.) values were determined from the
break points. (a) CMS-I, (b) CGS-Il and (c) CGS-IIL.

3.3.2.2. The effectiveness (Mcmc)

The surface tension values (y) at C¢nc points were used to calculate the
surface pressure (effectiveness) values according to the following equation (Khaled
and Hackerman, 2003):

Meme = Yo — Yeme (1)
64



Chapter 3

where y, and y.mc are the surface tension of pure water and surface tension at Cgpc,
respectively. The effectiveness of the synthesized surfactants seems to be good for
lowering the surface tension of water to the present values (see Table 3-2). The
most effective surfactant is the one that gives the largest reduction of surface
tension at the critical micelle concentration (Ccyc). Results listed in Table 3-2
indicated that the gemini surfactants are more effective at the C¢mc point than the
monomeric surfactant. The effectiveness of the synthesized CMS-I (41 mN/m) is
good in comparison to other cationic monomeric surfactants (32—36 mN/m) (Tawfik et
al., 2012). In addition the synthesized cationic gemini surfactants (44, 45 mN/m for
CGS-Il ad CGS-III respectively) showed also higher effectiveness in comparison to
other cationic gemini surfactants (28.2—33.7 mN/m) at the C.mn¢ point (Hegazy, 2009).

3.3.2.3. The surface excess (INmax)
The surface excess is calculated according to Gibb’s adsorption equation
(Samakande et al., 2008):

max = = (1/nRT) (dy/ d InC) 2
where [ax IS the surface excess concentration of surfactant ions, R is the gas
constant, T is the absolute temperature, y is the surface tension at a specific
concentration, n is the number of species of ions in solution and C is the
concentration of surfactant. A surfactant substance that decreases the surface
energy is thus present in excess or near the surface. This means that the surface
tension decreases with increasing activity (concentration) of a surfactant molecule.
The Nax data (Table 3—-2) showed that by increasing the hydrophobic chain length,
as is the case for the synthesized gemini surfactants, the hydrophobicity increases.
Thus, the synthesized surfactant molecules are directed to the interface and
therefore, the surface energy of the solution decreases. This leads to an increase in

the maximum surface access.

3.3.2.4. The minimum surface area per molecule (Amin)

The minimum surface area (Amin) IS defined as the area occupied by
a molecule in nm? at the interface. Anin of the adsorbed surfactants increases with
increasing length of the hydrophobic part. Anin was calculated according to the

following equation (Gamboa and Olea, 2006):

Anin= 1016 / Tmax Na (3)
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where Nais the Avogadro's number and max (Mol/m?) is the maximal surface excess
of the adsorbed surfactant molecules to the interface. Results listed in Table 3-2
revealed that the surface pressure (I¢yc) of the synthesized surfactants increased
with decreasing the minimum surface area (Amin) Of the adsorbed surfactant

molecules.

Table 3-2. Critical micelle concentration (C.nc), surface tension (y.n.) effectiveness (Mcmc),
maximum surface excess (IMax), Minimum area (Amin), the degree of counter ion dissociation

(B) and free energy of micellization (AGnc) of the synthesized surfactants at 25°C

eme Ycme I-Icmc rmax X 1010 Amin B AGmic
Surfactant 1 2 2
mol/dm®  (mNn/my  (MN/MY)  (molfem®) — (nm") (kJ/mol%)
CMS-I 1.5x 10 31 41 6.19 0.27 0.24 -18.28
CGS-lI 4.3x10° 28 44 6.29 0.26 0.30 -22.89
CGS-llI 2.3x10° 27 45 6.31 0.26 0.26 -23.18

3.3.2.5. The specific conductivity (K)

Specific conductivity (K) measurements were performed for the synthesized
surfactants at 25°C in order to evaluate the C.n value and the degree of counter ion
dissociation (B). It is well known that the specific conductivity is linearly correlated to
the surfactant concentration in both the premicellar and the postmicellar region as
represented in Figure 3—4a, b, c. The slope at the premicellar region is greater than
in the postmicellar region (Mata et al., 2005). The intersection point between the two
lines gives the C¢yc value. The ratio between the two slopes gives the 3 value as
listed in Table 3—-2. The C¢n values calculated from the specific conductivity figure
were in agreement with those obtained using surface tension results. It is obvious
that the difference between the synthesized CGS-Il and CGS-Illl as compared to the
CMS-I is due to the increase in cation bulkiness.
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Figure 3—4. Electrical conductivity of the synthesized surfactants at different concentrations
in water at 25°C. The critical micelle concentration (C.nc) values were determined from the
break points. (a) CMS-I, (b) CGS-1l and (c) CGS-III.

3.3.2.6. The standard free energy of micellization (AG° ;)
In the charged pseudo-phase model of micellization, the standard free energy
micellization (AG°nic) per mole of the synthesized surfactants was calculated

according to the following equation (Samakande et al., 2008):

AG°mic= (2 = B) RT In (CMC) ()
67



Chapter 3

where B is the degree of counter ion dissociation, R is the gas constant, T is the
temperature, and CMC is expressed in the molarity of the surfactant. The negative
values of AG®y;. of the all synthesized surfactants (Table 3-2) indicated that there is
a tendency of the synthesized surfactant molecules to be adsorbed at the interface
(Badawi et al., 2007). In addition there is an increase in AG°y. negative value of
CGS-ll and CGS-lll in comparison to CMS-I. This result means that the synthesized
cationic gemini surfactants adsorbed at the interface faster than the cationic

monomeric surfactant.

3.3.3. An overview of the sulfidogenic bacterial activities inhibition using novel
cationic monomeric and cationic gemini surfactants

The previous results (Chapter 2) demonstrated that the sulfidogenic
communities of the three water samples having different salinities and related
cultivated biofilms are highly diverse and showed severe corrosion activity over the
metal surface. The results were discussed on the basis of two processes inducing
corrosion (chemical and biological). Chemical corrosion was induced by the medium
salinity (NaCl %). The metal corrosion rate increased significantly in the presence of
chloride anions at different concentrations beneath the sulfidogenic-biofilm matrices
as in the KSW and the Youmna-sulfidogenic biofilms in comparison to the Hamra-
sulfidogenic biofilm. Biological corrosion induced by the activities of the sulfidogenic
bacteria in the bulk phase and over the metal surface.

In order to protect the metal surface from salinity and activity of the present
sulfidogenic bacteria, three surfactants were synthesized and characterized: CMS-I
“N-isopropyl-N,N-dimethyldo- decan -1-aminium hydroxide”, CGS-Il “bis(N-ethyl-N,N-
dimethyl- dodecan-l-aminium hydroxide) phthalate” and CGS-lll “N,N'-(2,2'-
(hydroxyl-phosphoryl bis(oxy)) bis (ethane-2,1-diyl)) bis (N,N-dimethyl dodecan-1-
aminium) hydroxide”.

