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Series of new protective sol-gel type coatings have been synthesized in this study from
simple silanes (alkoxysilanes and organoalkoxysilanes) and reactive silicone precursors,
carefully chosen to give the needed bulk and surface properties. Sol-gel syntheses focus
on the combination of inorganic and organic functionalities to produce protective hybrid
coatings with rigid bulk properties. The bulk of these sol-gel materials has also been
incorporated with viable Bacillus licheniformis endospores as well as micro-sized
anticorrosive pigments. The presence of the bacterial endospores in the coatings (biotic)
is found to increase barrier protection and foul resistance compared to the abiotic ones
within the immersion periods in this study. This has been attributed to the characteristic
antibiotic biofilm produced by this bacterium, also found to increase the hydrophobicity
of the sol-gel coatings in the presence of the bacterial endospores after incorporation. By
altering the surface wetness of these coatings, bacterial spore accumulation prevents the
diffusion of corrosion ions through the coating to mild steel surface thereby increasing
the coating resistance while also reducing the degree of water uptake. This study reveals
a novel corrosion/biofouling mitigation approach by an axenic thermophilic strain of B.
licheniformis isolated from Saudi Arabia.
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اﻟﻤﻠﺨﺺ
اﻻﺳم اﻟﻛﺎﻣل :أﺑﻮﻧﻎ ﻣﻮﻧﺪي إﯾﺪوﯾﻚ
ﻋﻧوان اﻟرﺳﺎﻟﺔ :ﺗوﻟﯾف وﺗوﺻﯾف طﻼءات ھﻼم ذاﺋب ﻓﻌﺎﻟﺔ ﺑﯾوﻟوﺟﯾﺔ ﻓﻲ ﺣﻣﺎﯾﺔ ﺣدﯾد اﻟﺻﻠب ﻣن اﻟﺗﺂﻛل واﻟﻌﻔوﻧﺔ

اﻟﺗﺧﺻص :اﻟﻜﯿﻤﯿﺎء
ﺗﺎرﯾﺦ اﻟدرﺟﺔ اﻟﻌﻠﻣﯾﺔ :ﻛﺎﻧﻮن اﻷول ٢٠١٥

ا ُﺻﻄﻨﻌﺖ ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ﺳﻠﺴﻠﺔ ﺟﺪﯾﺪة ﻣﻦ طﻼءات اﻟﮭﻼم اﻟﺬاﺋﺐ اﻟﻮاﻗﯿﺔ ﻣﻦ ﻣﺮﻛﺒﺎت اﻟﺴﯿﻠﯿﻜﻮن
اﻟﺒﺴﯿﻄﺔ ) اﻟﺴﯿﻠﯿﻜﻮن اﻟﻌﻀﻮي وھﯿﺪروﻛﺴﯿﺪ اﻟﺴﯿﻠﯿﻜﻮن( وﻣﻮﻟﺪات )ﺳﻼﺋﻒ( اﻟﺴﯿﻠﯿﻜﻮن اﻟﺘﻔﺎﻋﻠﯿﺔ ،اﻟﺘﻲ
اﺧﺘﯿﺮت ﺑﻌﻨﺎﯾﺔ ﻣﻦ أﺟﻞ اﻟﺤﺼﻮل ﻋﻠﻰ اﻟﺨﺼﺎﺋﺺ اﻟﻜﻠﯿﺔ واﻟﺴﻄﺤﯿﺔ اﻟﻤﻄﻠﻮﺑﺔ.
رﻛﺰت ﺗﻮﻟﯿﻔﺎت اﻟﮭﻼم اﻟﺬاﺋﺐ ﻋﻠﻰ اﻟﺠﻤﻊ ﺑﯿﻦ اﻟﻮظﺎﺋﻒ اﻟﻌﻀﻮﯾﺔ وﻏﯿﺮ اﻟﻌﻀﻮﯾﺔ ﻹﻧﺘﺎج طﻼء واﻗﻲ
ھﺠﯿﻦ ﻣﻊ ﺧﺼﺎﺋﺺ ﻛﻠﯿﺔ وﺻﻼﺑﺔ .اﻟﻜﺘﻠﺔ اﻟﻜﻠﯿﺔ ﻣﻦ ﻣﻮاد اﻟﮭﻼم اﻟﺬاﺋﺐ دﻣﺠﺖ ﻣﻊ ﻋﺼﯿﺎت ﻗﺎﺑﻠﺔ
ﻀﺐ ﺻﻐﯿﺮة اﻟﺤﺠﻢ ﻣﻀﺎدة ﻟﻠﺘﺂﻛﻞُ .وﺟﺪ ﻓﻲ
ﻟﻠﺤﯿﺎة) (Bacillus licheniformis endosporesوﻛﺬﻟﻚ ُﺧ ُ
ھﺬه اﻟﺪراﺳﺔ أن ﺗﻮاﺟﺪ ﺑﻌﺾ أﺑﻮاغ اﻟﺒﻜﺘﺮﯾﺎ ﻓﻲ اﻟﻄﻼء اﻟﺤﯿﻮي ﯾﺰﯾﺪ ﻣﻦ ﺣﻤﺎﯾﺔ اﻟﺴﻄﺢ وﻣﻘﺎوﻣﺔ
اﻟﻌﻔﻮﻧﺔ ﻣﻘﺎرﻧﺔ ﺑﺘﻠﻚ ﻏﯿﺮ اﻟﺤﯿﻮﯾﺔ ﺧﻼل ﻓﺘﺮات اﻟﻐﻤﺮ .وﯾﻌﺰى ذﻟﻚ إﻟﻰ اﻟﻐﺸﺎء اﻟﺤﯿﻮي اﻟﺮﻗﯿﻖ اﻟﻤﻤﯿﺰ
اﻟﻤﻀﺎد اﻟﺤﯿﻮي اﻟﺬي ﺗﻨﺘﺠﮫ ھﺬه اﻟﺒﻜﺘﺮﯾﺎ ووﺟﺪت أﯾﻀﺎ ً زﯾﺎدة ﻓﻲ ﺧﺼﺎﺋﺺ اﻟﻜﺮه ﻟﻠﻤﺎء ﻟﻄﻼء اﻟﮭﻼم
اﻟﺬاﺋﺐ ﺑﻌﺪ دﻣﺞ اﻷﺑﻮاغ اﻟﺒﻜﺘﯿﺮﯾﺔ .ﺗﺮاﻛﻢ أﺑﻮاغ اﻟﺒﻜﺘﯿﺮﯾﺎ ﯾﻤﻨﻊ اﻧﺘﺸﺎر اﻷﯾﻮﻧﺎت اﻟﻤﺴﺒﺒﺔ ﻓﻲ اﻟﺘﺂﻛﻞ ﻣﻦ
ﺧﻼل اﻟﻄﻼء اﻟﺨﻔﯿﻒ ﻟﺴﻄﺢ اﻟﻔﻮﻻذ وﺑﺎﻟﺘﺎﻟﻲ زﯾﺎدة ﻣﻘﺎوﻣﺔ اﻟﻄﻼء وأﯾﻀﺎ ﺗﻘﻠﯿﻞ درﺟﺔ اﻟﺘﺮطﯿﺐ ﻋﻦ
طﺮﯾﻖ ﺗﻐﯿﯿﺮ رطﻮﺑﺔ ﺳﻄﺢ ھﺬه اﻟﻄﻼءات .وﺗﻜﺸﻒ ھﺬه اﻟﺪراﺳﺔ ﻧﮭﺠﺎ ﺟﺪﯾﺪا ﻓﻲ ﺗﺨﻔﯿﻒ اﻟﺘﺄﻛﻞ وﺗﺮاﻛﻢ
اﻟﻘﺎذورات اﻟﺤﯿﻮﯾﺔ ﻣﻦ ﻗﺒﻞ ﻣﺰرﻋﺔ ﺣﺮارﯾﺔ )ﻣﻤﺤﻮﺿﺔ( ﻟﺴﻼﻟﺔ ب .ﻟﯿﺸﯿﻨﯿﻔﻮرﻣﯿﺲ
) (B.licheniformisاﻟﻤﻌﺰوﻟﺔ ﻓﻲ اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﯾﺔ اﻟﺴﻌﻮدﯾﺔ.

xxv

1 CHAPTER 1

INTRODUCTION

1.1

Sol-gels

These are hydrolysis/condensation products formed from catalyzed reaction of linear and
cyclic organoalkoxysilane and alkoxide (not restricted to only siloxanes) with water; also
involving hydrosilylation if Si─H bonds are added across unsaturated bonds. The term
“sol-gel” means that nanometer sized sol particles are disperse in a soluble suspension
phase made of colloidal gel depending on the viscosity of this solution. Depending on the
precursors employed for the syntheses, many sol-gel materials are designed to possess
unique functionalities hence varying surface/bulk properties specific for some
applications. For instance, the quest for synthesis of antifouling sol-gel materials with
improved adhesion on metal substrates involving the establishment of the Si-O-M bond
while maintaining the amphiphilic properties for surfaces designed to resist settlement and
adhesion of marine foulers. Hydrophilic and hydrophobic surfaces are known to foulrelease ulva and algae spores, respectively, and this can be achieved from sol-gel
chemistry made from PDMS and alkoxide [1]. Though other treatments may abound in
some cases, these sol-gel materials attain remarkable surface and bulk properties when
they are rightly cured at temperatures unique to their chemistries. Hydrophobic coatings
(including some sol-gel types) reduce the adhesion of foulers due to their low surface
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energies; and this is foul-releasing property is greatly aided by the sheer stress initiated by
the speeding of the marine vessel in the seawater. This is common among fluoropolymeric
and PDMS-based antifouling coatings [2]. The antifouling and fouling-release properties
of an organically modified silicate (ORMOSIL) synthesized from tetraethoxysilane and
octyltriethoxysilane, hydrolyzed with water and isopropyl alcohol has been reported
according to Equation 1.1 (R= n─octyl group) for a typical marine application [2,3].
Si(OEt)4 + RSi(OEt)3 + H2O

[R-SiOnHm(OEt)q]p + EtOH

(1.1)

Figure 1.1 shows a small marine vessel at Irondequoit Bay, northeastern Monroe County,
New York (US) whose hull was coated with this tetraethoxysilane─octyltriethoxysilane
sol-gel antifouling paint (left:without and with mild polishing:right). The vessel was
resistant to fouling on re-introduction into the seawater on the 20th May 2006, and after
being coated (at the hull) and cured at ambient temperature for two days. This coating is
now widely applied to larger ships and other marine vessels on Lake Ontario at the
southwest by Canadian province of Ontario.
Moreover, since sol-gel materials are made of nano to micro size pores inherent in the
bulk of the coating, they can be encapsulated with other active materials (proteins,
enzymes, bacterial cells and spores, corrosion inhibitors, nanocomposites etc.) so as to
enhance the properties to which they are prepared for: bulk strength, wetness,
anticorrosive/ antifouling abilities, controllable permeability or porosity etc) [4].
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Figure 1.1 The vessel hull coated with tetraethoxysilane─octyltriethoxysilane sol-gel antifouling paint at
Irondequoit Bay (US); without (a) and with (b) polishing [3].

1.2

Sol-gel chemistry

Generally, the process by which solid materials are made from smaller molecules of
precursors is known as sol-gel process. Sol-gel synthesis takes place at low temperatures.
Sol-gel synthesis dates far back the 1800’s with the pioneer work reported by Ebelmen M.
(a French chemist) involving the synthesis of silicon tetraisoamyloxide from silicon
tetrachloride and isoamyl alcohol [5]. His later work [6] involved the synthesis of boron
amyloxide, boron ethoxide and boron methoxide using isoamyl alcohol, ethanol and
methanol, respectively, with boron trichloride. Authors attributed the success of the
synthesis route to the polarity of the main element: with alkoxides forming by reaction of
electropositive metals with corresponding alcohols [7]. Earlier works from Ebelmen were
reported from Manufacture de Ceramiques de Sevres in France [8], though other sol-gel
researches had been developed from these reports in the late 1800’s and middle 1900’s.
Similar sol-gel synthesis can also be found in nature. Attia et al. [8] have also reported the
formation of chalcedony minerals from polycondensation of aqueous siliceous. Basically
in sol-gel synthesis, interconnected networks of glass or glass-like material (even
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ceramics) are formed from condensation reactions involving nanometer sized sol particles
previously formed by hydrolytic conversion of adequate precursors (e.g. metal oxide,
metal alkoxide, organoalkoxysilane etc.) via either catalyzed (acid or basic) reaction with
water, usually with alcohol employed to aid precursor dissolution in the media. Figure 1.2
and 1.3 show typical sol-gel processes where ceramics are formed as stable gels from
adequate precursors when heated to a high temperatures (sintering), and as moderate glass
structures at room temperature curing of gels from simple silanes. Also in this process,
critical drying temperatures will form noncrystalline and aquagels. The early stages of the
gels are called aquagel since they are usually filled with other liquids like water
(hydrogels) and alcohols (alcogels); aerogels are formed when these liquids are displaced
by air without altering the rigid network structure [8].
Non-crystalline

Ceramic
Precursors

Hydrolysis

Sol

Condensation

Gel

Specialty phases
Glass

Figure 1.2 A typical sol-gel process, and products obtained from different drying phases.
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Figure 1.3 Possible sintered and dried gelled products derived from sol–gel synthesis [9].

Just before gelation, a pseudo-particulate growth stage involving the agglomeration/
nucleation of the sol-gel polymer structures is formed. A full gel structure is observed to
form subsequently in the solution mixture when it thickens throughout the medium.
Condensation reactions continue far after gelation, as the material cures depending on the
temperature. During drying, excess water and alcohol molecules are removed as well as
unreacted precursors thereby giving a glassy material as the silica network (in the case of
silanes and siloxanes) shrinks. The sol-gel route for a gel network depends on the structure
of the sol in two distinct mechanisms. The first mechanism is based on the growth of sol
particles into macromolecules coming together into infinite network; this is common in
acid-catalyzed hydrolysis of tetraalkyl silicates. The other mechanism is based on
aggregation of particles into an intermediate colloidal sol phase before gelling [8]. It is
also well known that the final structures of these gels are dependent on the kinetics of the
stepwise hydrolysis and condensation reactions; with metal alkoxides (M(OR)n) widely
5

reported to produce glass and ceramic materials from very stable gels with high degree of
chemical homogeneity. The rate of hydrolysis, as well as the overall sol-gel process, is
affected by pH, the ratio of water to M groups in the precursors (such as alkoxides of V,
Si, Ti, Zr etc), the network-forming element (M; e.g. Si, Ti, Zr, Al, Fe, B) as well as the
nature of the alkoxy groups including the size of R, concentration of other precursors,
amount of solvents and dopants (e.g. organic dyes and rare earth elements), catalysts,
temperature and degree of mixing. According to Equation 1.2, exchange reactions with
alcohols can bring about unique routes for preparing higher alkoxides (even
multicomponent systems) bearing simpler M(OR)n; and altering the hydrolysis rate of
alkoxy precursors also promotes homogeneity of final material [9,10]. Further reactions
that condenses molecular water and alcohol are regarded as condensation since they lead
to the formation of gelled (M─O─M) networks in the final materials (Equation 1.3).

M(OR)n + R'OH
2 M(OR)n─1(OH)

M(OR)n─1(OR') + ROH
(OR)n─1 M─O─M (OR)n─1 + HOH

(1.2)
(1.3)

Attia et al. [8] has opined that condensation of hydrolytic products of tetraalkoxy silanes
like tetraethyl orthosilicate (TEOS) yield 3D connected silica networks (Equation 1.4);
with two moles of water required per mole of TEOS.

Si(OEt)4 + 2 H2O

SiO2 + 4 C2H5OH

(1.4)

The conversion of TEOS to silica is not as simple as expressed in Equation 1.4, this
process involves a more complicated mechanism (Equations 1.5─1.8) especially since
hydrolysis is entirely stepwise. Normally condensation reactions commence before the
hydrolysis is completed, therefore, condensation is possible via H─OH exchange as well
as ROH (Equation 1.9; where x+y=3=v+w) from partially hydrolyzed precursors.
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Si(OEt)4 + H2O
Si(OH)(OEt)3 + H2O
Si(OH)2(OEt)2 + H2O
Si(OH)3(OEt) + H2O
(OH)x(OR)ySiOH + ROSi(OH)v(OR)w

Si(OH)(OEt)3 + C2H5OH
Si(OH)2(OEt)2 + C2H5OH
Si(OH)3(OEt) + C2H5OH
Si(OH)4 + C2H5OH

(1.5)
(1.6)
(1.7)
(1.8)

(OH)x(OR)ySi─O─Si(OH)v(OR)w+ ROH (1.9)

Munoz-Azuado and Gregorkiewitz [10] has opined that condensation reaction in sol-gel is
possible through two other routes (Equation 1.10 and 1.11):
≡Si-OH + HO-Si≡

H2O + ≡Si-O-Si≡ (Water condensation)

≡Si-OR + HO-Si≡

R-OH + ≡Si-O-Si≡ (Alcohol condensation) (1.11)

(1.10)

Since not all sol-gel precursors are alkoxides, the functional group chemistry determines
the kinetic of a particular sol-gel type reaction. Depending on the rate of
hydrolysis/condensation, the final gel material formed is diphasic with its morphology
appearing between discrete particulates (mixed liquid phase) and continuous polymer
network (semi-solid phase). The understanding of the structures of these organic-inorganic
hybrid materials in relation to synthesis and processing is the success of sol-gel chemistry.
The abundance of precursors and their unique chemistries allows for the development of
materials with tunable chemical and mechanical properties. Common in this class of solgel materials are those prepared from organically modified alkoxides bearing
polymerizable organic functional groups (e.g. epoxy rings). The chemistry of this class of
precursors is difficult since it is almost impossible to track the number of imminent major
and side reactions. To control these systems to yield materials with better properties,
researchers worldwide employ the of Lewis catalysts (e.g. BF3, ZrCl4, TiCl4, SnCl4,
and AlCl3 etc) for accelerate the epoxy ring-opening reaction and while controlling the
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polycondensation reactions. Many epoxy-bearing alkoxides (e.g. 3-Glycidyloxypropyl
trimethoxysilane) require curing agents like amines for similar reactions of which allows
for the formation of highly crosslinked modified silica structures [11]. Sol-gel chemistry
has become a productive route for the preparation of countless materials with electronic,
optical and magnetic properties for various applications ─ ranging from the development
of stationary phase materials for chromatography, anticorrosive coating for industrial
metals, materials for mounting active bioagents and substances for biomedical
applications, amphiphilic coatings with antifouling potentials, to mention but a few.

1.3

Protective sol-gel coating

1.3.1 Corrosion overview
Metals employed for use in many industrial service environments corrode. The economics
of maintenance and repairs of these metals is huge, and so much is being expended
annually by multinationals as well as developed countries as consequences of corrosion,
including the inspection, monitoring and control of this evitable degradation process.
More than $100 billion is being expended annually as a result of corrosion in the United
States of America alone. Annually, in a global scale, approximately one-fifth of global
energy making 4.2% of gross national product is lost to corrosion [12]. Depending on the
metal substrate, metal corrosion as an electrochemical process is best explained using the
Pourbaix diagram. Pourbaix diagrams of metals aid in the understanding of factors that
could promote corrosion in terms of pH and it show how these metals are susceptible to
corrosion as a function of potential and pH. Solution pH and surface chemistries are
known to hugely affect the rate of metal corrosion, and by understanding these factors,
8

adequate control procedures and method can be proposed to revert corrosion degradation
kinetics.
The degradation of metals by corrosion is a spontaneous process involving the
reaction of the metal with its environment, catalyzed by moisture and oxygen. Figure 1.4
shows photographs of corroded surfaces of metals; steel oxidizes to rust, and the process
continues until the metal block/mass has been totally degraded depending on a number of
surface and environmental factors. Classified as electrochemical reaction, the first stage in
the process is the anodic area surface dissolution with Fe+2 ions from the metal going into
the bulk of the solution mixture. Pairs of electrons from the metallic anode is taken by the
cathode, here hydrated hydroxyl ions are formed as Fe+2 ions react with molecular water
and oxygen. The red hydrated ferric oxide (rust) is the formed when freshly generated Fe+2
ions reacted with hydroxyl ions in solution. The corrosion behavior of steel working
electrodes in the acidic solution is shown in Equations (1.12-1.14). On a prolong period of
time, corrosion product’s growth of the microstructure stifles the surface by relative
polarisation effect, thus a new metallic/anodic sites is formed furthering the process
(http://www.steelconstruction.info/Corrosion_of_structural_steel). This could result in
uniform corrosion if the surface degrades uniformly, but other forms of corrosion may
also occur, ranging from: localized, crevice, pitting, galvanic, stress corrosion, etc.

Fe + 3O2 + 2H2O

2Fe2O3H2O (aqu) (rust)

(1.12)

Fe(s) → Fe+2(aq) + 2e-

anodic reaction

(1.13)

2H+(aq) + 2e- → H2(g)

cathodic reaction

(1.14)
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Figure 1.4 A photograph of a submerged corroded steel surface in the sea.

1.3.2 Protective sol-gel coatings and modifications
Several methods have been reported worldwide in preventing corrosion, or at least
minimize its spontaneous dynamics, and the use of chromate conversion coating is a very
popular technique against steel corrosion and the passivation of other metals and their
alloys. Chromate products are known to be carcinogenic, and because of environmental
safety concerns as well as their impact on man’s health and ecological balance, their usage
is regulated by very strict environmental legislation. The use of protective sol-gel coatings
is one of the most applied greener control strategy as an alternative to industrial chromate
coating. Organic-inorganic hybrid sol-gel coatings are easily synthesized as organosilicic
acid esters (R′nSi(OR)4−n) as they act in dual protection capacity: corrosion inhibition and
physical barrier against corrosive ions and molecules [13]. Alkoxy groups (RO─) on
silanes/siloxanes are readily hydrolysed to silanol groups (Si-OH), and the presence of this
hydrophilic Si-OH aids the formation of hydrogen bond on a hydroxyl-treated metallic
surface. During curing, silica sol-gel coatings bind to metal substrates via a metallosiloxane (Si─ O─M) bond with van der Waals forces and the adherence of the coating on
the metal surface is increased. The silica rich M-oxide film on these industrial metals (M),
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further barriers inherent pores by forming passive and highly corrosion-resistance layer to
prevent passage and leaching of corrosive ions and molecules [14,15]. Figure 1.5 shows a
representative illustration for this assertion. This unique barrier property is possible with
silica composed of pure inorganic network and those with organic/inorganic hybrid
network structures, all made from varieties of precursors. Protective sol-gel coatings made
from organic/inorganic precursors have more robust and reliable strengths since they
combine both inorganic (e.g. scratch, wear resistance, durability and impact strength) and
organic (flexibility, low temperature curability and adhesion) properties [14].

Silica
sol-gel
coating
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Figure 1.5 Annotated and SEM representation: Silica sol-gel coating bound to metal substrate via a metallosiloxane (Si─ O─M) bond.

Table 1.1 presents some of the most reported precursors used in the synthesis of protective
sol–gel coatings for industrial metals [12]. The abundance of sol-gel precursors allows for
changes in coating chemistry, thereby creating versatility in the final materials endowed
with tunable properties. Also counted as an advantage of this process is the ease of coating
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application on substrates, and several syntheses of organic-inorganic hybrid sol-gel
coatings have been reported for a number of large area substrates via sol–gel method
[16─19]. The morphology of organic-inorganic hybrid sol-gel coatings reveals nano to
microsize fissures and pores; pathways through which corrosive ions and molecules can
get to the metal surface. Protective films of this class lack prolonged active inhibition
against corrosion as they are susceptible to cavitation and pitting at increased exposure
period to aggressive ions. They also prone to minor/major surface damages and defects,
and these may persist expect the sol-gel coating has rigid bulk mechanical properties or
possesses self-healing ability. To reduce this limitation, sol-gel coatings are either
physically or chemically modified to confer the needed active protection. Sol-gel coatings
can be chemically modified by encapsulating within its bulk low surface energy materials
capable of rendering it hydrophobic to water molecules. These modification instills
reduced wetness to the surface the coating thereby disallowing the passage of water
through it. Another chemical modification method is the synthesis of sol-gel materials
with higher surface contact angle (θw) hence, increased water impact resistance. Among
useful sol-gel additives and precursors offering hydrophobic properties, Mahltig et al [20]
has mentioned polysiloxanes with increasing chain-length of alkyl groups, monomeric
alkylsilanes, as well as fluorinated compounds, for metallic and non-metallic (e.g.
functionalized textiles) substrates. Polytetrafluoroethylene precursors and those of
chloride substituted silanes have been reported [21]. The anticorrosive applications of solgel materials encapsulation TiO2─CeO2/ carbon nanotubes [22,23], nanosized alumina and
clay [24,25] as well as nanoscale CeO2, graphene and zeolite [26─28] have been earlier
reported. Incorporating corrosion inhibitor pigments into the bulk of the coating is another
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method; anticorrosive graphene [28] and aluminum pigments [29─33], organic corrosion
inhibitors [34], inorganic non-chromate corrosion inhibitors [35,36] and zinc aluminum
polyphosphate

[37─41],

zinc

aluminum

phosphate

[38],

strontium

aluminum

polyphosphate [39], zinc phosphate [40,41], and aluminum tri-polyphosphate [42]. The
presence of these non-chromate and phosphate/polyphosphate inhibitor pigments further
modifies the bulk properties of the sol-gel coating, and also spontaneously aids the
formation of passive oxides layers in the coating thereby reducing the passage corrosive
molecules and ions across to the metal surface [39].
Table 1.1 Some of the most reported linear and cyclic silane precursors used in the synthesis of protective sol–gel
coatings for industrial metals: Chemical structures and names/abbreviations.

Chemical Structure

Chemical name

Chemical Structure

Tetraethyl orthosilicate
(TEOS)

Chemical name
Hexadecyltrimethoxy
silane (HDTS)

Tetramethoxysilane
(TMOS)

Dimethyldimethoxysi
lane (DMDS)

Methyl-triethoxysilane
(MTES)

Dimethoxymethyl
octadecylsilane
(DMOS)

Methyl-trimethoxysilane

3-

(MTMS)

(Triethoxysilyl)propyl
isocyanate
(ICPTES)

Vinyl-trimethoxysilane

Triethoxyvinylsilane
(TEVS)

(VTMS)
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Phenyl-trimethoxysilane

3(Trimethoxysilyl)prop

(PTMS)

yl methacrylate
(TMPM)

propyltrimethoxysilane

Trimethoxymethylsil

(PTMOS)

oxane (TMMS)

Diethylphosphonatoethy
ltriethoxysilane

Hexaphenyldisiloxan
e (HPDS)

(PHS)

3Aminopropyltrimethoxy
silane

γ-aminopropyl
triethoxysilane (APS)

(APS)
3Glycidoxypropyltrimeth
oxysilane

Hexamethylcyclotrisil
oxane
(HMCS)

(GPTMS)
Methacryloxypropyltrim
ethoxysilane

Octamethylcyclotetra
siloxane

(MAPTS)

(OMCS)


Mercaptopropyltrimetho
xysilane
(MPTMS)

Decamethylcyclopent
asiloxane
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(DMCS)

3-(2Aminoethyl)aminopropy
l trimethoxysilane



Octamethyltrisiloxane
(OMTS)

(AEAPS)
5,6epoxyhexyltriethoxysila
ne (EHTS)

Decamethyltetrasiloxane
(DMTS)



Dodecamethylpentasi
loxane (DMPS)

1,1,3,3Tetramethyldisiloxane
(TMDS)

2-

Dimethoxy-

Chloroethoxytrimethylsi

methyl(3,3,3-

lane

trifluoropropyl)silane

(CETS)

(DMTS)

Tris(dimethylsiloxy)phe

Pentamethyldisiloxan

nylsilane

e

(TDPS)

(PMDS)

Dimethyldimethoxysilan

Aminopropylethoxysi

e (DMDS)

lane (AMEO)

2–4%
aminoethylaminopropylmethylsiloxane
dimethylsiloxane
(APDMS) copolymer

(Heptadecafluoro-
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1,1,2,2tetrahydrodecyl)trietho
xysilane (FTEOS17)

(3glycidoxypropyl)methyl
diethoxysilane (GPMD)

2-(3,4epoxycyclohexyl)ethyl
-trimethoxysilane
(ECET)

1.4

Electroanalytical methods for monitoring corrosion

Corrosion monitoring strategies and methods are designed to observed trends in external
or internal corrosion episodes; including the rates of degradation (e.g. wall loss) in metalbased infrastructures. Most above-ground electroanalytical based techniques run by the
principles of direct current (dc) or alternating current (ac).

1.4.1 Electroanalytical dc techniques
The dc techniques monitor current responses once potential has been applied to a metal
substrate. Though effective in corrosion monitoring, these dc based techniques are stricken
with inevitable interferences (e.g. current stray from aligning structures like rectifiers,
power sources etc.). Some of the most commonly used dc based techniques are [43]:
1. Close potential survey,
2. Voltage gradient,
3. Cathodic protection current requirement,
4. Coating conductance determination.
1.4.1.1 Close potential survey
This technique involves the measurement of potential of metal structures relative to the
medium (e.g. soil or water) and the range stays within the bounds of a set aside cathodic
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protection criteria. A copper-copper sulfate reference electrode is normally employed in
most field-based studies to monitor the potential of the structure with a voltammeter.
1.4.1.2 Voltage gradient (dc) technique
Just like Close potential survey, voltage gradient technique measures dc potential but it
employs the use of two reference electrodes to evaluate the voltage gradient between
them. With a coated pipeline metal, its center line must be traced to have a good survey
before applying a current that will detect coating delamination (and even micro-cracks).
1.4.1.3 Cathodic protection current requirement
The current requirement of cathodic protection method involves the evaluation of current
(in amperes) required to protect a metal structure. This cathodically depends on the quality
and quantity of the coating, but this involves the initial measurement of corrosion potential
perturbation throughout length of the metalloic structure as a result of current application
from a source (even via a temporary anode). This technique simply measures cathodic
polarization.
1.4.1.4 Coating conductance determination
Just like cathodic protection current, this technique measures the resultant current from
current application but specifically, the potential drop within the coated metal (and in turn
the information involving coating conductance is derived from the applied current by
Ohm’s law). Associated techniques are potential and current attenuation methods.
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1.4.2 Electroanalytical ac techniques
While dc technique measures potential response on application of current (or vice versa),
ac techniques evaluates attenuations caused by currents or measures voltage drop. Some of
the most commonly used ac based techniques are [43]:
1. Voltage gradient,
2. Pearson survey and electromagnetic current attenuation,
3. Transwave system,
4. Electrochemical impedance spectroscopy.
1.4.2.1 Voltage gradient (ac) technique
In a field-based ac survey, the resultant voltage gradient (relative to the earth) from the
application ac signal is monitored between electrodes (a reference and a working
electrode, like a pipeline metal) place within a defined distance. The voltage gradient is
measured in decibels once the center line of the pipeline has been traced. Inherent surface
or bulk cracks or pores on the coating can be revealed by monitoring the trend in
electrochemical response as being related to the voltage gradient.
1.4.2.2 Pearson survey and electromagnetic current attenuation
Pearson survey involves the application of ac audio signal within a fixed frequency range
depending on the thicknesses of protective coatings on test metal substrates. The
fluctuation in the applied audio signal reflected from the coated pipeline (as displayed by
the receiver) connected between probes estimates coating defects. Electromagnetic current
attenuation technique directly measures the electromagnetic field generated by
underground coated pipelines when ac current is applied along its length. For a given
signal frequency, soil resistivity, and structure characteristics (e.g., pipe diameter, wall
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thickness, and depth), the electromagnetic field is a function of coating quality. Inherent
surface or bulk cracks or pores on the coating can be revealed by monitoring the
fluctuations in the electromagnetic field (directly related to the coating defects).
1.4.2.3 Transwave system technique
The transwave system technique monitors streams of generated waveforms from rectifiers
to which installed readers analysis them within a distance. The generated results
(attenuations) are affected by the type of metal as well as the coating applied on it,
medium (e.g. soil), frequency of wave, etc. The quality of the coating is assessed from the
transwave signal attenuations.
1.4.2.4 Electrochemical impedance spectroscopy
Impedance is the resistance to the flow of current (in an ac circuit) when a minute
amplitude sinusoidal excitation signal is applied across a metal surface. In simple circuits,
the resultant quantity relates the potential applied to the measured current (by Equation
1.15). This assertion is different in more complex circuitry as deviations abound shifting
the boundaries to non-linear conditions; here, electrochemical impedance re-defines the
resistance to this current flow (1.16).
= /
=

=

(1.15; for ideal resistors)
(
(

)
∅)

=

(
(

)
∅)

(1.16; complex non-linear circuits)

;where resistance, potential and current are denoted as R, E and I, respectively; Eo and Io
are magnitudes of amplitudes of potential and current;
sec.= 2

is the angular frequency (rad. per

); ∅ and f are phase separation/shift and the frequency of phase, respectively.