In the present study, comparison between CMS-I and CGS-Il was investigated
to protect the metal surface from high divers microbial community (KSW-sulfidogenic
bacteria) cultivated at a high medium salinity (3.19 % NacCl) (see Table 3-2). Compar-
ison was investigated to study the difference in the metal corrosion inhibition efficien-
cy which related to their structure, surface active properties, adsorption mechanism
and biocidal activity. The synthesized monomeric surfactant consists of one ammoni-

um group and one alkyl group. While the gemini (CGS-Il) consists of two ammonium
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groups and two alkyl groups linked by spacer containing two ester groups and ben-
zene ring. The CGS-Il was also used to protect the metal surface from the activity of
the Hamra-sulfidogenic bacteria at low salinity (0.23 % NaCl) and to confirm the met-
al corrosion inhibition efficiency that detected at high salinity (3.19 % NaCl) (see Ta-
ble 3-2). In order to inhibit the activity of the Youmna-sulfidogenic bacteria and to pro-
tect the metal surface from their high salinity medium (5.49 % NaCl) (see Table 3-2),
CGS-lll was used. The synthesized CGS-Ill contains two ammonium groups and two
alkyl groups linked by spacer containing one phosphorous and three oxygen atoms.
According to the C¢nc values of the synthesized surfactants (see Table 3-2),
the inhibitor concentration ranges were selected. The Ccnc value for CGS-Il (4.3 x107
mol/dm®) and for CGS-lIl (2.3 x 10° mol/dm®) were lower than for CMS-I (1.5 x 10
mol/dm?). Therefore lower inhibitor concentrations for both gemini surfactants as
(0.01, 0.1, 1 and 5 mM) than for the monomeric surfactant (0.01, 0.1, 1, 10 mM) were
chosen. The enriched inoculated samples had start MPN counts of 4.6 x 10’ /ml and
1.5 x 10® /ml for the KSW-sulfidogenic bacteria for both reactors applied with CMS-I
and CGS-Il, respectively. MPN was 2.4 x 10’ /ml for Hamra-sulfidogenic bacteria
reactors with CGS-Il and 2.9 x 108 /ml for the Youmna-sulfidogenic bacteria reactors
with CGS-IIl. The activity of sulfidogenic bacteria was determined by measuring the
sulfide concentration in the bulk phase as the end metabolic products of the
sulfidogenic bacteria. The sulfide results were confirmed by measuring the redox
potential in the bulk phase. MPN was measured in the bulk phase after 5 days
cultivation in order to detect the minimum inhibitory concentration of the synthesized
surfactants in the bulk phase. Moreover the biofilm structures and constituents were

analyzed and the metal corrosion rate was estimated.

3.3.3.1. The inhibitory effect of CMS-I and CGS-Il on the KSW-sulfidogenic
bacteria, CGS-Il on the Hamra-sulfidogenic bacteria and CGS-Ill on

the Youmna-sulfidogenic bacteria
Results represented in Figure 3-5a, b, ¢, d showed that there was strong
sulfide production in the control reactors and the sulfidogenic-reactors treated with a
low surfactant concentration of 0.01 mM. Sulfide production was gradually decreased
by increasing concentrations of the biocides throughout the experiment. The
sulfide production indicates the growth of the sulfidogenic bacteria which growing by
either oxidizing organic compounds or utilizing hydrogen as an electron donor with
sulfate being reduced to hydrogen sulfide (Muyzer and Stams, 2008). At 0.1 mM of
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CGS-ll, the KSW-sulfidogenic activity was inhibited at the beginning, but after 5 days
it started to resist the biocide effect (Figure 3-5b). While the Hamra-sulfidogenic
activity was inhibited at concentration of 0.1 mM CGS-Il during cultivation but after 20
days it started to resist the biocide effect but with a very low increasing rate (Figure
3-5c). At this concentration the CGS-Il showed strong effect on the Hamra-
sulfidogenic bacteria. While at 0.1 mM of CGS-lll, the Youmna-sulfidogenic activity
was inhibited at the beginning, but after 5 days it started to resist the biocide effect
(Figure 3-5d). Reactor inoculated with the KSW and the Hamra and Youmna-
sulfidogenic bacteria showed no sulfide production at high concentrations of the
biocide (1, 10mM CMS-I, 1, 5mM CGS-Il and 1, 5mM CGS-III). No sulfide production
means that there is no sulfidogenic activity in the bulk phase or over the metal
surface. The inhibition of sulfide production is an important factor to protect the metal
surface from its corrosion. Hydrogen sulfide can accelerate corrosion of metals by
being source of bound protons and by precipitation of Fe** as FeS (Lee et al., 1995,
Wang et al., 2008). It has also been proposed that the nature of the iron sulfide film
that forms on the metal surface plays an important role in the initiation of pitting cor-
rosion over the metal surface (Cheung and Beech, 1996). In this respect, applying
the synthesized surfactants at high concentrations (1, 10 mM CMS-I, 1, 5 mM CGS-lI
and 1, 5 mM CGS-lll) protect the metal surface from the sulfidogenic bacterial activi-
ty.

The measured redox potential in the different reactors is in agreement with the
sulfidogenic activity determined by sulfide production. It is well known that most
sulfidogenic bacteria are strictly anaerobes and start to reduce the sulfate with redox
potential below -100 mV (Postgate, 1984). For the control reactors and the reactors
treated with 0.01, 0.1 mM CMS-I, CGS-Il or CGS-lll, the redox potential measured
was optimal for sulfidogenic bacteria independent of inocula type and medium salinity
(see Figure 3-6a, b, ¢, d). While at high surfactant concentrations of 1 and 10 mM
CMS-I, 1 and 5 mM CGS-Il and 1 and 5 mM CGS-lll, the redox potential measured
increased up to -100 or even higher for the KSW, the Hamra and the Youmna-
sulfidogenic bacteria, respectively. The sulfide and redox potential results
demonstrated that at a high concentration of all synthesized surfactants, the sulfate
reduction reaction was completely inhibited causing no sulfide production and

a considerable drop in the redox potential in the bulk phase.
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Figure 3-5. Sulfidogenic bacteria activities shown on the basis of sulfide production for the different

reactors (a) CMS-I, (b) CGS-Il inoculated with the enriched KSW-sulfidogenic bacteria, (¢) CGS-II

inoculated with the enriched Hamra-sulfidogenic bacteria and (d) CGS-Ill inoculated with the en-

riched Youmna-sulfidogenic bacteria. The results shown are mean values of duplicates with corre-

sponding standard deviation.
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Results represented in Table 3-3 showed that the minimum inhibitory
concentration (MIC) of all synthesized surfactants against the cultivated sulfidogenic
bacteria (KSW, Hamra and Youmna). The minimum inhibitory concentration is de-
tected at concentrations of 1 mM. At higher concentrations (10 mM CMS-I, 5 mM
CGS-ll and CGS-lll) no sulfidogenic bacterial growth was detected. At lower concen-
trations of 0.01, 0.1mM of CMS-I, no significant biocidal effect against KSW-
sulfidogenic bacteria was detected. However gemini surfactants at concentration of
0.1 mM showed partial inhibition in the growth of KSW, Hamra and Youmna-
sulfidogenic bacteria. In general, the biocidal activity of the synthesized surfactant
depends on the alkyl chain length which increased in the synthesized gemini surfac-
tants in comparison to the synthesized monomeric surfactant (see Figure 3-2). The
biocidal effect took place at concentrations of surfactant at the C,c and is dependent
on the individual molecules not the aggregates (Singare and Mhatre, 2012).