Both potential (E) and current quantities are modified from Equations 1.17 and 1.18:
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)

(1.17)
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(1.18)

Electrochemical impedance spectroscopic technique relies on the theoretical fitting of
impedance data in circuit models in order to obtain Z; and depending on the circuit
components, magnitudes of Z could be redefined as being resistive, capacitive or
inductive. Unlike other electroanalytical techniques employed for corrosion monitoring,
electrochemical impedance spectroscopy is a lab-based technique with a more complex
principle and instrumentation to which the level of result obtained from it could also
depend on the dexterity of the experimenter. Normally coated pipelines are
electrochemically modeled with complex networks of resistors and capacitors
characteristic of the circuitry making the coating. Here, the behavior of the coated pipeline
system, for instance, is monitored by applying a very small amplitude perturbation
between ranges of frequency (measured in Hz).

1.4.3 Other electroanalytical techniques
1.4.3.1 Linear polarization resistance
By using the Stern-Geary relation, this technique involves the application of a potential
within a range enough to polarize a test electrode (e.g. metal) in the solution of an
electrolyte while a certain amount of current is needed to keep a defined potential shift
(which is also proportional to the rate at which the electrode surface corrodes). Corrosion
rate measurement is instantaneous with this technique [44].
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1.4.3.2 Potentiodynamic polarization
Just like Linear Polarization Resistance, potential is also applied, but current response is
monitored within extremes of anodic and cathodic potential ranges versus open circuit
potential at defined scan rate; also known as Tafel experiment. Lower values of corrosion
current density denotes deduced corrosion rate for this type of polarization measurements.
1.4.3.3 Galvanic monitoring
Simply known as zero resistance ammetry (with probes), this technique involves the use
of two dissimilar metal electrodes immersed in corrosive electrolytes to monitor the
potential between them. Corrosion rate is directly related to the current generated between
the applied potential difference.
1.4.3.4 Galvanic cathodic protection
In this technique, the potential of the anode is relatively more negative than that of the
cathode (the test metal). Normally for steel, its surface is polarized with more negative
voltage values; at this juncture, the driving corrosion force is removed while the galvanic
anode slowly degrades, in turn “protecting” the cathode. Electron transfer phenomenon is
a key to the design of a perfect protecting system.
1.4.3.5 Cathodic shielding
In this technique, the “protective” current from the cathode is shielded from anodic metal
by means of a resistive film; a “shield”. It allows for the exterior coating to further protect
metal surfaces from episodes of corrosion.
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1.4.4 Other electrical resistance methods
Other resistance monitoring techniques employ electrical resistance probes (Flush or
cylindrical-type probes are common) which the measurement basis of metallic mass loss
in situ the reaction cell after exposure. The resultant electrical resistance is linked with the
length and cross sectional area of the corroded metal substrate.
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CHAPTER 2

LITERATURE REVIEW

2.1

Sol-gel: Antifouling applications

Organic/inorganic hybrid sol–gel materials have been greatly exploited in mitigating
fouling due to its potential ability to resist adhesion of foulers derived from their unique
surface chemistries and topologies [4]. The flexibility of this method could also be linked
to its process chemistry and abundance of sol-gel precursors to which those with organofluorine have been widely reported. Apart from the foul-resistant chemistry of the surface,
enhanced antifouling properties could be introduced to sol-gel material by encapsulating
within its matrix, secondary active additives with characteristic foul-resistance abilities
(e.g. biomolecules like enzymes, proteins, bacterial cells, etc; and

chemicals, etc.).

Successful encapsulation is due to inherent pores within their solid gelled matrices.

2.1.1 Antifouling activity initiated by the coating chemistry and morphology

Sol-gel coatings can be synthesized to introduce within their matrices, properties that
could enhance antifouling to suit desirable applications in marine environments. Since solgel process and its associated reactions involved in synthesis greatly depend on precursor
types, those made for this application are careful chosen. Against micro and macro
foulers, the use fluorinated antifouling sol-gel coatings have been reported with their
halogenated moieties combining reduced surface energy/ surface tension and
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hydrophobicity with foul-resistant properties [45]. Sol-gels of this class are relatively nonwetting and with unique architectures characterized with film morphologies and
topographies capable of resisting attachment and settlement of marine organisms. Their
surfaces are foul-releasing in nature [46]. Berglin et al. [47] have synthesized a fluorinated
sol-gel coating from TEOS and FTEOS17 crosslinked dihydroxy-PDMS sol-gel coatings.
The coating was characterized with electron spectroscopy for chemical analysis, ATR/IR,
SEM and AFM before evaluating the aqueous contact angle after 3 months immersion in
water for both TEOS and FTEOS17 PDMS coatings. Due the relatively stable surface
morphology and reduced cracks/ erosion pits for the TEOS and FTEOS17 PDMS
coatings, respectively, these set of coatings were concluded as having the potential for
antifouling ─ with the fluorinated coated assumed to be the better coating due to it
halogenated siliceous phase. In another study, Marabotti et al. [48] have reported the
antifouling

properties

of

a

fluorinated

sol-gel

coating

synthesized

from

monomethacryloxypropyl-terminated PDMS, trifluorotoluene, poly(diethoxy siloxane),
bis(silanol)-terminated PDMS and 1H,1H,2H,2H-Perfluorodecyl acrylate. The process
route was probed with NMR analyses and the synthesized coating characterized with
XRD/XPS, contact angle measurements, DSC and mechanical analyses. The coating
possessed low modulus character and surface tension. The attachment and settlement of
Ulva spores, Balanus Amphitrite and cyprids were studied against varying concentrations
of fluorinated siloxanes of this modified PDMS coating. Experimental results revealed
that the adhesion of these marine foulers reduced in the presence of the synthesized
antifouling coating, though fouling was not dependent on the concentration of the
fluorinated siloxanes. Glass slides were used as the substrate immersed in larger stationary
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tank of aerated deionised water for the 60 day barnacle adhesion test, and also with less
than 10 ml of 1×106 Ulva zoospores/ml suspension in Quadriperm dishes. Grunlan et al.
[49] have synthesized another fluorinated sol-gel coating via hydrosilylation of
oligosiloxanes and oligofluorosiloxanes using allyl glycidyl ether and the resultant sol-gel
material was later crosslinked with bis(3-aminopropyl)PDMS. The film was later
characterized for dynamic mechanical thermal behaviour and TGA before measuring its
resistant against the settlement of Ulva spores. Results revealed sufficient spore adhesion
resistant, and authors attributed this to increased storage modulus, reduced wetness as well
as the foul-resealing properties of coating in the presence of the fluorinated siloxane
moiety in the sol-gel coating. Fouling studies were conducted for all coated substrates
immersed in deionized water and seawater containing Ulva spores immersion for 4 h. A
fast curing fluorosilicone sol-gel coating grafted with a nonfluorinated organopolysiloxane
resin have been synthesized and coated on adequate dimensioned glass substrate prior to a
15 month immersion at Chesapeake Bay to study its antifouling ability. Field results
demonstrated reliable foul-resistance against newly metamorphosed barnacles and
bryozoans on this class of sol-gel coating [50]. Damp sponge cleaning procedure was
employed in removing all foulers except for strongly adhered bryozoans and barnacles. A
research finding involving the grafting of an organohydrogenpolysiloxane-based coating
with vinyl end diorganopolysiloxane and slilcone resins has been patented due to its
enhanced fouling resistant ability against micro and macro fouling [51]. Spores of Ulva
linza and diatom Navicula perminuta adhesion (attachment and settlement) studies have
been studied using an antifouling sol-gel coating synthesized using polystyrene grafted
with polyoxyethylene-polytetrafluoroethylene (via atom transfer radical polymerization).
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Reduced adhesion was revealed for Ulva spores in the presence of the new synthesized
coating with less strongly adhered Navicula cells on the same coating [52]. Another solgel coating has been synthesized against the surface settlement of macroalga Ulva linza
and Navicula perminuta in a flow system of less than 60 pa wall shear stress. The coating
precursor was poly(tetrafluoroethylene) with fluorinated side-chains grafted polystyreneblock-poly-(ethylene-ran-butylene)-block-polystyrene used in preparing amphiphilic
surfaces. The algae and diatom revealed unequal adhesion on this antifouling surface, with
algae and diatom being foul-released at the hydrophilic and hydrophobic surface,
respectively [53]. Wouters et al. [54] have reported the synthesis of polysiloxane-silane
coating encapsulated with sepiolite using amino-terminated and dodecyl PDMS, and
GPTMS. The coating was appropriately characterized and then tested against the biofilm
formation and adhesion of three bacterial strains (Marinobacter hydrocarbonoclasticus,
Vibrio alginolyticus, Cobetia marina) after a seven days immersion in deionized
water/artificial seawater. The coating demonstrated significant foul-release ability against
the three bacterial strains, and authors attributed this result to the presence of sepiolite in
the coating.

2.1.2 Antifouling activity initiated by viable bacterial endospores/cells
encapsulating within sol-gel matrices
Apart from the unique surface chemistry of sol-gel coatings against marine fouling, they
can also be synthesized to house active chemical and biomolecules capable to rendering
improved antifouling abilities to the materials. Enzymes and proteins as well as bacterial
cells/endospores can be encapsulated into the bulk of the film if the needed nutrients and
water for the growth without denaturing these molecules are present. Mostly,
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immobilization is done between gelation stages since encapsulation is not possible after
the formed sol-gel material has totally gelled. The encapsulated molecules will still
maintain their properties as along the environment to which they are deployed within the
silica network is favorable (including temperature, solvent concentrations, pH, catalyst,
etc). Akid et al. [55] has encapsulated vegetative endospores of Paenibacillus polymyxa
(ATCC 10401) and Paenibacillus fragi (ATCC 4973) into a sol-gel coating synthesized
from TEOS, MTMS and GPTMS using acetic acid as catalyst in ethanol. The resultant sol
was encapsulated with nanosize alumina before adding freshly prepared bacterial culture
previously harvested overnight, coated on Al 2024 substrate and divided into two parts to
be analyzed in the lab and field. The lab samples were tested for their anticorrosion
potential in the absence and presence of these two bacterial endospores electrochemically
(after 12 days immersion in 3.5 wt% NaCl) while their antifouling properties were tested
for after six months tidal immersion in a typical marine environment. In all, the presence
of the bacterial endospores inhibited saline corrosion of Al compared to the sol-gel coating
without these bacterial, and after immersion in a tidal estuarine environment throughout
the period of under study. The reasons of the foul-resistance abilities of these bacteria are
present in Table 2.1. Apart from these likely reasons that were not further investigated, the
presence of an antibiotic, polymyxin, inherent in the bacterial biofilm, must have aided in
the general resistant of the coating to marine fouling.
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Decreased coating porosity (bulk matrix filling)

Uptake of water by the bacteria due to metabolic activity

Formation of protective corrosion products

Formation of corrosion inhibiting species at the Al/solution interface

Table 2.1

Reasons for fouling-inhibition by the bacteria used in Ref. [125]

The use of glacial acetic acid as catalyst in a catalyzed hydrolysis/ condensation reaction
of TEOS in the presence of ethanol has been reported [56]. The sol-gel coating was
encapsulated with Paenibacillus polymyxa (ATCC 10401) and tested for its foulresistance at Whitby harbor, River Esk, North Yorkshire, UK. Both abiotic and biotic
coatings were characterized and spray-coated on AA 5005 panels before lab- and fieldbased studies. After 19 weeks immersion of these samples at Whitby harbor, the biotic
coatings revealed remarkable resistance to fouling and also had higher corrosion
protection for Al in artificial salt water (ASW) after 7 days immersion. The reasons for
this unique bioactivity is as expressed in Ref. [55]. Premkumar et al. [57] had previously
explained that these bacteria/gel material hybrids combine:

“physical properties and the biocompatibility of inorganic silicates with the ability of cells
to respond to environmental stimuli and subsequently impeding fouling”.
Authors were surveying the adhesion of some fluorescent bacteria in silicate films by gel
encapsulation [57]. Ghach et al. [58] have reported the electrochemical-assisted
encapsulation of five strains of Escherichia coli on ITO electrode surfaces by applying to
it an anodic potential (of magnitude 1.3 V versus Ag/AgCl (3 M)) in the sol-gel solution.
The ITO working electrode was sol electrolyzed with TMOS, PEG and chitosan at varying
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pH. Results revealed remarkable thicknesses for the coating at adequate pH values where
confocal laser fluorescence microscopy was employed in evaluating the viability of the
immobilized bacterial cell using appropriate fluorescent dye. Bacterial cell encapsulation
were successful only at positive potentials and longer deposition time ─ authors reported
between 100 nm to 2 mm coating thickness at 10 and 60 s deposition periods.

2.2

Sol-gel: Anticorrosion applications

Barrier protection by silica type sol-gel coatings have been widely researched and reported
in the literature in a huge volume of descriptive publications for various metal substrates
and corrodent in divergent approaches. The interest in sol-gel research had already
dominated late 1800’s and early 1900’s with particular interest in gel chemistry, but this
era was also marked with sparse understanding of the elaborate physical and chemical
properties of these materials [59]. There is barely no application in adsorption and
corrosion science that has not the use of sol-gel or sol-gel type materials. Sol-gel coatings
have been reported as reliable alternative for chromate coatings for pure metals and their
alloys, and their unique chemical and physical bonding allows for a strong adhesion at the
at the coating/metal interfaces [55].

2.2.1 General applications and modifications

There have also been several reports regarding protection of nobler metals/alloys in the
literature though similar studies on pure ferrous materials are scare. Salahinejad et al. [60]
have reported the anticorrosive effect of a double coat sol-gel coating; with ZrTiO4–
polymethyl methacrylate (PMMA) and ZrTiO4 being the top and bottom coatings,
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respectively, applied on stainless steel substrate (medical-grade) via spin coating at room
temperature. Authors tested the corrosion resistance of this coating in a simulated body
fluid using a dc-method. Results from Tafel polarization experiments revealed an aqueous
protective synergy between both sets of coating compare to each of them, separately.
Corrosion resistance was attributed to barrier protection in the presence of PMMA that
contributed the needed bulk rigidity and ruggedness; filling possible pores against the
passage of corrosive ions and molecules, but this also greatly affected the adhesion of the
ZrTiO4–PMMA coating on the steel substrate. Similar sol–gel spin-coating approach have
also been reported by Norouzi and Garekan [61] using a combined ZrO2/ZrO2–PMMA
coating on stainless steel (316L grade) in simulated body fluid. The corrosion tests were
conducted using both dc and ac-techniques for both coating in the solution of the
electrolyte. Cambon et al. [62] have studied the barrier protection of an organic–inorganic
hybrid silicate film made from ring-opening polymerization of GPTMS using aluminum
sec-butoxide for martensitic stainless steel (X13VD grade). Appropriate spectroscopic
techniques were employed in studying the reaction routes. The coating’s corrosion
resistance and adhesion strength were improved by incorporating anticorrosive cerium
salts. Corrosion tests were conducted in 0.1 M NaCl after an hour and a day immersion
using electrochemical impedance spectroscopy. Improved resistance of the coating was
attributed to the presence of the Cs ions drawn from their effect on the overall mechanical
properties of the sol-gel coating tested by nanoscratch/indentation test. In another study
[13], Cr3+ ions were doped in ureasilicates and amino-alcohol silicates coatings
synthesized from ICPTES and GPTMS precursors at room temperature. Using the
polarization resistance and macrocell current tests, corrosion resistance of the coatings
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were found to increase in the presence of the Cr3+ ions, and this was attributed to
formation is passive corrosion inhibiting oxide film in the coating after 137 days
immersion in alkaline mortal environment. Scanning electron microscopy (SEM) results
also complimented results collected from the electrochemical tests. Nanosize nanoclay
composite have been encapsulated into a sol-gel coating to increase its barrier protection
against the corrosion of hot-dip galvanized steel in 0.1 M NaCl [63]. The sol-gel coating
was synthesized from hydrolysis/condensation reactions involving GPTMS, TEOS, MTES
and sodium montmorillonite, and the effects of curing time and temperature on the
corrosion resistance performance of the coating were investigated. Authors attributed the
improved corrosion resistance of this clay/sol-gel hybrid coating to the presence of
hydrophobic clay particle in the sol-gel matrix, and this was further aided by the dense SiO-Si network in the material. Corrosion tests were based on monitoring of cathodic
current density and the evaluation of pore resistance of the coating by means of
potentiodynamic and impedance plots. In another work, sol-gel film synthesized from
TEOS and 3(trimethoxysilyl)propyl methacrylate for the protection of AISI 304 and
AISI 430 stainless steels in 3.5% NaCl has been reported [64]. Cerium nitrate was also
added to improved corrosion protection and polyethyleneglycol (PEG) was used as the
plasticizer. Potentiodynamic polarization and EIS tests revealed the extent of corrosion
resistance of this class of coating while SEM and indentation of nanoscratches explained
the morphologies and adhesion of the protective coatings on steel before immersion in the
test solutions. Improved corrosion resistance of this coating was linked with its compacted
silica bulk which had huge effect on the reduced corrosion current densities. Another
epoxy-ring opening reaction of GPTMS using AMEO have been reported via sol-gel
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reaction [65]. The sol-gel material was applied mild steel substrate by dip coating
technique, cured at 200 oC before being tested for anticorrosive properties. Corrosion test
were based on polarization and EIS techniques for the coated steel substrate in sodium
chloride. SEM and FTIR were employed to study the morphology of the coating before
and after immersion in NaCl corrodent and sol-gel chemistry, respectively. TEOS and
MTES were employed in synthesizing the sol-gel coating and functionalized with
bioactive strontium substituted silicate-glasses for stainless-steel (surgical grade; implant)
[66]. The coated substrate was tested for bioactivity as well as corrosion resistance in vitro
and in vivo for rat femur bone structure analysis with regards to corrosion. The coating
was found to protect the steel substrate from corroding even after a month immersion in
simulated body fluid. The presence of strontium ions improved corrosion resistance and
bioactivity in the early immersion period, but reduced gradually; authors concluded that
the presence of strontium ions in the coated implant improved corrosion resistance and
aided bone regeneration. Criado et al. [67] have reported the synthesis of a polysiloxane
type sol-gel derived from TEOS and TMPM in three molar ratios for carbon steel
corrosion protection. After synthesis and curing of the coated substrates, polarization and
EIS corrosion tests proceeded in carbonated synthetic solution employed to simulate
carbonated concrete pore solution. The sol-gel coating demonstrated remarkable
protection of the steel metal, and this was attributed to the cross-linked silica network in
the bulk of the material as well as the adhesion of the coating on the steel substrate. JuanDíaz et al. [68] have studied the anticorrosive properties of a sol-gel synthesized from
acid-catalysed hydrolysis of MTES and TEOS (at different molar ratio) at room
temperature. The corrosion resistance performance of the coating in 3.5 wt% NaCl was
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attributed to the strength of Si-O-Si in the coating contributed by TEOS. Decrease in
corrosion resistance with exposure time was attributed to the possible degradation process
occurring in the coating at prolonged immersion in NaCl. In another study, Pavlovska et
al. [69] have prepared a TiO2–SiO2 coating for enameled stainless steel against its
corrosion in boiling oxalic acid/NaOH solutions. The mechanical strength of the coating
was tested alongside its multilayered anticorrosion properties. The coating were found to
resist corrosion in these media with remarkable chemical durability. The thickness of the
coating was evaluated as well as its morphology using X-ray diffraction analysis (XRD),
SEM and atomic force microscopy. The bioactivity and the corrosion resistance of a
protective sol–gel coating for three surgical grade alloys: stainless steel 316 L, cobalt and
titanium have been reported [70]. The sol-gel coating was prepared from MTES and
TEOS then applied to the metal substrates by dip coating technique. Corrosion testing was
conducted in a simulated body fluid environment using EIS and polarization technique,
and the bioadhesion of tissue on the coated metal was evaluated. Resistance to corrosion
was attributed to the hydroxyapatite formation form the test solution, this was confirmed
using inductively coupled plasma mass spectroscopy (ICP-MS) after 12 months
immersion. Three alkoxide precursors (TEOS, MTES, and GPTMS) have been used in
synthesizing another sol-gel coating for stainless steel 304L protection in 3.5 wt% NaCl
solution after 2 to 21 day exposure [71]. Nanoparticles of clay was encapsulated into the
sol-gel to increase it bulk compatible, reduce the pores in the coating and also increase its
hydrophobicity. Corrosion protection by this coating was attributed to the inherent Si-O-Si
network in the coating well as its low wettability in the presence of the nanosized clay.
The dispersion of clay in terms of the general coating roughness and morphology was

33

evaluated with SEM, AFM, XRD and FTIR. On stainless steel, Okner et al. [72] have
reported a sol-gel route involving the electrodeposition of PEG/ICPTES polymerized
coating. After spectroscopic and surface analytical evaluation of the coating for functional
group chemistry, stability and morphology, its anticorrosion property was tested by
potentiodynamic polarization. This hydrophilic coating was found to be stable in buffer
phosphate and hence, reduced the cathodic corrosion current to a great extent compared to
the bare steel substrate. In another study, the electrodeposition (at cathodic potential) of
sol–gel coating on 316L stainless steel plates has been reported [73]. This protective
coating was synthesized from APS, it was codeposited ion PTMS/PTMOS derived sol-gel.
The coating was characterized by profilometry, goniometry and appropriate surface
analytical techniques, before their elastic and adhesion properties were evaluated. Results
from EIS for the coating revealed reliable corrosion resistance against the passage of
hexacyanoferrate ion, this was attributed to the tunable physical and chemical properties
of the coating and even dispersion of the microparticles via electrochemical-assisted
deposition. Kiruthika et al. [74] have reported the anticorrosive properties of UV cured
GPTMS/ZrO2 sol-gel coating for mild steel applied by dip coating technique. In this study,
authors were reviewing the effects of plasma surface treatment on the mechanical and
protection properties of the hybrid coating. The adhesion and indentation properties were
evaluated before aqueous corrosion test in 3.5 wt% NaCl using EIS and Tafel polarization.
Its corrosion resistance for steel was attributed to mechanical strength and reduced
wetness while surface pre-treatment with plasma greatly improved the adhesion of the
coating to steel, thereby aiding inhibition of corrosive ion percolation. The presence of
GPTMS/ZrO2 sol-gel coating on steel reduced its corrosion rate with a factor more than
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600 times that of the uncoated steel substrate due to the plasma treatment. A self-curing
sol-gel coating synthesized from TEOS and alumina sol by acid-assisted hydrolysis in the
presence of phosphoric acid catalyst has been reported [75]. An anticorrosive Ce salt was
encapsulated into the bulk of the coating to improve inhibition of corrosive ions and
molecules. The cerium doped matrixed demonstrated improved barrier protection due to
the presence of this earth metal, increasing the hydrophobic nature of the coating and also
hindering cathodic reduction by precipitating oxides and hydroxides of Ce in the coating.
The undoped silica inhibited corrosion due to the rigid Si-O-Si in the sol-gel network from
the corrosion test results obtained from EIS and salt spray experiment. In another study,
Ruhi et al. [76] have investigated the anticorrosion properties of a zinc-phosphate
pretreated mild steel surface coated with sol–gel alumina sintered a temperature greater
than 200 oC. The protective sol-gel coating was synthesized using 1:100 molar ratio of
aluminium iso-propoxide and water in an acidic medium. An electrochemical corrosion
test was employed to evaluate the protective strength of the coating in 3.5 wt% NaCl using
EIS. Better corrosion and wear resistance abilities were revealed for sol-gel sintered at 400
o

C compared to a hundred degree lesser. Author attributed this to abundance of micro-

cracks and fissures at higher temperature and the decomposition of organic functionalities
required to provide the needed protection from corrosion. Studies regarding the barrier
properties of another sol–gel Al2O3 has been reported for mild steel protection [77]. After
synthesis, author studied the morphology and functional group chemistry of the coating
using SEM, AFM, XPS and FT-Raman and X-ray photoelectron spectroscopies. The
improved corrosion resistance of the coating was attributed to the presence of Al2O3 in the
sol-gel matrix, and this was evaluated in 3.5 wt % NaCl solution using EIS, polarization
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and OC potential tests. The presence of Al2O3 improved mild steel corrosion protection
five time more than the undoped coating by the evaluation of cathodic corrosion current.
The effect of amount of cloisite in organic-inorganic hybrid sol-gel synthesized using
from TEOS, MTES and GPTMS has been investigated for the corrosion protection of mild
steel in 0.1 M NaCl [78]. Silica matrix bound with cloisite content revealed improved
protection from chloride ions thereby enhancing corrosion inhibition; this was attributed to
reduced surface wetness with this material. Corrosion tests were conducted using EIS,
polarization and electrochemical noise (EN) measurements. Electrochemical noise data
were collected at a second rate of electrochemical sampling lasting 1024 seconds while
EIS involved a 10 mV sine wave amplitude applied between 100 kHz to 0.01 Hz, and the
dc test was performed last at ±200 mV at a millivolt scan rate per second. Cloisite content
was evaluated using FTIR (functional group analysis), SEM (for surface morphology) and
by aqueous water contact angle (for wetness evaluation in terms for hydrophobicity)
measurements. A thin film of ZrO2 has been prepared by sol-gel technique and deposited
on 316L stainless steel by dip coating technique at different temperature [79]. It was
characterized by TG/DTA, XRD, SEM and FTIR. This coating was found to inhibit acidinduced (1 M H2SO4) corrosion at 80 oC, evaluated using EIS and polarization techniques.
The ZrO2/sol-gel coating sintered at 500 oC demonstrated the best corrosion protection
performance as results from SEM and AFM analyses revealed absence of surface cracks
and reduced roughness, respectively. Authors opined that increased temperature must have
allowed the formation of tetragonal (then to monoclinic) ZrO2 phases in the coating at
higher temperatures, thereby exposing the microstructure of the coating to corrosive
attack. Wang and Akid [75] have reported the TEOS-based silica-alumina sol-gel,
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TEOS/MTES-based silica sol-gel, TEOS/MTES-based silica-alumina sol-gel doped with
cerium nitrate used for the protection of mild steel substrate in 3.5 wt% NaCl at room
temperature. Their barrier protection on steel was tested using EIS with associated
electrochemical parameters revealing improved corrosion inhibition for the coating in the
presence of the cerium nitrate followed closed by the silica coating synthesized with
TEOS and MTES. The reason for the reduced corrosion protection for the silica coating
synthesized from TEOS over time was attributed to less Si-O-Si bond in the sol-gel
matrix; the TEOS/MTES-based silica-alumina sol-gel doped with cerium salt combined its
reduced wetness with and the presence of the cerium-based inhibitor. Hindrance of
cathodic processes in the presence of the cerium nitrate was another proposed reason for
corrosion inhibition involving this functionalized organic/inorganic hybrid coating. EIS
experiments were accompanied with salt spray tests at prolonged immersion. A combined
protective barrier properties for sol-gel and a conductive polyaniline-based coating has
been studied [80]. The latter was synthesized from (NH4)2S2O8 oxidation of aniline in HCl
solution. Corrosion tests were conducted by EIS and salt spray test with the coating
applied to aluminium (AA2024 grade) substrate immersed for 24 months in acid, alkaline
and saline media. The polyaniline/sol-gel protected against aluminium corrosion more in
both acidic and saline electrolytes compared to the alkaline solution. Polyaniline/sol-gel
hybrid coating exhibited self-healing properties (using Scanning Vibrating Electrode
Technique) and resisted delamination and corrosion after 500 h exposure to salt spray.
Scratch test as well as pull off and SEM analyses were employed in studying its surface
morphology. Modified to induce scratch resistance with silica nanoparticles, the same
hybrid coating has also been reported to inhibit magnesium (AZ31 grade) alloy corrosion
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in Harrison solution [81]. EIS and salt spray tests were used for the inhibition corrosion
evaluation. Author deduced from the experimental results that the presence of the silica
nanobodies was the reason for the scratch resistance and self-healing of the coating, and
the variation in the electrochemical parameters related to this coating revealed stable
passive layer due to silica. The adhesion and corrosion resistance of this hybrid coating
depends on the ratio of polyaniline to sol-gel in the broad matrix. An organic–inorganic
hybrid sol-gel coatings synthesized from TEOS and GPTMS has been doped with alumina
sol and cerium nitrate using similar procedure reported in Ref. [75] for Al–Cu and Al
2024-T3 alloys by dip-technique [82]. Corrosion tests were conducted using EIS and Tafel
polarization with results revealing improved barrier protection in the presence of cerium
nitrate in 3.5 wt% NaCl against the metal substrates; this was also confirmed with SEM
prior to and after immersion. The presence of the corrosion inhibitor in the coating
maintained superior barrier protection even after 456 h immersion in the saline electrolyte
with reduced corrosion current density. May et al. [83] have incorporated alumina nanofillers/nanoparticles into epoxy coating modified by sol-gel method using TEOS and
MTMS precursors, and diethylenetriamine as the curing agent via acid catalyzed
hydrolysis. The adhesion/shear and tensile analyses were carried out to study the effect of
the alumina particles. The nanoparticle-doped epoxy/sol–gel coating showed excellent
adhesion to the metal (Al2024-T3) substrate and with remarkable tensile strength at
different temperatures and time only when they were used in small amount. Authors
attributed this assertion to better adhesive cross-linking at smaller concentration of
alumina and also with the formation of Si–O–M bonds in the sol-gel network.
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2.2.2 Effects of phosphate and molybdate type anticorrosive pigments on the
protection performances of silica sol-gel coatings
The presence of corrosion inhibitor pigments are known to act as fillers in the
microstructure of sol-gel coating susceptible to surface and bulk mechanical faults (e.g.
fissures and pores). By filling these pores with these pigments, the pathway through which
corrosive ions and molecules could have passed through to reach the metal surface have
been virtually sealed. This physical bulk modification actively protects the coating with a
self-healing ability. The presence of these non-chromate phosphate and polyphosphate
inhibitor pigments further modifies the bulk properties of the sol-gel coating, and also
spontaneously aids the formation of passive oxides layers in the coating thereby impeding
ionic current flow of corrosive ions. Aluminum/Zinc phosphate type compounds have
become better alternatives and safe compounds for protective and barrier coatings. The
presence of these non-chromate zinc-type phosphate inhibitor pigments spontaneously
aids the formation of passive metal oxides and hydroxides [39]. These compounds have
been opined to improve the physical properties of the sol-gel matrix by influencing surface
adhesion and bulk rigidity. They replace organic corrosion inhibitors because of their
reliable stability; the former are known to dissociate at extreme environmental conditions,
like pressure and temperature. Metal phosphates are known to form stable
oxides/hydroxides and even complexes when they dissociate. Few have been found in
literature with regards to anticorrosion applications for industrial metals: with zinc
aluminum pigments, zinc aluminum polyphosphate, zinc aluminum phosphate, strontium
aluminum polyphosphate, zinc phosphate, and aluminum tri-polyphosphate widely
reported. Lu et al. [42] have reported the influence of aluminum tri-polyphosphate primer
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on the GPTMS coating synthesized to protect magnesium (AZ91D grade) alloy by
measuring the galvanic coupling current between the bare and coated Mg substrate in 0.6
M NaCl. EIS based corrosion test was employed to ascertain the behavior of the coated
system in NaCl by applying a 10 mV sine wave amplitude between 100 kHz to 0.01 Hz
before polarization tests. The electrochemical results revealed reduced magnitude of
corrosion current for the coating in the presence of the anticorrosive pigment; influencing
by anodic and cathodic Tafel branches. SEM and XPS techniques were employed to
analyze the coating morphology and the chemistry (with respect to the binding energies
associated with P, O and Al in the pigments), respectively. The improved barrier
properties of this pigment was attributed to its pH buffering effect as well as the formation
of anticorrosive oxides/ phosphates of Mg at the metal/coating interface. Most recently,
Ma et al [29] have studied the effect of aluminum (waterborne) pigments on the corrosion
protection properties of a silica sol-gel coating synthesized from TEOS and AMEO with
H2O2 employed for anchorage in the silica network. FTIR and XRD techniques were
employed to characterize for functional groups and phase analyses, respectively. Results
revealed that H2O2 oxidized aluminum thereby forming boehmite that anchored the Si-OSi network in the coating. Aluminum substrate was better protected from silica coating
synthesized at pH 9.5 for H2O2 and with 5.1 × 10-5 M aluminum pigments. Pi et al. [30] in
a recent work have also reported the effect of similar Al composite particles in a sol-gel
coating synthesized from GPTMS and acrylates (methyl methacrylate and butyl acrylate).
TEOS was later added to the resultant colloidal sol to form a silica-Al composite. The
anticorrosive of silica-Al composite was compared to raw Al at pH 14 by comparing the
hydrogen evolution in the alkaline solution; the presence of the Al composited evolved
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less gas compared to the bare Al after 24 hour immersion at that pH. Pull-off tests
revealed better surface adhesion for the composites in the sol-gel coating. Pull-off test was
accompanied by test for coating glossiness and surface morphology. Supplit and Schubert
[32] have reported the studies of the effect of aluminum pigments in a barrier protection
properties of silica sol-gel coating synthesized from TEOS and HDTS and DMDS.
Corrosion test were conducted in alkaline and ordinary boiling water solutions, and the
improved barrier properties in the presence of these pigments were attributed to a compact
silica network and also the strong Al–O–Si bond contributing to the adhesion on
aluminuim substrate. Modern researches on phosphate-based corrosion inhibitor pigments
have been widely reported by researchers worldwide for different sol-gel coatings and
metal substrates. Naderi and Attar [40] have studied the effects of varying pigment
volume concentrations of zinc aluminum polyphosphate and zinc phosphate in an epoxy
bisphenol A/ polyamide coating. EIS and EN ac-based techniques were employed to study
their anticorrosion performance on mild steel. From the values of coating and charge
transfer resistances, it was revealed that the phosphates pigments greatly improved the
barrier resistance of the coating in 3.5 wt% NaCl after 175 day exposure period. The
presence of the pigments also revealed huge fluctuations in the current noise, signifying
better protection compared to the coating without them given to the formation of passive
oxide layer formation. Author have also reported the individual corrosion inhibiting
properties of these pigments without being encapsulated in a coating; the aqueous
corrosion tests were conducted in 3.5 wt% NaCl corrodent using electrochemical and
surface analytical techniques [41]. The same authors [37] have also studied the effect of
these pigments on cathodic disbonding of an epoxy coating by applying −1V (vs.
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Ag/AgCl) cathodic potential. EIS and pull-off tests to ascertain its barrier properties and
adhesion were also evaluated. EIS results revealed improved mild steel corrosion
resistance of the epoxy coating in the presence of these pigments after 30 and 175 days
immersion in 3.5 wt% NaCl. The presence the phosphate pigments also improved reduced
the cathodic disbonding and the enhanced the adhesion strength of the coating to the metal
substrate; surface morphologies of the coatings were also evaluated. Authors made the
same conclusions for both studies [37,40] regarding the barrier protection of the test
substrate. Attar’s group [38] have also reported the individual effects of zinc phosphate,
zinc aluminum phosphate and zinc aluminum polyphosphate anticorrosive pigments (in
varying ratios) on the barrier protection of epoxy/polyamide coating synthesized with
bisphenol A and polyamide as the epoxy source and curing agents, respectively. The
epoxy/amine coating functionalized with the pigments were individually coated on mild
and tested for their protective properties in 3.5 wt% NaCl after 35 days of immersion
using EIS and salt spray tests. Electrochemical results revealed increased corrosion
inhibition in the presence of one pigment combined with another, but with superiority of
protection depending on the concentration ratios of the pigments. This unique behavior
was attributed to synergy of the phosphates pigments in the epoxy coating. The pigments
also revealed better adhesion strength with reduced pull-off strength losses, with zinc
aluminum polyphosphate showing better protection. In yet another work by Attar’s group
[39], authors have reported the combined effects of strontium aluminum polyphosphate
and zinc aluminum phosphate in an epoxy/polyamine coating with the precipitated oxide
layer on the surface of steel substrate evaluated by SEM.
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Apart from phosphate anticorrosive pigments, another corrosion inhibitor pigments
is zinc molybdate. Only few reports are available in the literature regrading inhibitor
formulation with this compound; for reasons of the instability in the passive films it forms
on metal substrates even when it as anticorrosive as phosphates and polyphosphates. Zinc
molybdate is a major constituent of Molywhite pigments and grease; the former being
solved in hydrocarbon/mineral oils in combination with some organic molybdenum
compounds. Suleiman et al. [84] have reported the effect of incorporating this compound
as Molywhite 101-ED (UK) (alongside zinc aluminium polyphosphate, Hfucophos ZAPP,
UK) in a sol-gel coating synthesized from GPTMS, TEOS and APDMS via alkalinecatalyzed hydrolysis. Mild steel coating and corrosion electrochemistry followed after
synthesis with the application of 10 mV perturbation between 10 m and 100 kHz at 10
points per decade. The dc-behavior of currents on application of ±0.2 V was also
evaluated. The presence of the anticorrosive pigments improved the corrosion resistance
of the coating with Molywhite showing greater activity compared to zinc aluminium
polyphosphate for both ac and dc based methods in 3.5 wt% NaCl after 192 h immersion.
The morphology of the sol-gel coating before and after immersion was evaluated with
SEM. Suleiman et al. [85] have also reported the encapsulation of similar pigments and
Shieldex (Ca2+ exchange silica pigment) into a sol-gel coating made from some simple
alkoxides (TEOS and MTES). Divided into functionalized and bare coating, they were
coated on mild steel panels and tested for their barrier properties in 3.5 wt% NaCl using
EIS. Corrosion inhibition of the individual coatings were evaluated by comparison of
values of corrosion/ charge transfer resistances as well as constant phase elements at 192 h
maximum immersion period. Values of electrochemical parameters revealed superior
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corrosion protection in the presence of these pigments compared to the coatings without
them. This unique behavior from these doped sol-gel coatings was attributed to the
formation more stable protective networks in the sol-gel matrix. In another report [86], an
organic/inorganic sol-gel coating (synthesized from APDMS and 1,2-epoxybutane and a
curing agent: 1,6-diaminohexane) has been encapsulated with cerium(IV) ammonium
nitrate, Molywhite 101-ED and Heucophos ZAPP™). Similar steel substrate as well as
corrodent and immersion period reported in Ref. [76,77] with dc and ac-based
electrochemical corrosion test. Results from EIS and the variation in values of corrosion
current densities (derived from potentiodynamic polarization) revealed that cerium (IV)
ammonium nitrate was not an adequate corrosion inhibitor for this coating system.