The synthesized surfactants have a nonspecific antibacterial activity (see Table
3-4). The synthesized surfactants (CMS-I, CGS-II, and CGS-IIlI) showed antibacterial
activity (biocidal) not only against environmental sulfidogenic bacteria but also
against Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli
and Pseudomonas aeruginosa) species. The synthesized CGS-lIl and CGS-lI
showed higher antimicrobial activity than the synthesized CMS-I. The difference in
the biocidal activity depends on the ammonium groups (NH,") and hydrophobic alkyl
groups of the synthesized surfactants. It has been reported that increasing the hy-
drophobicity as in the gemini surfactants lead to increasing the biocidal activity
(Rosen et al., 2001). The synthesized CMS-II showed strong biocidal activity in com-
parison to other synthesized cationic surfactants especially on Staphylococcus
aureus and Escherichia coli as previously reported (Muyzer and Stams, 2008).

The hypothesized biocidal effect of the synthesized surfactants against
bacterial cell can be explained as an electrostatic interaction and physical disruption.
Electrostatic interaction between the negatively charged cell membrane (lipoprotein)
and the positively charged CMS-I ammonium group (NH4") and CGSIl and CGS-lII
two ammonium groups (NH,"). A physical disruption occurs when hydrophobic chains
(alkyl groups) penetrate into the bacterial cell membrane. That happens because of
similarity of the cell membrane constituents and the hydrophobic chains of the
synthesized surfactants. Penetration of the cell membrane leads to damage of the

selective permeability of the cell, disturb the metabolic pathway within the cytoplasm
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and then inactivation of the microorganism as has been reported before (Brunt, 1987,
Hugo and Snow, 1981). Moreover, the spacer of the synthesized gemini surfactants
play an important role in the biocidal activity. The synthesized CGS-Il contains two
ester groups and benzene ring spacer. It has been reported the biocidal effect of the
benzene ring containing compounds on the microbial activity and in the corrosion
inhibition (Azzam et al., 2012). The synthesized CGS-Ill contains one phosphorous
and three oxygen atoms spacer. It has been reported that phosphorus containing
compounds are commonly used to inhibit metals corrosion in aqueous environment
(Ashassi-Sorkhabi and Asghari, 2009, Refaey, 2005). Their using is related to risk
free due to their low toxicity (Li et al., 2004, Gonzalez et al., 2005).
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Table 3-3 Evaluation of most probable number (MPN) of the cultivated reactors for minimum
inhibitory concentration (MIC) detection.

Cultivated reactors MPN cell/ml

KSW-sulfidogenic bacteria with CMS-I

Control 2.4x10°
0.01mM 2.8x 10’
0.1mM 6.2 x 10’
1mM No growth
10mM No growth

KSW-sulfidogenic bacteria with CGS-II

Control 2.65 x 10°
0.01mM 1.1x10°
0.1mM 7.8 x 10°
imM No growth
5mM No growth

Hamra-sulfidogenic bacteria with CGS-II

Control 1.43 x 10°
0.01mM 1.2 x 10°
0.1mM 1.42 x 10"
1mM No growth
5mM No growth

Youmna-sulfidogenic bacteria with CGS-llI

Control 2.6 x10°
0.01mM 2.4x10°
0.1mM 1.1x10°
1mM No growth
5mM No growth
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Table 3-4. Antimicrobial activity of the synthesized surfactants

Staphylococcus aureus Pseudomonas aeruginosa Escherichia

Biocide Concentration (DSM 3463) (DSM 50071) DSMCg:)IOSB)
(mm) (mm) (mm)
Tetracycline 0.025 g/ 10 ml 350 28+£0.5 35+0
0.01mM 155+£0.7 0 0
0.1mM 160 0 0
CMS-I 1ImM 295+0.7 200 155%0
5mM 355+0.7 20.75+£0.3 25.75+£0.3
10mM 38.2+0.35 24.75+0.3 28.1+0.2
0.01mM 0 0 0
0.1mM 17.1 £0.2 0 0
CGS-lI 1mM 30.8 £0.2 250 205+0
5mM 3750 280 2550
10mM 38.1+0.28 30.1+0.2 30£0
0.01mM 0 0 0
0.1mM 158+0.2 0 0
CGS-lll ImM 28%0 23+0 15.3+0.5
5mM 39+0 24.8+0.2 280
10mM 400 29.1+0.2 31+0

The sulfidogenic activities shown were detected in the bulk phase, not over the

metal surface. Therefore, in order to characterize the possible changes in the biofilm

structures and constituents over the metal surface after surfactant application, CLSM

and staining procedures were used. Biofilms were developed and detected in the

control reactors and the reactors exposed to the CMS-I, CGS-Il and the CGS-IIl at
concentrations of 0.01, 0.1 mM of CMS-I and 0.01 mM of CGS-Il and CGS-III (Figure
3-7a, b, ¢, d). The other concentrations (1, 10 mM of CMS-I and 0.1, 1, 5 mM of
CGS-Il and CGS-lll) completely inhibited the KSW, the Hamra and the Youmna-

sulfidogenic biofilm development over the metal surface. The explanation of the

biofilm results, at higher concentrations 1, 10 mM of the CMS-I and 1, 5 mM of the

CGS-ll and CGS-lll, the synthesized surfactants showed biocidal effect to the
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sulfidogenic bacteria (in the bulk phase) as confirmed from no sulfide
production and drop in the redox potential in the bulk phase. At concentration of 0.1
mM CGS-Il and CGS-lll, the surfactant showed partial inhibition effect to the metal
surface and protect the metal surface from biofilm formation. While the sulfidogenic
activities at the bulk phase are not completely affected. At a concentration of 0.1 mM
CMS-I exhibited a partial inhibition effect on the KSW-sulfidogenic biofilm
development over the metal surface. This was shown through the reduction in nucleic
acids, EPS glycoconjugates and proteins. At a lower concentration (0.01 mM CMS-I),
no significant changes in the KSW-sulfidogenic biofilms components (nucleic acids,
EPs glycoconjugates and proteins) were observed (see Figure 3—7a). Applying CGS-
Il at the same concentration (0.01 mM), the KSW-sulfidogenic biofilm did not reveal
significantly changes in the microbial population (nucleic acids), however the
EPS glycoconjugates were reduced (see Figure 3-7b). In contrast the Hamra-
sulfidogenic biofilm (see Figure 3—7c) treated with the 0.01 mM CGS-II does not re-
veal significant changes. The results represented in Figure 3—7d showed that, at
a concentration of 0.01 mM CGS-IllI did not reveal significant changes in the Youm-
na-sulfidogenic biofilm microbial population (nucleic acids). While EPS components
changed, EPS glycoconjugates were reduced and the proteins were increased. The
explanation of the change in the Youmna-sulfidogenic biofilm EPS components
through the application of 0.01 mM CGS-Ill, is a defensive behavior of the microbial
population. It has been reported that the natural response of microorganisms upon
exposure to toxic environments is the stimulation production of EPS. This natural
response was detected when the SRB biofilm was exposed to seawater containing
toxic metals. It was noticed that the biofilm produced more proteins than polysaccha-
rides (Fang et al., 2002).

Results represented in Figure 3-8 showed the biomass of the all cultivated
biofilms are mainly located in the upper regions of the biofilm, near to the bulk phase.
These results can give an expectation of the ability of the cultivated biofilms to protect
the metal surface from the surrounding environment corrosion effect such as salinity
by making a barrier between the medium and the metal surface. On the other hand
biofilms cannot protect the metal surface from sulfide as the sulfidogenic consortia
present in the biofilm matrix is probably produced high sulfide. Additionally, the plank-
tonic cells produced sulfide which is easily entrapped within the biofilm matrix
(Geesey et al., 2000).
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Figure 3-7. The changing of nucleic acids, EPS glycoconjugates and proteins of the
sulfidogenic biofilms control reactor and the surfactants reactors. (a) CMS-I and (b) CGS-II
inoculated with the enriched KSW-sulfidogenic bacteria and examined after 15 days incubation
period, (c) CGS-ll inoculated with the enriched Hamra-sulfidogenic bacteria and examined after
10 days incubation period and CGS-Ill inoculated with the enriched Youmna-sulfidogenic bacteria
and examined after 10 days incubation period. The figures show the average coverage of five

randomly selected areas of the cultivated biofilms with corresponding standard deviation.
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Figure 3—8 Distribution of nucleic acids/EPS glycoconjugates (represented as slice coverage
%) across the biofilm thickness (um) of control biofilms. (a) KSW-sulfidogenic biofilm (con-
trol), (b) KSW-sulfidogenic biofilm (control). KSW biofilms were examined after 15 days incu-
bation period. (c) Hamra-sulfidogenic biofilm (control) examined after 10 days incubation

period, and Youmna-sulfidogenic biofilm (control) examined after 10 days incubation period.
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At the end of one month cultivation, the metal corrosion rates of the coupons
were calculated (Figure 3-9a, b, c, d). The blank-reactors (without biomass) metal
corrosion rate results demonstrated a positive correlation between the metal corro-
sion rates and the different medium salinities. The metal corrosion rate of the Youm-
na-blank reactor (0.94 g/m? d), which was operated with medium salinity of 5.49 %
NaCl, was higher than the KSW-blank reactor (0.44 g/m?d), which was operated with
medium salinity of 3.19 % NaCl, and higher than the Hamra-blank reactor (0.16 g/m?
d), which operated with medium salinity 0.23 % NaCl. It is evident (Vashi and Kadiya,
2009 and Gaylarde and Videla, 1987) that the metal corrosion rate increased by in-
creasing medium salinity (NacCl).

Beech and Campbell, (2008) reported a metal corrosion rate of steel structure
in a marine environment (salinity of 3.5 % NacCl) of 1.08 g/m?d. This value is in the
range of the obtained results. The metal corrosion rate measured under field condi-
tions are reported to be higher (Gubner, 1998). While, the metal corrosion rate of arti-
ficial-seawater was achieved at 0.13 — 0.17 g/m?d (Zhao, 2008).

Metal surface corrosion in an agueous medium containing NaCl proceeds by
chemisorption of chloride ions on the metal surface. There are two theories of chlo-
ride anion/ metal surface interaction. The first theory is the oxide film, chloride anion
penetrates the oxide film through pores or defects easier than do other ions. In addi-
tion it may colloidally disperse the oxide film and increase its permeability. On the
other hand, according to the adsorption theory, chloride anion adsorbs on the metal
surface. Once in contact with the metal surface, chloride anion favors hydration of
metal ions and increases the ease with which metal ions enter into solution. In other
words, adsorbed chloride ions increase the exchange current (decrease overvoltage)
for metal dissolution (Revie and Ulig, 2008). Then the adsorbed chloride ions lead to
pit and crevice corrosion (Skolink et al., 2000).

Thangavel and Rengaswamy, 1998 and Tsuru, 1991 proposed the mechanism

of iron corrosion in the chloride-containing solutions as follow:

Fe > Fe*" +2¢’ (1)
Fe?* + 2CI" > FeCl, (2)
Fe Cl, + 2H,0 = Fe(OH), + 2CI'+ 2H" (3)

The role of chloride is unique. It can be reused again and again and hence even a

small amount of chloride anion can sustain the metal corrosion process. Thus the
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iron-chloride reaction is self-perpetuating and the free chloride acts as a reaction cat-
alyst (Thangavel and Rengaswamy, 1998).

The KSW and the Youmna-sulfidogenic biofilms protected the metal surface
from different medium salinities. The sulfidogenic bacteria (control-reactors) induced
lower metal corrosion rate in comparison to their blank-reactors as postulated before
(Lee et al., 1995, Pedersen and Hermansson, 1991). This result is supported by the
previous biofilm results (Figure 3-8). In which, the cultivated biofilms were developed
and mainly located near the bulk phase. Therefore biofilms protect the metal surface
from the salinity effect. On the contrary, Kuang et al., (2007) showed the SRB biofilm
(control) increases the metal corrosion rate of carbon steel largely comparing with
that in pure seawater (blank) as a result of their high microbial activity on the metal
surface.

The proposed metal-surface protection mechanism by biofilm development is
by altering the transport of chemical species from or toward the metal surface. The
biofilm accumulates on the metal surface and forms a protective barrier for the chem-
ical species (Vidal and Herrera, 2005).