2.3

Identification of research problems

2.3.1 Biofouling/ corrosion cost
Biofouling has been reported to cost the US Navy about USD 1 billion annually in losses
and repairs, and the expenses in other sectors of the marine industries are huge as well
[87]. Biofouling initiates corrosion by reducing localized molecular oxygen via associated
cathodic reactions thereby creating differential aeration concentration cells on surfaces
[88]. With foulers adhering and accumulating on surfaces of ship hulls over time,
interfacial stress drag increases up to 60% due to frictional effects and other
hydrodynamics factors between the ship and the seawater. This drag leads to more fuel
consumption, since more of the fuel (approximately 40%) is needed to propel the engine
in other to overcome the frictional drag. With this rate of bunker fuel consumption
representing more than half of the cost of running the US marine transport sector, about
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USD 60 billion is needed annually for fouling mitigation techniques, both research and
applications [89] by the US Office of Naval Research (ONR). According to the
International Maritime Organization (IMO), pollutant emission due to fuel burning is
estimated to increase between 38 and 72% by 2020 for all greenhouse gases; but with the
use of antifouling coatings, CO2 and SO2 emissions could widely reduce worldwide by
384 and 3.6 million tonnes, respectively, annually for both gases [90]. For metal corrosion
alone, more than $100 billion is being expended annually as a result of corrosion in the
United States of America alone. Annually too in the global scale, approximately one-fifth
of global energy and 4.2% of gross national product is lost to similar problem [12]. In the
Middle East, there seems not to be a reliable data/figure surrounding fouling and corrosion
episodes, especially in Saudi Arabia, so one cannot ascertain the extent to which these
problems have affected man and his environmental, in health implication, impact and cost.
Metal corrosion and marine fouling are significant problems in Saudi Arabia due to the
Gulf’s climate, enormous oil and gas activities and associated pollution factors. The
persistent increasing humidity, temperature and dusty winds immensely degrade
engineering materials and adversely affect their structural components and end-use.

2.3.2 Environmental implication of most efficient antifouling technique

Biocidal chemical dispersion is among some of the most used and efficient antifouling
technique employed against marine biofouling for ships and marine vessels. Because of
their adverse effects on man and the ecological system, tributyltin oxide, triphenyltin
fluoride and other organotin-based biocides have been banned and their usage are
restricted by many countries, though this regulation is yet to be fully implemented and
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enforced in some nations [91]. Organotins are carcinogenic biocidal chemicals. For
corrosion inhibition, the inorganic chromate- and arsenates-based inhibitors and some of
their hazardous organic counterparts, though effective for the reduction of metal corrosion
at lower concertation, and they are carcinogenic as well. With the banning of these
compounds, corrosion control procedures with greener inhibitor compounds (chromatefree inhibitor formulations) in most oil field applications are designed to effectively meet
safety standards and also efficiently protect the targeted metal substrates in their service
environments.

2.3.3 Ineffective protective coating alternatives

Sol-gel process has been used over the years to produce several protective coatings for
metal protection for both anticorrosive and antifouling applications from very simple
silane precursors. Protective coating of this class are susceptible to shrinkage at the
surface while some do not have a strong adhesion on the metal substrates so they fail
overtime. During curing procedure, excess water and alcohol molecules and unreacted
precursors are removed from sol-gels thereby forming a shrunk glassy silica material with
inherent bulk pores to which corrosive molecules can pass through. Modern anticorrosive
sol-gel coatings lack the dual enhanced corrosion protection and antifouling properties,
and their adhesion failures show a huge gap between process science and industrial
engineering material applications. Some classes of sol-gel are endowed with improved
barrier properties but are without stable surface inertness, film hydrophobicity and
hydrolytic stability.
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2.3.4 Susceptibility of steel to corrosion
Non-alloyed steel grades used in most industrial applications consist of more than 90%
pure iron. The Pourbaix diagram (E vs pH) of iron aids in the understanding of factors that
could promote the corrosion of this metal in terms of pH . This plot shows the susceptible
of metals to corrosion as a function of potential and pH (Figure 2.1). For Fe (in steel) and
Al, the extent of corrosion of each metal is greatly influence by pH, with more areas on
the plot for Fe likely to corroded (compared to immunity and passivity regions) than Al.
While Fe is thermodynamically unstable at acid and alkaline pH values, Al is passive
between 3.8 and 13 ─ revealing why Fe (non-alloyed steel) will corrode faster than Al in
many conditions [92]. This is a huge problem, and most reported works in the literature
focus on the reduction of Al and alloyed steel corrosion with protective sol-gel coating
and not pure or non-alloyed ferrous materials. Since solution pH and surface chemistry are
known to hugely affect the rate of Fe corrosion, and it will be a challenging research goal
to synthesized silica-based protective coating for Fe corrosion control.

(a)

(b)

Figure 2.1 Pourbaix diagram (These plots derived from computations related to Nernst equations as well as
solubility parameters of Fe and Al and their respectively ions) for the Fe- and Al-H2O at 25oC.
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2.4

Statement of research

To address channels of failed material application properties in chemical synthesis, series
of protective sol-gel coatings are proposed based on simple siloxanes and organically
modified polydimethylsiloxane (reactive silicones) copolymer precursors. Promoting
surface adhesion in situ, these copolymers will co-react with the different siloxane
functionalities from different monomer to form modified silica coatings. The
microstructures of the protective film will be functionalized with some chromate-free
phosphate-based corrosion inhibitors capable of forming passive layers made of metal
complexes, oxides and/or hydroxides that can further reduce the passage of corrosive ions
and molecules at the metal-solution interface. In addition, inoculum of spore-forming
thermophilic bacteria isolated from Gazan geothermal springs (of the Arabian Gulf) with
fouling and MIC resistant properties will also be encapsulated into the protective barrier
coating. The assessment of the marine bioactivity of endospores of this bacterium
encapsulated into these sol-gel coatings will be tested for potential antifouling properties
after immersion of the coatings for a fixed period of time in a typical marine environment.
This study proposes a corrosion protection method using safer technology and ecocompactible methods for environmental remediation and fouling control suitable for
sustainable development in the Arabian Gulf.

2.5

Objectives of this work

For the first time, the foul-releasing potential of bacterial endospores of a thermophilic
and non-pathogenic strain of Bacillus licheniformis whose enzymatic activities aids its
adaptation and survival in the extreme hot climates of the Arabian Gulf (particularly the
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hot Gazan springs) will be studied. Endospores of this thermophile will be encapsulated
within some newly synthesized protective sol-gel coatings and tested for their potential
against marine fouling and corrosion protection of S36-grade mild steel in saline medium.
The bacterial biofilm of inoculums of this organism will also be cultured in appropriate
medium on the mild steel substrate to further elucidate the mechanism of the fouling and
corrosion resistance on the sol-gel films. This work combines the organic and inorganic
functionalities of the various silane precursors to synthesis hydrid sol-gels with robust
protective properties. Specifically, the following objectives are proposed in this work, for
all protective sol-gel coating matrices:
(1) To design and synthesize some new organic-inorganic hybrid sol-gel protective
coatings for corrosion protection of industrial S36 grade mild steel substrate. Synthesis
of sol-gel polymers is via alchol-assisted and acid–catalyzed hydrolysis/condensation
reaction involving normal- and organo-alkoxysilanes precursors in comparison with
those synthesized from selected reactive silicones.
(2) Fourier Transform (FT) Infra-red, and liquid-state (1H,

13

C and

29

Si) state Nuclear

magnetic resonance spectroscopy (NMR) will be deployed to probe the extent of solgel reaction and also monitor the extent of hydrolysis.
(3) Each synthesized sol-gel coating will be functionalized with 5% w/v anticorrosive
pigments; doped before coating (roller-coating technique) on mild steel substrate for
the abiotic coating matrices; and in combination with freshly prepared B. licheniformis
spore suspension. Recommended curing procedures will follow appropriately at
recommended temperature ranges as well as surface morphology with SEM. The
wetness of each coating surface will be measured for the magnitude of water contact
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angle (θw) via static sessile drop method and the thermal stability of each sol-gel
matrix will also be examined for under nitrogen atmosphere.
(4) Culturing bacterial endospores with appropriate microbiological procedures;
subsequently testing its viability (using Invitrogen/BacLight staining protocol);
preparing its standard solution and finally encapsulating these bacterium strains into
the newly synthesized sol-gel coating matrices. The viability of the bacteria in the bulk
of the coating will be further confirmed in the coating with appropriate
microbiological assay.
(5) The protective ability of each coating (modified and unmodified) matrix will be
evaluated by electrochemistry with each technique (ac and dc) studied for a defined
surface area of the coating on steel in 3.5 wt% NaCl solution using a potentiostat. The
variation of electrochemical parameters including coating resistance and capacitance
for each coating corresponding to each immersion period will be evaluated.
(6) An on-field evaluation of the coated panels will be conducted in a hyper-saline Saudi
Arabian Gulf waters, adjacent to KFUPM beach for fouling studies. The beach water
is an unsheltered flow of body of seawater exposed to strong and hot winds of the
Arabian Gulf (Figure 2.2). All coated samples will be continuously submerged in the
seawater at more than 30 feet anchored from a dry dock/shore. Photograph images of
both sets of coatings (including the bare steel) will be taken periodically and
continuously for a couple of months. In some sol-gel formulations, the fouling studies
in the hot Arabia Gulf will be compared with those of a warmer climate (precisely at
Whitby Harbour, North Yorkshire, UK) for endospores of Bacillus licheniformis and
Paenibacillus polymyxa encapsulated differently.
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Study area

Figure 2.2. KFUPM beach at Half Moon bay, Al-Khobar, Saudi Arabia (source: Google map; Lat.
26o28ꞌ, Long. 50o20ꞌ).
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CHAPTER 3
RESULTS AND CONCLUSION
Title: Assessing the effectiveness of immobilized bacterial (Bacillus
licheniformis) endospores encapsulated in a doped organic-inorganic
hybrid sol-gel coating for saline corrosion and marine fouling protection
for steel
3.1

A brief overview

Most protective sol-gel coatings are suspectible to delamination from metal surfaces to
which the applied to due to poor adhesion and because these coatings are synthesized from
single-component silane precursors. Since a potential anticorrosion film is expected to be
compact and without pores, the condensation and hydrolysis rates are normally controlled
to yield the film with desired bulk properties. In this present study, the barrier protective
ability of a multi-componenet organic–inorganic hybrid sol-gel coating with the bulk
inorganic silica network synthesized from TEOS and TMMS with GPTMS crosslinking
between molecular Si-O-Si chains of the final hybrid polymer matrix; GPTMS will also
act an adhesion promoter. The synthesized sol-gel film will be doped with micro- and
nano-sized zinc molybdate (MOLY) and alumina, before applying on mild steel substrate
by roller coating technique. The sol-gel coating will also be encapsulated with endospores
of Bacillus licheniformis for the same application, with and without MOLY. The
anticorrosive and antifouling potentials of both modified and unmodified sol-gel coatings
will be evaluated electrochemically (in 3.5 wt% NaCl) and in the field, respectively. The
presence of alumina and the anticorrosive pigment (MOLY) in the coating will increase
the bulk mechanical strength as well as impede limit the passage of corrosive molecules
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and ions across the coating/electrolyte interface (by forming passive oxide/phosphate
complex inhibiting layers ─ with MOLY due to the molybdate radical). The desire to
inhibit non-alloyed steel corrosion using a protective sol-gel coating of this class is a huge
challenge since Fe corrodes faster and it is thermodynamically unstable compared to Al.
The available reports in the literature regarding organic-inorganic sol-gel coatings derived
from alkoxysilanes and organoalkoxysilanes are focused on pure and alloyed Al and Mg
metal substrates, Ti-based alloys, and stainless and galvanized steel grades. This work is a
build up from Akid et al. [55] who reported the foul resistance of encapsulated vegetative
endospores of Paenibacillus polymyxa (ATCC 10401) and Paenibacillus fragi (ATCC
4973) in the same organic–inorganic hybrid sol-gel coating for Al 2024 substrate.