On contrary, in natural seawater-pipeline the interaction between biofilms and
metal surface proposed different mechanisms (Mattila et al., 1997, Videla, 2003). In
this environment many microorganisms can synergistically form biofilm structures.
This structure provides a variety of potential growth niches for microorganisms by
their ability to modify their surrounding medium. Then it results in a local gradient of
many conditions such as oxygen, pH, redox potential, nutrients and flow rate (Sand-
ers and Sturman, 2005). Since the biofilm tends to create non-uniform surface condi-
tions (heterogonous), localized attack that might start at points on the surface leading
to localized corrosion (usually in the form of pitting). Anodic area found in the thicker
part of biofilm whereas the cathodic area is found in non-colonized area or in the area
where biofilm is thin. Different conditions in two locations on the metal surface leads
to an electrical potential and consequently corrosion current. That means when the
metal surface is partially covered by biofilm it leads to higher corrosion (pitting) com-
pared to a surface which is completely covered with biofilm (uniform corrosion).
Therefore, the microorganisms in the biofilm can accompany and/or enhance the de-
tachment of protective passive layers on the metal surface, leading to a patchy distri-
bution of the deposits and inducing differential cell effects. This Non-uniform or

patchy colonization by bacteria results in the formation of localized corrosion cell.
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In contrast to the KSW and Youmna-sulfidogenic bacteria, the Hamra- sulfido-
genic bacteria cultivated at a low salinity (0.23 % NaCl) induce more metal corrosion
than that in the blank reactor. This result can be explained by low salinity of the
blank-reactor in addition to the effect of the Hamra-sulfidogenic activity on metal cor-
rosion. The Hamra-sulfidogenic bacteria present in the bulk phase (planktonic) or
attached to the metal surface (biofilm), produce higher sulfide (with maximum sulfide
peak at 418 mg/l) than the KSW (with the maximum sulfide peak at 341 mg/l) and
higher than the Youmna (with maximum sulfide peak at 363 mg/l). Therefore the
highest metal corrosion rate of the Hamra-control reactor was related to the maxi-
mum sulfidogenic activity in the bulk phase, or trapped within the biofilm matrices
near the metal surface. This result is in agreement with results represented by Peng
and Park, (1994). King et al., (1973) demonstrated that weight loss of the metal was
proportional to the concentration of sulfide.

It has been reported the metal corrosion induced by SRB, isolated from an
aquatic system, was ranged from 0.29 to 0.52 g/m?d which were 1.5-2.5 times great-
er than those obtained in the sterile solution (0.16 — 0.21 g/m? d). Bernardez et al.,
2007 reported that the metal corrosion rate of steel (AISI 304) exposed to seawater
(sterile medium) was 0.13 g/m?d in comparison to medium inoculated with SRB was
0.216 g/m?d. While the metal corrosion rate was not changed from the sterile medium
to the SRB inoculated medium with steel (SAF 2507) with the same metal corrosion
rate of 0.07 g/m?d.

The mechanisms of metal corrosion in the presence of sulfidogenic bacteria in
the bulk phase and over the metal surface (control reactors) are complex. In an an-
aerobic environment, sulfidogenic bacteria utilize hydrogen as an electron donor with
sulfate (an electron acceptor) is being reduced to sulfide. In this respect, Von Wol-

zogen Kuhr and Van der Vlugt (1934) suggested the following reactions occurring:

4Fe > 4Fe®* +8e (anodic reaction) (4)
8H,0 - 80H + 8H" (water dissociation) (5)
8H" + 8e” > 8H (ads) (cathodic reaction) (6)
SO4% + 8H (ads) > S* + 4H,0 (bacterial consumption) 7)
Fe?* +S%> FeS (corrosion products) (8)
4Fe + SO+ 4H,0 > 3Fe(OH), + FeS +20H" (overall reaction) 9)

This overall process is described as cathodic depolarization. Based on this theory,

sulfidogenic bacteria increase the metal corrosion by continuous consume the atomic
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hydrogen that accumulated at the cathode by a hydrogenase enzyme. Therefore, it
leads to increasing the metal dissolution. Some researchers (Little et al., 1992 and
Sanders and Hamilton, 1986) suggested that the metal corrosion rates increase due

to the cathodic reduction of H,S:

H,S + 2" > H, +S% (10)

and the anodic reaction is accelerated by the formation of iron sulfide:

Fe+ S > FeS + 2¢’ (11)

In addition, sulfidogenic bacteria facilitate the corrosion process by the at-
tachment of cells to the metal surface and the binding of metal ions by EPS and/or
lipopolysaccharides (LPS) (Koch et al., 2002). The sulfidogenic biofilms facilitate cor-
rosion by trapping corrosive sulfide in close proximity to metal surfaces (Geesey et
al., 2000). It has been hypothesized that the biofilm would influence the electrochem-
ical behavior of a metal through formation of metal corrosion cells and galvanic cou-
pling (Braissant et al., 2007).

Many authors reported the metal corrosion rates induced by SRB activity at
different medium salinities, which are relevant to the obtained metal corrosion rate,
(KSW-sulfidogenic bacteria was 0.2 g/m? d, Hamra-sulfidogenic bacteria was 0.3
g/m?d and Youmna-sulfidogenic bacteria was 0.5 g/m? d). Jayaraman et al., (1999)
showed the metal corrosion rate induced by SRB (Desulfovibrio vulgaris) was ranged
from 0.2 to 1.3 g/m? d. In addition, the metal corrosion rate recorded in the oil field
with SRB and at salinity of 2.5 % NaCl was ranged from 0.2 to 8.77 g/m?d (Hubert,
2004). Moreover, Ghazy et al., (2011) showed that the metal corrosion rate of SRB
(isolated from Esh El-Mallaha. Petroleum Company), which were cultivated in the
artificial seawater Postgate's medium, was 0.4 g/m? d. Nevertheless, Zhao, (2008)
reported high metal corrosion rate of 1 g/m? d induced by SRB in the artificial sea-
water. Changing in the metal corrosion rate was related not only to the medium salini-
ty but also to the microbial diversity and activity.