3.2

Experimental

3.2.1 Reagents and pre-treatment procedures
Two alkoxysilanes (TEOS and TMMS) and an organoalkoxysilane (GPTMS) were
purchased from Sigma-Aldrich (US) and used for the sol-gel synthesis without further
purification. The molecular structures of these compounds are presented in Figure 3.1.
Ethanol, nitric acid and alumina (Al2O3 nanopowder, <50 nm particle size) were
purchased from Sigma-Aldrich (US); while Heucophos® Moly-white®S101-ED (a dirty
yellow finely divided calcium zinc molybdate corrosion inhibitor pigment was obtained
from Heucotech Ltd. Co. (US). Cold rolled steel (Low Carbon S36 type) SAE 1008
standard substrates were purchased from Q-panel standard substrates, Q-Lab Corporation
(US) as one-sided ground/polished finish steel panels of dimension: 0.032”×3”×5”. The
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ground/abraded steel surface gives better adhesion compared to the milled portions of the
panel. The mild steel panels were properly pre-cleaned with absolutely ethanol and left to
air-dried, labelled prior to coating and stored in a desiccator. Before coating, the
microstructure of the metal substrate was studied by SEM (U9320A 8500 Field Emission
Scanning Electron Microscope (Agilent Technology, UK)) after metal surface polishing.

O
O

O

Si

O

O

Si

O

O

O

TEOS

O

O

TMMS

Si

O

GPTMS

Figure 3.1. Chemical structures of the silane precursors used in this study.
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Figure 3.2 Summarized process route for the modified (doped with inhibitor pigment and bacterial endospores
(SGA-M, SGA-6 and SGA-M6)) and unmodified (SGA) coating matrices on mild steel panels adopted in this
study.
Table 3.1 Nominal (maximum %) chemical composition and mechanical specs data of SAE 1008 (S36 type) mild
steel panels.

*Element
% composition
Mechanical Specs.
Thickness
Finish
Roughness (µ inches)
Temper
Hardness (Rockwell)
Tensile (psi)

Mn
0.60

C
0.15

P
0.030

0.032"
Ground
20-45
1/4 hard
B50-B65
55,000

*The remaining percentage is allocated to Fe.
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S
0.035

3.2.2 Sol-gel synthesis, modification and spectroscopic characterization
To synthesize the sol-gel organic–inorganic hybrid sol-gel coating, the three silane
precursors were gently stirred (750 rpm) together for an hour without heating; prolonged
agitation in a polar solvent is required before hydrolysis since GPTMS is only sparingly
soluble in the mixture of TEOS and TMMS. To achieve the needed homogenization, 2 ml
ethanol diluent was introduced into the silane mixture (TEOS, TMMS and GPTMS in a
molar ratio of 10:6:1) thereby discouraging the possibility for liquid–liquid phase
separation. Doubly distilled water (5 ml) was later added in drops into the solution and
later, 0.5 ml 0.05 N HNO3 to initiate the hydrolysis/ condensation reaction at room
temperature. Hydrolysis reaction with water in the presence of these silane is endothermic,
and reveals a cloudy appearance in the reaction vessel until the acid is added, then a clear
and warm suspension begins to form, and remains this way throughout the reaction. A
controlled and optimized ratio of diluted acid and water is needed since the rates of
hydrolysis and condensation reactions depends of their molar amount (in volume) ─
increased amount of water as well as concentration of acid increase condensation and
gelation kinetics. After an hour of continuous stirring, the solution becomes gradually
viscous and remains indefinitely stable even after a week at room temperature; a
prerequisite stability requirement for protective sol-gel coating. Synthesis was followed by
spectroscopic characterization. The hydrolytic conversion of alkoxy groups of the silane
(ethoxy and methoxy groups on TEOS and TMMS/ GPTMS, respectively) precursors to
silanols as well as the ring-opening polymerization were monitored using Fourier
Transform infra-red (FTIR) and liquid-state nuclear magnetic resonance (1H, 13C and 29Si
NMR using CDCl3 as solvent) spectroscopies. Results obtained from these spectroscopic
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techniques give an idea of the extent of hydrolysis/acidification reactions accompanying
the sol-gel process. NMR was acquired with a Bruker 750 spectrometer (JOEL instrument,
Japan) and FTIR with Nicolet 6700 Fourier Transform (FT) Spectrometer (Thermo
Electron Corporation, UK) operating in transmittance mode. All chemical shift
referencing in NMR was relative to TMS. IR absorption was recorded with the liquid state
with a CaF2 beam splitter measured with an InGaAs detector spectrometer with a ±4 cm─1
resolution at 64 scans.
The resultant colloidal sol (SGA) was divided into portions and some of them were
modified accordingly with the 1.5% alumina (per 10 ml SGA), anticorrosive pigment and
thermophilic bacterial endospores at pH more than 3. To a 20 ml sol-gel solution, 10 g
Moly-white®S101-ED (MOLY) was added and sonicated to dissolve the pigments in the
mixture before re-stirring and labeled (SGA-M) as modified sol-gel mixture. SGA-M
solution was divided into two; to a potion, 0.5 mL of the bacterial endospore suspension
was added and labelled (SGA-M6). The unmodified sol-gel solution was encapsulated
with equal amount of the bacterial suspension as in SGA-M6 and labelled SGA-6. All
labelled sol-gel solutions with “6” represents bioactive coating (i.e. SGA-6 and SGA-M6),
with SGA and SGA-M denoting the sol-gel solution alone and sol-gel solution
functionalized with MOLY. Prolonged sonication and stirring procedures were avoided
for in the bioactive solution since mechanical mixing and homogenization could
destroy/kill the bacterial endospores, rendering them unviable. Viability test was
conducted to demonstrate the survival of the endospores in these solutions and growing
vegetative cells were culture per micro litre in a Tetrathionate (TT broth) media at 50 oC.

56

The stepwise modification in this sol-gel process is represented in Figure 3.2 for all
coating matrices.

3.2.3 Isolation and identification of B. licheniformis
Thermophilic microbes are among the few extremophiles commonly found in the
geothermal areas of the world, and particularly, the few hot springs of Saudi Arabian
deserts [93]. The uniqueness of enzymatic activity responsible for their adaptation and
survival at these extreme climatic conditions is related to well define biochemical
pathways and DNA conformations. Some thermophiles of the Thermus and Bacillus
genera have been reported to be resistant to extreme pH and salinity [94,95]. The global
market and demands for possible cellular and biocatalytic applications have increased
since the isolation and characterization of the first thermophilic bacterial strains by
Miquel’s group in 1888, in food processing, waste recycling, pharmaceutics and
antifouling activities [96,97]. In this work, the isolation of a thermophilic B. licheniformis
strain (No. 6) and subsequent genotypic and phenotypic characterization is reported from
the hot springs of the Gazan area (Lat. 43o15Eꞌ, Long. 16o56Nꞌ), Eastern Province of Saudi
Arabia. The collection of spring water samples, preservation and storing procedures
employed in the work are similar to the ones previously reported by Khalil et al. [96,98].
Appropriate volumes of sterile containers, buffers and media used for the inoculation and
culturing procedures were carried out at recommended incubation temperatures and
durations in line with this bacterial strain. Single Bacillus colonies from the culture were
streaked and picked onto TT agar plates, and then incubated for 48 h with gentle stirring
(300 rpm) at 55─70 oC. Distinctive colonies from the incubated TT agar were transferred
and stored at ─80 oC in fresh glycerol in TT broth [96]. Labelled as Bacillus strain, the
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isolated wild type strain was identified by 16S rRNA gene polymerase chain reaction
(PCR) and sequencing at KFUPM, Saudi Arabia. Its gene alignment was compared with
the closest GenBank match at the highest degree of confidence, and later confirmed as
Bacillus licheniformis. The elaborate non-specific 16S rRNA gene PCR amplification
procedure with appropriate oligonucleotide primers have been previously reported [96,98].

3.2.4 Preparation of Bacillus licheniformis suspension
To obtain the bacterial endospore suspension for this study, the thermophilic strain of
Bacillus licheniformis was collected from Department of Biology (identified by Prof.
Amjad Khalil). Endospores were towed from ice previously used for storage after isolation
from hot springs of the Gazan area (Lat. 43o15Eꞌ, Long. 16o56Nꞌ), Eastern Province of
Saudi Arabia. They were dissolved in sterile water and 100 µL of which was streaked in
TT broth before being incubated overnight (at 50˚C, 180 rpm) in order to get the starter
culture for suspension preparation the next day. Much growth in colonies was revealed in
the media the next day showing viability of the bacterial endospores. The bacterial
endospore suspension was prepared by collecting a loop-full (before a bacterial
transferring a culture, a platinum wire is heated for some seconds then used to scoop the
culture within the spoon-like loop) from discreet growth colonies on semi-solid TT broth
surface in a plate into 9 ml of sterilized water. This suspension is repeatedly stirred to
homogenize the crowed bacterial vegetative cells in the solvent.

3.2.5 Coating procedure and characterization
A neat coating of each sol-gel solution (both biotic and abiotic) was evenly applied on the
previously pre-clean steel panels via roller coating technique (RK Print-Coat Instruments
58

Ltd, UK). The coated films on each labelled panel were allowed to cure completely at
room temperature for 72 hours prior to surface morphology, electrochemical analyses,
fouling field trail. Every coating was prepared in duplicates for both lab-based
electrochemical and on-filed fouling studies. Thermogravimetric analysis (Perkin-Elmer
TGA 7, US) was conducted on the unmodified sol-gel film (SGA) alone to determine the
thermal behavior of this matrix under nitrogen atmosphere between 30 and 900 oC at 10
o

C/ min. The degree of wetness (CAM Instrument DSA30, KRUSS, Germany) with

respect to aqueous contact angle (θw) of each film surface was determined by static sessile
drop method, and results presented in this study are single trails of every measurement
taken in no predetermined order. The protective barrier evaluation was conducted in a
saline corrodent (3.5 wt% NaCl) using electrochemical (GAMRY potentiostat/ZRA
system, REF3000-19131, Gamry Instruments, US) and surface analytical techniques. A
dc-based potentiodynamic polarization test was employed in for the evaluation of the
anticorrosive abilities of these films, and this was accomplished by applying ±0.25V
versus Eoc at 10─4 V/sec. Linear Tafel fitting was performed using EChem Analyst and
appropriate polarization parameters were obtained and extent of barrier protection of each
coating discussed with according to immersion period in 3.5 wt% NaCl. Electrochemical
impedance spectroscopy (EIS) was also deployed in evaluating the protection of properties
of both biotic and abiotic films on steel substrates and results were analyzed by studying
the variation of values of electrochemical corrosion resistance and constant phase
elements/ capacitances for each coating within the period of exposure in 3.5 wt% NaCl.
Impedance measurements were performed by applying minute sinusoidal perturbation
(±10 mV) signal versus Ecorr at 10 points/ decade between 100 kHz and 10 mHz at
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potentiostatic condition in a three electrode system (Figure 3.3). Surface analysis of the
each protective film on steel mild substrate was evaluated by topology using atomic force
microscopy (5420 Atomic Force Microscope, Agilent Technologies, US) operating at
tapping mode, prior to and after exposure of each coating to 3.5 wt% NaCl at room
temperature. The distribution of the bacterial endospores in the films before and after the
encapsulation procedure was studied by scanning electron microscopy (U9320A 8500
Field Emission Scanning Electron Microscope, Agilent Technology, UK) operating at 10
kV SEM high voltage.

3.2.6 On-field fouling studies at Half-moon Bay, Saudi Arabia
The foul-releasing ability of each sol-gel coating matrix in the presence and
absence of the bacterial endospores, was evaluated in the Half-moon (KFUPM beach)
tributary of the Gulf River, Dhahran known for its all-season fouling and hyper saline
conditions. This beach is unsheltered flow of body of seawater exposed to strong and hot
winds of the Arabian Gulf known for its unique marine diversity, floral and faunal species,
and complex aquatic ecosystems. All coated samples were continuously submerged in the
sea water and photo-digital images of both biotic and abiotic coatings will periodically
collected throughout the period of study.
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Three electrode system:
• Saturated calomel electrode
(Reference electrode),
• Cylindrical graphite rod (counter
electrode)
• Coated steel panel (working electrode
2

with 1 cm exposed area).

Electrochemical mask

Figure 3.3 Photograph of a coated sample clamped to the PTC1 Paint Test Cell used in this study. The cell allows
for the defining of distinct test areas for metal substrates using surface marks made of inert material
(http://aseptec.com.my/index.php?cPath=25_35).

3.3

Results and discussion

3.3.1 The substrate’s microstructure (by SEM)
The mild steel substrate used in this work is a S36 type grade specimen with the following
chemical composition (wt.%): Mn 0.60, C 0.15, P 0.030, S 0.035 and the remaining
percentage is allocated to Fe. To study the morphology of the substrate’s microstructure, it
was first mechanically cut into a 1 cm x 1 cm coupon and abraded with different grades of
silicon carbide papers (between grit no. 120 and 800), repeatedly rinsed with absolutely
ethanol before finally polished to mirror surface finish with micro-scaled alumina
(gradually from 1 to 9 μm). Polishing was proceeded with acetone ultrasonication and
later re-rinsed in the acetone and dried in warm air. Figure 3.4 displays the SEM
microstructure of S36 mild steel grade imaged after sample polishing with relatively
uniform distribution of phases. The SEM micrograph of this material displays
predominantly areas rich in ferrite (bright patches) outlining the grain boundaries with
those of pearlite (dark portion; a ferrite/cementite lamellar structure); typical of low
carbon steel. The differences in the chemistries of these regions contribute to the corrosion
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of mild steel due to galvanic effect as ferrite is most likely to be affected since the
cementite content of pearlite is more electrochemically stable. The elemental mapping of
the

microstructure

by

scanning

electron

microscopy-energy

dispersive

X-ray

spectrometry (SEM-EDS) reveals trace composition of Mn (0.75%), C (0.20%), P and S
(<0.2%) with remaining percentage being dominantly Fe. The C content in most ferritepearlite steel grades as well as their grain sizes determine their microstructure and
resulting properties [99].

Pearlite (dark portion; ferrite/cementite
lamellar structures)

Fe

C

Mn

S

P
Ferrite (bright patches) outlining the
grain boundaries

Figure 3.4 SEM micrographs of S36 mild steel grade showing its microstructure (left panel; 500 nm); EDX
mapping (right panel; all micrographs are equally scaled (1 µm)).

3.3.2 Spectroscopic characterization of the sol–gel film
The extent of sol-gel reaction was probed by means of monitoring hydrolysis of active
alkoxy groups on the silane precursors employed in the synthesis; Figure 3.5 shows the
structures and NMR spectra ((a) 1H and (b)

13

C) of these silane compounds. Sol-gel

reaction was initiated by alcohol-assisted hydrolysis (acid-catalyzed) with minimal
amount of water needed to prepare colloidal sol with partially hydrolyzed products and
also capable to supporting metal surface adhesion. Apart from evaluating the extent of the
hydrolytic conversion of ethoxy and methoxy functional groups on the silane precursors in
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the stable prepared sol, NMR also monitored epoxy ring-opening polymerization in
GPTMS precursor. To show evidence of hydrolysis/condensation reaction on the prepared
sol-gel mixture, its NMR spectrum (Figure 3.6) were compared to those of the pure
unreacted silanes. The disappearance of TEOS’s ethoxy proton peaks at 1.23 and 3.84
ppm, triplet and quartet, respectively, shows successful hydrolysis, and well as those of
methoxy groups at 3.43 ppm (for TMMS and GPTMS) ─ though showing peak
broadening. The proton NMR spectrum of the sol-gel film also shows peak broadening of
epoxidic protons at 2.51, 2.69 and 3.05 ppm (at position 3 and 5) being evidence of acidcatalyzed ring opening reaction on the epoxy ring. This is also confirmed on the carbon
NMR spectrum (Figure 3.5 b) with reduced peak heights at 43.9 and 50.5 ppm being
corresponding carbons at those positions. New carbon peaks between 60 and 70 ppm are
associated to ring opening polymerization products; possibly aldehydes, enols or ketones
[100]. More of these peaks are also visible at 9, 48, 56 and 63 ppm. Lee at al. [101] have
reported that the presence of polymerization products corresponding to alkylether
(between 9.0─9.5 and 70 ppm), diols (71 ppm) and polyethylene oxide (after 74 ppm) are
responsible for these additional peaks on the sol-gel spectra. Innocenzi et al. [102] have
opined that de pending on the sharp character of the NMR signals, there could also be
indications of other chemical species characteristics of some oligomeric species in the
same structure. Like the work by Lee et al [101], they also showed that peaks at 63 and
71; 72 and 73; 58 ppm are indicative of the presence of diols, polyethylene oxide and a
terminal methyl ether produced by polymerization reaction between epoxide rings.
However, the presence of the reduce carbon peak at 50.6 ppm is indicative of incompletely
hydrolysed methoxy groups (from TMMS and GPTMS) absorbed on the silica; also
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evident in the broad proton peak at 3.5 ppm. Peaks at 18.6 and 58.5 ppm possess reduced
heights (compared to the NMR spectrum of TEOS) showing the hydrolysis of the ethoxy
groups of TEOS actually took place in line with the result presented on the proton NMR.
Figure 3.7 displays the liquid FTIR spectrum of the as-prepared sol-gel film with a distinct
broad IR signal at 3300 cm─1 representing O–H stretching band from silanol groups from
hydrolysis products (during the chemical conversions alkoxy groups) [102,103] ─ this
could also have been from silica absorbed molecular water or excess alcohol condensation
products. Successful condensation reaction of silanols yields silica with corresponding
bands found at 1086 cm-1 and between 400─450 cm-1 for asymmetric Si–O–Si stretching
and bending vibrations, respectively [104,105]. Absorption bands at 1272 and 2970 cm-1
are representative of C–H stretching vibrations while those between 1400 and 1410 cm-1
represent partially unhydrolysed (Si–C bonds) silanes and/or oligomers in the sol-gel. The
reduced ring breathing of epoxy is found between 810 and 950 cm-1 affirm that ringopening polymerization of GPTMS was successful; similar stretching absorption peak
disappears at 1250 cm─1 being an asymmetric band of epoxy ring [103]. Apart from
characterization with the carbon and proton NMR spectroscopies, the extent of sol-gel
reaction was also monitored by 29Si NMR (Figure 3.8). Since TEOS, TMMS and GPTMS
possess 29Si NMR peaks precisely at ─82.1, ─39.5 and ─42.0 ppm, respectively, it means
that during reaction, any deviation of peaks from values different from those exhibited by
individual precursors is suggestive of sol-gel reaction. The synthesized sol-gel film
displayed 29Si NMR peaks at ─63.7 and ─72.4 ppm assigned to T2 and T3 (in condensed
cubic T8 cage structures) species, respectively. These chemical species are derived from
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the presence of hydrolysable silica network as the hydrolysis/condensation reactions occur
bring about changes in the siloxane precursors’ environments [102].
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Figure 3.5 Liquid state NMR spectra (1H (a) and (b) 13C) of the precursors (TEOS, TMMS, GPTMS, respectively,
from up to bottom) employed in this study (solvent: CDCl3).
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Figure 3.7 FTIR spectrum of the as-prepared and unmodified sol-gel coating before application on metal
substrate and curing procedures
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Figure 3.6 NMR (1H (a) and (b) 13C) spectra of the as-prepared and unmodified sol-gel coating before application
on metal substrate and curing procedures
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Figure 3.8 29Si NMR spectra of the silane precursors (above: a, TEOS; B, TMMS; and c, GPTMS) and the asprepared and unmodified sol-gel coating (below) before application on metal substrate and curing procedures.

3.3.3 Bacterial viability
measurement

test,

thermogravimetry

and

contact

angle

The presence of viable bacterial cells in the biotic sol-gel matrices was evaluated by
inoculation (per ml) in a TT broth media and culture overnight at 50 oC. The growth
presence after 12 hours revealed several cluttered colony-forming units of viable
vegetative bacterial cells signifying that both bioactive sol-gel coatings (SGA-6 and SGAM6) contained viable or living bacterial cells. Figure 3.9 (a) shows viable bacterial cells in
a plate carrying the media. After doping the sol-gel coating with abiotic and biotic
additives as presented in scheme 1, each coating matrix was applied on pre-cleaned mild
steel substrates and left to cure accordingly. Figure 3.9 (b) shows a photograph images of
well distributed and continuous sol-gel films on steel, labelled according. Upon curing, the
thermogravimetric analysis of the unmodified coating (SGA) alone was evaluated for
stability under nitrogen gas between room temperature to 900 oC. Figure 3.10 represents
the TGA curve of the sol-gel film with three distinct thermal regions corresponding to
weight loss during the decomposition of the cured material. The evaporation of physically
adsorbed (loosely bound molecular) water on silica occurs at before 250 oC of heating, and
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this corresponds to 11% weight loss. Generally for sol-gel coatings, weight losses around
210 oC and 280 oC then to 580 oC and 650 oC are due to the pyrolysis of organic
groups/chains in the silica matrix [106]. In this study, the sol-gel displays linear thermal
decomposition 280 and 550 ◦C representing the highest weight loss (48%) while those
between 600─900 oC represents a 10% loss due to disintegration of the Si-O-Si network
and the formation of inorganic ash after 900 oC [107]. The degree of hydrophobicity of
each coating sets of coating (biotic and abiotic), being a characteristics of potential
protective coatings, was evaluated by static sessile drop method. The results presented on
Figure 3.11 are those collected from single trails with the biotic coating matrices showing
remarkably higher θw values compare to the abiotic coatings: SGA-M6 (91.72%)>SGA-M
(89.72%)>SGA-6 (75.75%)>SGA(67.60). The reason for this this result were not further
evaluated, but with the presence of the bacterial endospores in the coating revealing higher
θw magnitude (hydrophobic), the abiotic system can be regarded as being hydrophilic with
lower values of θw. The surface tension and wetness of surfaces are very important
determining factors in the design of protective films with reliable barrier properties [108].
SGA-6

SGA-M6

SGA

SGA-M

SGA-6

SGA-M6

Without bacterial endospores

(a)

(b)

Figure 3.9 Viable bacterial growth on TT broth after an overnight incubation at 50 oC; the plate without bacteria
has no growth (a); physical appearance of various cured sol-gel coatings.
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Figure 3.10 TG plot of the dried unmodified (SGA) sol-gel film collected under nitrogen atmosphere at 10 oC/min.
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Figure 3.11 Aqueous contact angle (θw) values of static surface of both biotic and abiotic sol-gel coating
matrices. θw for all coated electrodes are determined by static sessile drop method.
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3.3.4 Electrochemical corrosion studies
AC and DC-based electrochemical techniques were used in evaluating the barrier
protection properties of the various sol-gel coating matrices on mild steel in 3.5 wt% NaCl
solution.
3.3.4.1 Potentiodynamic polarization
The corrosion behavior of mild steel working electrodes coated with the biotic and abiotic
sol-gel films was evaluated by dc method with anodic and cathodic responses represented
in current–potential (i-E) type relation in Figure 3.12. Potentiodynamic polarization
technique employed for this studies involved the application of ±0.25V versus Eoc at 10─4
V/sec for each coated panel without replacement, neither for the same technique nor for
the accompanied ac technique. Figure 3.12 displays the Tafel polarization curves for both
sets of coatings on mild steel immersed in 3.5 wt% NaCl for (a) 24 and (b) 96 h. The plots
show that the presence of the sol-gel coatings at all the immersion period decreased the
corrosion rate indirectly by lowering the magnitude of current density. The passage of
corrosive chloride ions to the metal surface by the coating was greatly impeded due to an
improved interfacial barrier and the strength of the coated surfaces in the presence of the
corrosion inhibitors. The values of potentiodynamic polarization parameters extrapolated
from the Tafel curve of each coating after 24 and 96 h immersion are shown in Table 3.2.
Values of Ecorr were observed to be higher and nobler for superior sol-gel coatings, and a
mark decrease in the corrosion current densities are also observed. For both immersion
periods reported in this study, the modified coatings showed superior barrier properties
compared to their unmodified counterpart; with SGA-M6 being the best. By exhibiting
this corrosion inhibiting behaviour, this particular biotic coating matrix demonstrated a
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synergy between the endospores and the molybdenum inhibitor molecules for reduction of
mild steel corrosion in saline medium. A corrosion current density (icorr) magnitude of 5.71
µA is recorded for SGA-M6 matrix after 24 h immersion in NaCl and 5.0 µA just after 96
h. From the icorr values obtained, the corrosion protection behavior of these coating
systems in 3.5 wt% NaCl solution decreased in this order: SGA-M6<SGA-M<SGA6<SGA. It is the strength of the exocellular polymeric substances (EPS) secreted by the
colonies of these organisms in coating and on metals that allow for simultaneously studies
of corrosion protection and biofouling [56]. The anticorrosive pigment used in this work
draws its unique ability to reduce corrosion by readily precipitating stable oxides and
hydroxides that prevents cathodic reduction reactions at the working electrode surface in
the solution of the electrolyte [40─42].
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Figure 3.12 Tafel curves for biotic and abiotic coating matrices after 24 (a) and 96 (b) h immersion in 3.5 wt%
NaCl.
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0.01

Table 3.2 Potentiodynamic polarization parameters for the modifies and unmodified sol-gel coating on steel
panels compared to the bare steel (uncoated) in 3.5 wt% NaCl after 24 and 96 hours immersion periods

Sol-gel
coating
SGA
SGA-6
SGA-M
SGA-M6

Ecorr (mV/SCE)
24 h
─678
─635
─610
─550

96 h
─679
─661
─609
─558

Icorr (μA)
24 h
13.8
12.3
10.0
5.71

βA

96 h
10.23
7.81
6.49
5.00

24 h
0.0753
0.0974
0.1468
0.2000

βB
96 h
0.0923
0.1032
0.1068
0.2031

24 h
0.5117
2.9505
3.2071
4.8801

96 h
0.3824
0.5160
1.1975
1.9690

3.3.4.2 Electrochemical impedance spectroscopy
In this study, the electrochemical behavior of each coating at a minute ac amplitude
perturbation in the saline electrolyte has been evaluated. This technique was employed to
further demonstrate the corrosion protection performance of the sol-gel films on the metal.
Figure 3.13 displays the modules and phase angle (Bode curves) plots of biotic and abiotic
sol-gel films on mild steel substrates after exposure in 3.5 wt% NaCl solution for (a) 24
(b) 48 and (c) 72 h. For all the immersion periods studied, the modified sol-gel films
demonstrates superior protection to steel compared to the unmodified films due to the
presence of anticorrosive species in bulk of these coatings. This can be deduced from the
higher Zmod values obtained at the range of frequencies under study. The variation in the
magnitude of Zmod is visible at lower frequencies, and throughout the three immersion
periods at 0.01 Hz, the range of Zmod is in this order: SGA-M6>SGA-M>SGA-6>SGA;
with SGA-M6 being the most protective sol-gel coating. Zmod values of 21.8 kΩ is
recorded for SGA-M6 compared to 8.84, 6.09 and 3.42 kΩ for SGA-M, SGA-6 and SGA,
respectively. For all the coating matrices, Zmod values gradually decreased as the exposure
period of the coated steel substrates in the saline electrolyte increased; with 15.9, 4.43,
4.12, and 1.35 kΩ recorded for SGA-M6, SGA-M, SGA-6 and SGA, respectively after 72
h. Higher Zmod values denotes better corrosion resistance, and this has been observed for
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the MOLY-doped biologically-functionalized coating (SGA-M6). EIS confirms the
corrosion protection order previously shown in the dc-based electrochemical study.
Barrier protection was also evaluated by means of evaluating the phase separation between
the current and potential components (Phase diagram). The Bode phase (Zphz) versus
frequency plots for both biotic and abiotic sol-gel films on mild steel substrates after
exposure in 3.5 wt% NaCl solution for (a) 24 (b) 48 and (c) 72 h are also presented in
Figure 3.13. Phase angle curves are characterized by single maxima for all the sol-gel
films towards the medium frequencies and with evidence of uncommon protection
mechanisms. At 100 Hz for the 24 h immersion, the variation of Zphz ( ) magnitude are
in this order: SGA-M6> SGA-6> SGA-M >SGA; with

values of the biotic coating

being slightly higher than those of the abiotic films (─4.28, ─4.10, ─8.36 and ─8.87o
observed for SGA-M6, SGA-6, SGA-M, SGA coatings, respectively).

values of ─5.13,

─2.13, ─6.60 and ─2.14o are recorded for SGM6, SG6, SGM, SG coatings, respectively,
at the highest frequency (100 kHz) after 72 h immersion, and without distinct maxima for
SGA and SGA-M matrices on their

curves. Figure 3.14 displays the Nyquist curves for

biotic and abiotic sol-gel films on mild steel substrates after exposure in 3.5 wt% NaCl
solution for (a) 24 h (b) 48 h and (c) 72 h. All the curves are two-time constant ( ) semicircles for the immersion periods under study, with wider capacitive loops for films with
better barrier protection against steel corrosion. Full capacitive loops are obtained for all
the systems of coating at higher frequencies. At all the immersion periods under study, the
MOLY functionalized sol-gel coating encapsulated with the B. licheniformis endospores
reveals widest semi-circle diameter and the unmodified sol-gel coating being the least. A
two-time constant equivalent circuit model presented in Figure 3.15 was employed in
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fitting experimental data for both sets of coatings at the immersion period studied using
the EChem Analyst model editor software accompanying Garmy instrument. The
electrochemical circuitry consist of resistors and constant phase elements in two phases:
the first constant phase being a direct contribution of the coating (Rpo and CPEc) and a
second phase denoting an interphase between the coating and the metal surface (Rp and
CPEdl), respectively. To characterize the barrier properties each constant phase, these
resistance and capacitive components are extrapolated from the circuit model and are
adequately plotted. The CPE (measured in µF cm−2 s−(1−αc))), with impedance (ZCPE) in
Equation 3.1, was used in place of a pure capacitor in the equivalent circuit in order to
show grounds for the adequate consideration of

double layers’ inhomogeneity and

electrode surface irregularities [109,110]. CPE is a non-ideal dielectric properties of a
protective barrier coating, and it is defined in Equation 3.2:
= 1⁄ (
= . .
where

)

(3.1);