The application of surfactant at different concentrations leads to gradually de-
crease the metal corrosion rate. The lowest metal corrosion rate of the KSW reactors
was achieved at 10 and 1 mM with metal corrosion inhibition efficiencies of 92 and 94
% for CMS-I and CGS-II, respectively in comparison to the metal corrosion rate of the
control reactors (inoculated with KSW-sulfidogenic bacteria). The lowest metal corro-

sion rate of the Hamra reactors with CGS-Il was achieved at the same concentration
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(1 mM) was shown for KSW reactors with an inhibition efficiency of 95 % in compari-
son to the metal corrosion rate of the control reactor (inoculated with Hamra-
sulfidogenic bacteria). The lowest metal corrosion rate of the Youmna reactors was
achieved at 5 mM with an inhibition efficiency of 97 % in comparison to the metal
corrosion rate of the control reactor (inoculated with Youmna-sulfidogenic bacteria).
At those concentrations, the synthesized surfactants (CMS-I, CGS-Il and CGS-III)
displayed biocidal effects against the sulfidogenic bacteria in the bulk phase and over
the metal surface. Moreover, it is inhibiting the metal surface from medium salinity. At
concentration of 1 and 10 mM CMS-I, 1 and 5 mM CGS-II, and 1 and 5 mM CGS-llI
the sulfidogenic bacteria were completely inhibited (see Figure 3-5, Figure 3—-6 and
Table 3-3) as the sulfate reduction reaction was completely inhibited causing no sul-
fide production and a considerable drop in the redox potential in the bulk phase. In
addition, no growth was detected at those concentrations in the bulk phase and over
the metal surface. In this case the rest of the metal corrosion rate was related to
chemically (salinity)-induced metal corrosion which clearly recorded in the blank reac-
tors (not inoculated with sulfidogenic bacteria). That means, the synthesized surfac-
tant molecules present at the bulk phase is completely inhibited the sulfidogenic bac-
teria and the molecules present at the interface covering the metal surface from the
surrounding environment and finally introduced the metal corrosion inhibition efficien-
cy.

The hypothesized explanation of inhibiting behavior of the synthesized surfac-
tants (CMS-I, CGS-Il and CGS-IIl) from the medium salinity is the adsorption of the
inhibitor to the metal/liquid interface. It has been reported the inhibiting action of sur-
factant is due to the adsorption of the surfactant molecules and formation of a tight,
well surfactant layer at the metal/liquid interface and not due to the micelles (Zhou et
al., 2012). The surfactant layers which adsorbed to the metal surface act as an inhib-
itive shield and protect the metal surface from the surrounding environment as repre-
sented in (Sastri, 1998). Two types of adsorption may take place, physical and chem-
ical. The procedure of physical adsorption requires the presence of an electrically
charged metal surface and charged species in the bulk phase. Chemisorption pro-
cess involves a charge transfer or charge sharing between the inhibitor molecules
and the metal surface. The presence of an inhibitor molecule that has relatively
loosely bound electrons or heteroatoms with lone-pair electrons together with a tran-

sition metal have vacant and low-energy electron orbital, promotes this adsorption.
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The synthesized CMS-I proceeds adsorption on the metal surface by an electrostatic
interaction between the ammonium group (NH4") and the cathodic sites from one
hand and the counter ion (hydroxide ion) on the anodic sites from the other hand.
Typically, monomeric surfactant at low concentration forms a monolayer on the metal
surface. The increase of the monomeric surfactant concentration results in a for-
mation of micelles in the bulk solution. In contrast to the described processes, the
adsorption of gemini surfactants on metal surface is more complicated. The CGS-Il
and CGS-Ill contain two hydrophilic groups and two hydrophobic groups linked by
spacer containing two ester groups and benzene ring in CGS-Il and one phospho-
rous and three oxygen atoms in CGS-IIl. This structure reflects three different types
of adsorption: (1) at low gemini surfactant concentrations, the adsorption takes place
by a horizontal binding of the gemini surfactant to the metal surface (Figure 3—10a).
This adsorption attitude is favored by an electrostatic interaction between the two
ammonium groups (NH,") and the cathodic sites on the one hand and the hydroxide
ion on the anodic sites on the other hand. (2) At high gemini surfactant concentration,
a perpendicular adsorption occurs as a result of an inter-hydrophobic chain interac-
tion (Figure 3—10b). (3) With further increase of gemini surfactant concentration, up to

Ccmc Value an efficiency plateau appears (Figure 3—10c) (Farhat and Quraishi, 2010).
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Figure 3-9. Corrosion rate of the sulfidogenic bacteria after one month incubation period are
shown. Blank reactor (media without bacteria), control reactor (inoculated by sulfidogenic bac-
teria without surfactant) and different inhibitor concentrations (a) CMS-1 and (b) CGS-II inocu-
lated with the enriched KSW-sulfidogenic bacteria (c) CGS-Il inoculated with the enriched
Hamra-sulfidogenic bacteria and (d) CGS-lll inoculated with the enriched Youmna-sulfidogenic
bacteria. The results shown are mean values of duplicates with corresponding standard

deviation.
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Figure.3-10 Diagram of the adsorption mechanism of cationic gemini surfactant on the metal
surface. Adapted from Ref. (Farhat and Quraishi, 2010). .

The corrosion inhibition efficiency was confirmed by applying SEM to the metal
surface. Figure 3-11a, b, ¢ show SEM images of carbon steel surfaces after one
month incubation with KSW, Hamra, and Youmna-sulfidogenic bacteria with different
salinities. The biofilm images showed that the metal surface samples were
completely covered with biofilm. After removing the biofilms, the surfaces were
damaged as the effect of the cultivated biofilms at different salinities that induce
metal corrosion (Figure 3-11d, e, f). However Figure 3—12a, b, c, d show the surface
of another steel sample after cultivation for the same period in medium containing the
best surfactant concentrations showed the highest metal corrosion inhibition efficien-
cy, 10 mM CMS-I, 1 mM CGS-II inoculated with the enriched KSW-sulfidogenic bac-
teria, 1 mM CGS-II inoculated with the enriched Hamra-sulfidogenic bacteria and 5
mM CGS-III inoculated with the enriched Youmna-sulfidogenic bacteria. The SEM
images revel that the surfaces are free from pits and completely covered with the
inhibitors. This result indicates a good protective inhibitor film over the steel surfaces
and confirms the highest inhibition efficiency of the synthesized surfactants (CMS-I,
CGS-Il and CGS-lIl). In conclusion, by applying the gemini surfactant, the metal sur-
face was protected by lower surfactant concentrations rather than the monomeric

surfactant.
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(a) KSW-biofilm (b) Hamra-biofilm (c) Youmna--biofilm

(d) KSW-surface

Figure 3-11. SEM images of the mild steel coupons. (a) the KSW-sulfidogenic biofilm, (b) Ham-
ra-sulfidogenic biofilm and (c) Youmna-sulfidogenic biofilm (d) metal surface after removing the
biofilm of KSW, (e) metal surface after removing the biofilm of Hamra and (f) metal surface after
removing the biofilm of Youmna. Scale bar = 50 pm.

(8) KSW-CMS-| (b) KSW-CGS-II (c) Hamra-CGS-II (d) Youmna-CGS-Ill

Figure 3—-12. SEM images of the mild steel coupons after applying the surfactants. (a) 10 mM
with the KSW sulfidogenic bacteria (b) 1 mM CGS-II with the KSW sulfidogenic bacteria (c) 1 mM

CGS-Il with Hamra-sulfidogenic bacteria and (d) 5 mM CGS-IIl with Youmna sulfidogenic bacte-

ria. Scale bar = 50 pm
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CHAPTER 4

Conclusions

The existing of metal corrosion in the three oil-field water tanks with different
water salinities (0.23 %, 3.19 %, and 5.49 % NaCl) has been confined to different
sulfidogenic microbial diversities and activities in addition to different cultivated salini-
ties. The dsr@ (as a functional and taxonomic marker) gene-based DGGE approach
was successfully used to assess the sulfidogenic diversities. The sulfidogenic diversi-
ties are dominating the original water samples and the water samples after enrich-
ment and biofilms cultivation. This approach was proved to be an effective tool to
rapidly detect the sulfidogenic diversity in the different environmental samples. One
of unique observation in this work is the detection of sulfidogenic bacteria in the water
samples used for inoculation and there absence the cultivated biofilm. This observa-
tion was related to the changing in the biofilm cultivation conditions. The presence of
Desulfovibrio spp. as a dominant species in the original water samples and their cul-
tivated biofilms emphasize their key role in the microbial corrosion process. Non-
orthologous dsr-gene species (phylum Firmicutes) were detected within the phylum
Proteobacteria. Those species acquired the dsr-gene by lateral transfer from species
of the phylum Proteobacteria. Significant changes in the microbial diversity composi-
tion in the water samples and their cultivated biofilms were observed only in the sam-
ple cultivated at 5.49 % NaCl. This result might be attributed to the selective cultiva-
tion conditions which did not reflect the in situ water properties.

The sulfidogenic-biofilm metal-corrosion activities gave an indication of the in-
volvement of chemical and microbiological corrosion-inducing processes. The chemi-
cal-induced corrosion activity is attributed to chloride anion corrosiveness that can be
adsorbed on the metal surface and traps within the biofilm matrices. This attitude was
clearly present in the sulfidogenic bacteria cultivated at high medium salinities (3.19
and 5.49 % NaCl). On the other hand, the microbiological-induced metal corrosion
activity is related to cathodic depolarization process in addition to the sulfide (as a
metabolic end product) corrosiveness effect. The microbiological-induced metal cor-
rosion behavior was most obviously achieved in the sulfidogenic biofilm cultivated at
a low medium salinity (0.23 % NacCl). In this experiment the highest sulfide production
was achieved compared to the other sulfidogenic biofilms. The sulfidogenic biofilms

with the higher diversity showed a thicker biofilm in comparison to a low biofilm diver-
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sity that produce a thinner biofilm. The thicker biofilm protected the metal surface
from the chloride anion corrosive effect.

Three novel surfactants (one cationic monomeric and two cationic gemini)
were successfully synthesized and characterized. The metal corrosion rate of the
blank-reactors (without biomass) demonstrated a positive correlation between the
metal corrosion rates and the different medium salinities. However, the metal corro-
sion rate of the control-reactors (inoculated with the sulfidogenic consortia) showed
different attitude. The biofilms (control-reactors) cultivated at high medium salinities
exhibited protection effect to the metal surface from their high medium salinities.
While the biofilm cultivated at a low medium salinity revealed a high metal corrosion
rate which related to its high sulfide production (which present in the bulk phase and
entrapped with the biofilm matrix). The surfactants biocidal effect was achieved by
preventing the sulfide production and drop of the redox potential in the bulk phase.
The synthesized surfactants not only showed biocidal activity against the environ-
mental sulfidogenic bacterial communities but also against Gram-positive and Gram-
negative bacterial standard strains and in comparison to tetracycline antibiotic. With
respect to the biocidal mechanism of the synthesized surfactants, the charge of the
surfactants was found to play a determining role. Biocidal mechanism was achieved
by an interaction between the negatively charged cell membrane (lipoprotein) and the
positively charged ammonium group (NH,") of the synthesized surfactants. In addi-
tion a physical disruption occurs when hydrophobic chains (alkyl groups) penetrate
into the bacterial cell membrane which in the end leads to dead of the bacterial cell.

The structures of the surfactants play an important role in determining their in-
hibition efficiencies. The gemini surfactants showed better surface active properties,
biocidal activity, biofilm development inhibition at a low concentration in comparison
to the monomeric surfactant. High metal corrosion inhibition efficiency (94 %) was
achieved by applying gemini surfactant at a concentration of 1 mM on sulfidogenic
bacteria (cultivated at 3.19 % NaCl) in comparison to the monomeric surfactant (92
%) at a concentration of 10 mM. The difference in the metal corrosion inhibition effi-
ciencies between the monomeric and the gemini surfactant was related mainly to
their structure. Applying the same cationic gemini surfactant on the sulfidogenic bac-
teria (cultivated at 0.23 % NacCl), successfully confirmed the metal corrosion inhibition
efficiency of 95 % at the same concentration (ImM). In addition, another cationic

gemini surfactant with different structure showed a high metal surface protection from
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the sulfidogenic bacteria (cultivated at 5.49 % NaCl). The achieved high metal corro-
sion inhibition efficiency of 97 % was observed at a concentration of 5 mM.

The high metal corrosion inhibition efficiency of the synthesized surfactants
was related to the high adsorption of the surfactant molecules to the metal surfaces
and subsequent formation of protective films. The adsorption occurred by an electro-
static interaction between the ammonium group (NH4") and the cathodic sites from
one hand and the counter ion (hydroxide ion) on the anodic sites from the other hand.

Overall, these findings suggest that the corrosion process in this study is a
synergistic effect between the metal surface, harmful chloride anions, bio-diversity
(culturable and un-culturable) composition and their metabolic products in the biofilm
matrices. In this respect, the synthesized surfactants successfully used to protect the
metal surface from the sulfidogenic microbial growth and activities at different medi-
um salinities. Moreover, when the metal surface and the bulk phase are free from the
sulfidogenic bacteria, the synthesized surfactants successfully show corrosion-
protection against the medium salinities.
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(@) FTIR spectra of the CMS-I showed that the characteristic peaks for the alkyl moiety are 2916.77 and 2849.92
cm™ for asymmetric and symmetric stretching (CH) respectively. While at 1383.32 cm™ for symmetric bending
(CHs), 1468.86 cm™ for symmetric bending (CH,) and 718.92 cm™ for—(CHz).— rocking. RsN* appeared band at
1093.79 cm™.The FTIR spectra confirmed the expected functional groups in the synthesized cationic monomeric
surfactant.
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(b) FTIR spectra of the CGS displayed that the characteristic peaks for the alkyl moiety are 2916.63 and 2849.74
cm™ for asymmetric and symmetric stretching (CH), respectively. While at 1383.31 cm™ for symmetric bending
(CHB3), 1468.56 cm™ for symmetric bending (CH) and 719.04 cm™ for —(CH2)n— rocking. For C=C ring stretching
exhibited absorption band at 1549.31 cm™, =C—C stretching showed band at 1612.92 cm™ and at 300.58 cm™ for
stretching absorption band of =C—H ring. R4N* appeared band at 1059.05 cm™; while broad band at 1737.98 cm™
is due to the presence of ester group. The FTIR spectra also confirmed the expected functional groups in the
synthesized cationic gemini surfactant.
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(c) FTIR spectra of the synthesized NCGS demonstrated that the characteristic bands for the alkyl moiety are
2922.65, 2853.03 cm™ for asymmetric and symmetric stretching (CH), respectively. While at 1377.90 cm™ for
symmetric bending (CH3), at 1466.93 cm™ for symmetric bending (CH2) and at 720.52 cm™ for —(CH2)n—rock.
RuN" appeared band at 1058.00 cm™. In addition to band at 1097.76 cm™ for P—O—C aliphatic and band at 907.64
cm™ corresponding to ionic phosphate and at 1150. 64 cm™ for P=0O stretching. The FTIR spectra confirmed the
expected functional groups in the synthesized cationic gemini surfactant.

Figure A—1. FTIR analyses of the synthesized surfactants are shown. (a) CMS-I, (b) CGS-II
and (c) CGS-lIl.
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'H NMR
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(@) 'H NMR (DMSO) spectrum of the CMS-I showed different peaks at 0.85 ppm (t, 3H, NCH2CHz(CH3)9sCHs3), at
1.23 ppm (m,16H, NCH3CH2(CH2)eCHs), at 1.73 ppm (m, 2H, NCH>CH2(CH2)9sCHs), at 3.28 ppm (t, 2H,
NCH,CH3(CH2)9CHg), at 3.52 ppm (s, 3H, NCHs3), at 3.97 ppm (m, 1H, NCH(CH3)), at 1.43 ppm (d, 6H, NCH-
(CHs)y).
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(b) '"H NMR (DMSO) spectrum of the CGS-ll presented different peaks at 5=0.85 ppm (t, 3H,
NCH,CH3(CH3)9CHz); 5=1.22 ppm (m, 18H, NCH,CH2(CH) 9CHs); 8=1.68 ppm (m, 2H, NCH2CH,-(CH2)sCHj);
6=3.27 ppm (t, 2H, NCH, CH; (CH;)9CHj3); at 3.45 ppm (s, 3H, NCHj3); 6=3.65 ppm (t, 3H, NCH,CH,0); 6=4.28
ppm (t, 2H, NCH,CH,0); 5=7.28 ppm (d, 1H, Ar-H); 5=7.53 ppm (s, 1H, Ar-H).
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(c) M NMR (DMSO) spectrum of the CGS-lll exhibited different peaks at &=0.88 ppm
(t, 3H, NCH2CH2(CH2)esCHs); ©=1.23 ppm (m, 18H, NCH.CH,(CH,)sCHsz); 6=1.73 ppm (m, 2H,
NCH2CH3(CH2)9CHgs); 8=3.35 ppm (t, 2H, NCH>CH2.(CH2)sCHs); at 3.45 ppm (s, 3H, NCHs); 8=3.70 ppm (t, 3H,
NCH,CH,0P); 5=4.11 ppm (t, 2H, NCH>CH,OP).

Figure A—2. 'H NMR analyses of the synthesized surfactants are shown. (a) CMS-I, (b) CGS-
II, and (c) CGS-llI
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(@ C NMR (CDCls) spectrum of the CMS-I demonstrated different peaks at ©=14.00 ppm
(NCH2CH,CHo(CH2)sCH2CHoCHs);  8=16.82  ppm  (NCH2CH,-CH2(CH2)6CHoCH2CHs);  8=22.62  ppm
(NCH2CH2CH2.(CH2)6CH2CH2CH3);  ©=29.40 ppm  (NCH.CH>CH2(CH2)6CH2CH>.CHs);  ©=26.37  ppm
(NCH2CH2CH2(CH2)sCH2CH2-CH3);  ©=26.37 ppm (NCH2CH.CH>(CHz)s. CH>CH>CH3); 0=64.54 ppm
(NCH2CH2CH; (CH)sCH2CH>CH3s); at 6=48.15 ppm (NCHs); at 5=62.66 ppm (NCH(CHs);), at 6=18.82 ppm
(NCH(CHs3)2).
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(b) BC NMR (CDCI3) spectrum of the CGS-Il demonstrated different peaks at 8=14.12 ppm (NCH>CH>CHoa.
(CH2)sCH2CH2CH3); 0=18.35 ppm (NCH2CH2CH2(CHz2)s CH; CH2CHj3); 0=22.77 ppm
(NCH2CH>CHa(CH2)sCH2CHoCHs);  8=29.33 ppm (NCH; CHz CHa(CH2)sCH2CH2CHs);  8=27.21 ppm
(NCH2CH>CHa(CH2)sCH2CH2CHs); 5=26.29 ppm(NCH2CH2 CH2.(CH2)sCH2CH2CH3); 5=65.85 ppm (NCH2CH>CH,
(CH2)s CH2CH, CHz3); at 5=51.78 ppm (NCH3); 5=60.66 ppm (NCH>CH,0); 5=58.31 ppm (NCH,CH; O) ; 5=142.05
ppm (O-C=0); 6=129.19 ppm (Ar-H); 6=127.81 ppm (Ar-H); 8=130.82 ppm (Ar-H).
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(c) ®C NMR (CDCls) spectrum of the CGS-lll presented different peaks at &=14.07 ppm
(NCH2CH2CH2(CH2)sCH2CH2CH3);  8=18.02 ppm  (NCH.CH>CH,(CH2)sCH>CH>-  CHs); ©=23.19 ppm
(NCH2CH2CHo(CH2)sCH2CHoCHs);  8=29.27  ppm  (NCH2CH2CHo.(CH2)s-  CH2CHoCHs);  $=26.55ppm
(NCH2CH2CH2(CH2)6CH2CH2CH3);  ©=23.18 ppm  (NCH2CH2CH»-(CH2)6CH2CH>-CHs);  6=66.21  ppm
(NCH>CH2CH>(CH)6CH2CH2CH3) ; at ©=51.93 ppm (NCHs); 06=58.25 ppm (NCH2CH,0); ©6=55.95 ppm

(NCHCH.0).

Figure A-3. 3C NMR analyses of the synthesized surfactants are shown. (a) CMS-I, (b)
CGS-ll, and (c) CGS-lIl.
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31p NMR
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%P NMR (DMSO) spectrum of the synthesized surfactants demonstrated characteristic signal at 5p -0.5114 ppm

Figure A—4. *'P NMR spectrum of the synthesized surfactant (CGS-III).
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