/

(3.2);

is the system homogeneity factor, Yo (CPEo) is the pseudo-capacitance and ω is

the frequency (measured in rads); εo and ε are the electrical permittivity and the surface
film’s dielectric constant; A is the exposed area of the metal, d is the thickness of the film
while r is the film roughness factor [111]. Values of Rpo and CPEc representing the first
phase were collected at higher frequencies. Rpo being the pore resistance of the coating,
represents the extent the sol-gel coating deteriorates as the ions and molecules of the
corrosive NaCl electrolyte percolates through the bulk of the protective film. The
magnitude of the film or coating capacitance (CPEc) contributes to electrolyte/water
absorption and further explains the film’s porosity in terms of its water uptake ability
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[110]. After the fitting of impedance data with the equivalent circuit, the corresponding
values of resistance and constant phase elements were also plotted for the first constant
phase, and presented in Figure 3.16 a. Values of Rpo improved remarkably after modifying
the sol-gel coating with the MOLY inhibitor pigment and the bacterial endospores; and
after 24 h of immersion in 3.5% NaCl solution at room temperature, Rpo values for SGA,
SGA-M, SGA-6 and SGA-M6 stands at 113.5, 347.9, 311.0 and 1231.0 Ώ. The magnitude
of Rpo keeps decreasing gradually with the exposure immersion period in the saline
solution as the corrosive ions percolates on prolonged immersion. This can also be
attributed to the widening of micro-scale pores and cracks bulk of the silica network,
allowing for the free passage of chloride ions to the metal surface [112]. Values of Rpo for
SGA, SGA-M, SGA-6 and SGA-M6 stands at 59.2, 225.3, 141.6 and 900.4 Ω after 72 h
immersion in NaCl; with superior barrier protection being represented in this order:
SGA-M6 > SGA-M > SGA-6 > SGA. Similar evaluation was done for the variation of
CPEs with immersion period for all the coating matrices presented in Figure 3.16 b. As
shown in this plot for all both sets of coating, the gradual increment in CPE values with
immersion period reveals the rate of water absorption unto the protective coatings thereby
leading to loss of their corrosion inhibiting ability in the saline electrolyte. Superior
protective coatings possess smaller magnitude of CPEs; and judging from the CPEs values
of every coating, MOLY functionalized sol-gel coating encapsulated with the bacterial
endospores (SGA-M6) is a better barrier coating for mild steel in 3.5 wt% NaCl. Values of
CPEs for SGA, SGA-M, SGA-6 and SGA-M6 stand at 47.8, 4.7, 10.1 and 0.1 µF cm−2
s−(1−αc)) after 24 h immersion in NaCl and gradually increases 72 h in the same order
(546.8, 16.5, 94.2 and 0.9 µF cm−2 s−(1−αc) for SGA, SGA-M, SGA-6 and SGA-M6,
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respectively). Increased values of CPEs denotes increased water uptake through the
protective coatings.
The variation in values of Rp and CPEdl (resistances involved) representing the
second constant phase were also collected at between the medium and lower frequencies.
For both biotic and abiotic sol-gel coatings, these electrochemical parameters describes
disbonding at the metal/coating interface. Figures 3.16 c presents the variation of Rp with
immersion period for this class of protective sol-gel coating, and the trend in values of Rp
is similar to those of Rpo. Rp values for both sets of coating are observed to gradually
reduce with immersion period and this could be due to defect in the coating as well as at
the coating/metal interface. Values of Rp improved remarkably after modifying the sol-gel
coating with the MOLY inhibitor pigment and the bacterial endospores. After 24 h of
immersion in 3.5 wt% NaCl solution at room temperature, values of Rp for SGA, SGA-M,
SGA-6 and SGA-M6 stand at 3.9, 10.4, 8.4 and 28.5 Ω, respectively but rapidly dropped:
1.5, 6.4, 5.7, and 23.9 Ω for SGA, SGA-M, SGA-6 and SGA-M6, respectively with
superior barrier protection being represented in this order: SGA-M6 > SGA-M > SGA-6
> SGA. Since the corresponding values of Rp and Rpo of SGA-M are greater than those of
SGA-6, this indicates that the presence of MOLY inhibitor pigment in the protective solgel film/coating enhances corrosion inhibition compared to the thermophilic bacterial
endospores. Higher values of Rp for SGA-M and SGA-M6 reveals that the stable inhibitor
species in the silica coating contributed to bulk barrier against ionic and molecular
diffusion of corrosive agents. The presence of this molybdate corrosion inhibitor pigment
enhances corrosion inhibition by forming passive oxides films in the Si-O-Si network
thereby providing a more compact bulk material devoid of microcracks and pores. Figure
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3.16d displays the variation of values of the double-layer CPE and this parameter is
observed to increase with immersion period in the NaCl electrolyte due to adsorption of
the water /corrosive ion by the individual protective film. Higher values of CPEdl for a
coating denotes high absorptivity and ease of corrosive ions reaching the metal surface,
hence poor barrier properties. By possessing lesser values of CPEdl, SGA-M6 reduces the
amount of water absorbed into the coating functionalized with the molybdate corrosion
inhibitor and the bacterial endospores thereby maintaining a superior interfacial barrier
compared to other sol-gel coating independent of the immersion period in 3.5 wt% NaCl.
Values of CPEdl for SGA, SGA-M, SGA-6 and SGA-M6 stands at 492.3, 173.1, 323.9 and
158.2 µF cm−2 s−(1−αc)) after 24 h immersion in 3.5 wt% NaCl and gradually increases after
72 h in the same order (699.8, 228.1, 530.4 and 200.6 µF cm−2 s−(1−αc)) for SGA, SGA-M,
SGA-6 and SGA-M6, respectively). In this study, the electrochemical analysis has also
collaborated with physical inspection of the films on the metal substrate; the appearance of
the test area (1 cm2) of each coated mild steel substrates after immersion in 3.5 wt% NaCl
is presented in Figure 3.17. Huge corrosion product is observed in the unmodified sol-gel
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coating on steel compared to the modified (biotic or abiotic); with SGA-M6 demonstrating
superior barrier protection compared to SGA-M and SGA-6.
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Figure 3.13 Modules and phase angle (Bode curves) plots of biotic and abiotic sol-gel films on mild steel
substrates after exposure in 3.5 wt% NaCl solution for (a) 24 h (b) 48 h and (c) 72 h; Bracket () legends represent
phase angle plots
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Figure 3.14 Impedance (Nyquist curves) plots of biotic and abiotic sol-gel films on mild steel substrates after
exposure in 3.5 wt% NaCl solution for (a) 24 h (b) 48 h and (c) 72 h.
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Figure 3.15 Equivalent circuit models [R(Q(R(QR)))] used in fitting the experimental impedance data (where Rpo
is the resistance of the sol-gel pore; CPEc is the constant phase element’s capacitive component of the coating; Rp
and CPEdl are the resistance and capacitive components of the interfacial coating/ metal layer.
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Figure 3.16 Variation in values of coating resistances (left panel) and capacitances (right panel) for biotic and
abiotic sol-gel coatings with respect to immersion period (measured in hours) in 3.5 wt% NaCl. [(a) Rpo, (b) CPEc,
(c) Rp, and (d) CPEdl)].
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Figure 3.17 The appearance of the test area (1 cm2) of each coated mild steel substrates after immersion in 3.5
wt% NaCl for (a) 24 and (b) 72 h.

3.3.5 Surface analytical evaluation
The evaluation of the surface morphologies of protective films/ coatings on metal surfaces
could give further insight into interfacial reaction and adhesion as well as the effectiveness
of the additives in the bulk of the coating. In this work, surface characterization of the
microstructure of each coating matrix on mild steel has been examined using atomic force
microscope (AFM). Figure 3.18 displays the AFM images of the sol-gel (biotic and
abiotic) films on mild steel before (left panel) and after (right panel) immersion in 3.5
wt% NaCl solution for 72 h. The micrographs reveals uneven distribution on the film on
the surface of the steel before immersion; this is characteristic of the technique of the
coating application. Some degree of surface roughness and protrusions are observed
evident of onset of delamination due to the passage of corrosive molecules and ions
through the coatings. Micrographs of coatings with show less grooves, judging by the
heights of the protrusions, after immersion in the saline corrodent display signs of
resistance and hence might be considered superior to others. The surface of bare steel is
very rough after immersion at the same immersion period, as it completely corrodes and
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the surface appears charred with corrosion products. Enhanced surface FE-SEM images
were collected for only biotic samples to show evidence of the thermophilic Bacilli cells
in the coating and to show the secretion of exocellular polymeric substances (EPS), a
biocorrosion inhibitive material from B. licheniformis. At this point, the further
elucidation of the anticorrosive properties of the EPS of this bacterium has been
elucidated, but it is widely reported that the presence of this organic complex act to reduce
metal cathodic reduction and are also employed in Microbiologically-induced Corrosion
inhibition (MICI) in various media [56]. Figure 3.19 A shows agglomeration of cells since
they possesses equal charge in the colonies. Figure 3.19 B and C reveal the presence of
bacterial cells in the bulk of the coating containing 0.5g MOLY in 10.0ml SGA on steel
substrate after immersion in 3.5 wt% NaCl for 72 h. Samples were coated with a thin
monolayer of conductivity gold before imaging to reduce the effect to surface charging.
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Figure 3.18 20μm-sized 3D-AFM images of (A) SGA-coating, (B) SGA-M, (C) SGA-6 and (D) SGA-M6 on the
steel before and after immersion (in that order denoted by A1, B1, CI, and D1, respectively) in 3.5%NaCl at room
temperature for 1 week.
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EPS

Several rod-like (Bacilli) bacterium
cells agglomerating together.

Figure 3.19 FE-SEM image showing [A] evidence of exocellular polymeric substances (EPS) secreted by B.
licheniformis. The smaller images are FE-SEM images showing the presence of cells in the bulk coating with (B:
SGA-M6) and without (C: SGA-6) 0.5g MOLY in 10.0ml SGA taken after immersion of the coated steel in 3.5
wt% NaCl for 1 week (Not shown). Red arrows show EPS while the yellow arrows show the live cells.

3.3.6 Foiling trail at Half-moon beach, Khobar, Saudi Arabia
The antifouling potential of the thermophilic bacterial endospores in the synthesized
coating alongside the abiotic ones was evaluated at Half-moon beach, Khobar, after being
applied in mild steel at ambient conditions. Figure 3.20 a shows coated mild steel samples
submerged at sea water for 6 weeks with photographs collected continuously for two
weeks. Compared to the unimmersed coated panels, the coated ones remarkably
decolorized after two weeks of exposure in the seawater. Some surface defects could be
observed on the protective sol-gel coating functionalized with MOLY inhibitor pigment,
and huge delamination episodes on the unmodified sol-gel coating as well as the SGA-M6
matrix after two weeks. The reason for surface delamination could be attributed to poor
adhesion due to excess amount to alumina, MOLY pigments and the bacterial endospores
encapsulated in one matrix. Sol-gel films made from simple silanes can only be
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functionalized to an extent since micro-cracks and swelling are bound to occur on
extended curing periods thereby creating pathways for the passage of corrosive ions and
molecules through the film. Surface delamination led to the corrosion after two weeks for
the SGA-M6 matrix and the sample was replaced for the next two proceeding weeks.
However, the presence of barnacles on the surface of the abiotic coating (compared to the
biotic SGA-6 coating) is visible at the fourth week and more dominant at the sixth. The
abundance of this macro-fouler on the surface of the abiotic coating at the sixth week
compared to SGA-6 and SGA-M6 (even after replacement) shows that the biotic coatings
possess foul-releasing properties. The presence of MOLY inhibitor pigments in the sol-gel
coating matrix (SGA-M) demonstrates the anticorrosive properties of these powder on
prolonged immersion in saline water. The foul-releasing properties of the bioactive
coatings are due to the presence of B. licheniformis endospores and other authors have
reported that the antifouling properties of such class of protective bacteria could be
attributed to the production of exocellular polymeric substances (EPS) produced by the
colony of this organism in the coating [55,56].
However, to remediate the problem to surface delamination for both sets of
protective coatings, a primer (ACE oil-based primer) was applied to the steel panels and
cured for three days before applying the same set of biotic and abiotic sol-gel coatings as
top coats (Figure 3.20 b). Samples were labelled in duplicates, except for the negative
control (the primer alone; without the sol-gel topcoat) before immersion in the same
marine environment. Sampling in duplicates was necessary since fouling impact cannot be
satisfactorily ascertained from a single trail experiment involving just one sample per
coating. At the second week, the sol-gel matrices without MOLY inhibitor pigments
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showed scratches and bulk cracks as a result of the inhomogeneity in the seawater filled
with pebbles, sticks and gravels, etc. The surface integrity of other protective coatings
remained intact until the fourth week except for the presence of newly metamorphosed
barnacles observed on the surfaces of the primer and the abiotic sol-gel coating matrices.
The growth of barnacles continued into the eight week of immersion in the seawater.
Compared to the abiotic coatings, the protective biotic coatings show reduced adhesion of
the adult barnacles at the eighth week due to the presence of the B. licheniformis
endospores in the bulk of the coatings. The reasons for this unique bacterial-induced
antifouling property has been previously reported [55,56]. Barnacles are observed to
adhere more on the abiotic sol-gel coatings (SGA and SGA-M) and the negative controls
(primer alone) compared to the protective coatings encapsulated with the bacterial
endospores.
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Figure 3.20 Coated mild steel samples (without (a) and with (b) primer) submerged at sea water (KFUPM Beach)
for field trial for a defined period of immersion.
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3.4

Summary

The following conclusions can be drawn from the results of the electrochemical and onfield fouling trails:
1. The presence of B. licheniformis endospores in the protective organic-inorganic hybrid
sol-gel coating have demonstrated potentials towards reducing corrosion and fouling in
hyper saline hyper medium judging from the results obtained from electrochemical
experiments and field trail at Half-moon beach.
2. The antifouling properties of these bioactive coatings can be attributed to their foulreleasing potentials since reduced adhesion of marine foulers are observed after 6─8
weeks immersion at the same marine environment as the abiotic sol-gel coatings.
3. The bacterial endospores in combination with the MOLY inhibitor pigment
demonstrated a synergistic anticorrosion/antifouling ability in the medium under study.
4. Electrochemical coating resistances of all the coating matrices are observed to gradually
reduce in 3.5 wt% NaCl upon prolonged immersion; this could be attributed to the
instability of the bulk silica network as micro-cracks and pores are created in the bulk
sol-gel films thereby creating pathways for the corrosive ions and molecules.
Specifically for the modified protective sol-gel coating matrices, increase in coating
capacitances with immersion period could be ascribed to the increased water uptake
into the coating to the metal surface due to the nature of the silica network as well as
leaching of the anticorrosive pigments and the bacterial endospores.
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5. The use of primers has reduced surface delamination in fouling trails to a great extent
judging from the results collected from the field.
6. The choice of precursors for the synthesis of barrier protective coating should involve
the selection of those that will yield more compact silica bulk network and hydrophobic
surfaces (The average aqueous contact angle of the protective coatings in the current
study is 81.2%; demonstrating hydrophilicity). Also, the study of the wider array of
anticorrosive pigments and bacteria with antifouling potentials for a more stable sol-gel
coating matrix is necessary.

89

CHAPTER 4
Title: Synergistic effect of chemical inhibitors/ bacteria endospores
additives on the protective properties of a modified PDMS/silica sol-gel
film for steel in 3.5 wt% NaCl solution
4.1

A brief overview

Protective coatings synthesized from polydimethylsiloxane (PDMS) are known possess
improved adhesion on substrates, low wetness and surface energy improved flexibility and
oxidative stability and heat resistance [113]. In this study, an organic/inorganic hybrid of
PDMS/silica coating will be synthesized in which modified linear PDMS will be part of
the silica network initiated via a two-step sol-gel reaction. By crosslinking the inorganic
Si-O-Si core with PDMS, the bulk and surface properties of the material (e.g. metal
adhesion and hydrophobicity) is improved. The coalescence of PDMS and the silica
network synthesized from the pure silane monomers will bring about an improved bulk
and surface properties to their composite/blended protective film. The effect of two
anticorrosive pigments and two bacterial endospores additives on the barrier protection
and antifouling properties of the PDMS/silica sol-gel coating will be evaluated in 3.5 wt%
NaCl as well as in a typical marine environment. The application of compatible bioactive
systems is a recent trend in corrosion protection and the mechanism of the interaction of
some microorganisms with metal substrates is exploited in this view as the basis of this
research.
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4.2

Experimental

4.2.1 Materials and pre-cleaning procedures
Poly[dimethylsiloxane-co[3-[2-(2-hydroxyethoxy)ethoxy]-propyl]methylsiloxane
(PDC2P) alongside two

alkoxy silanes, trimethoxymethylsilane (TMMS) and

tetraorthosilicate (TEOS) were purchased from Sigma-Aldrich (US) and used for the solgel synthesis without further purification. Their molecular structures are presented in
Figure 4.1. Other chemicals sourced from Sigma Aldrich includes nitric acid, isopropyl
alcohol (IPA), acetone and ethanol. Heucophos® ZAPP and SAPP (pure white finely
divided corrosion inhibitor pigments) were obtained from Heucotech Ltd. Co. (US). The
S36 mild steel substrates used in this experiment were pre-cleaned prior to use in order to
remove the grease and rust inhibiting powder by ultrasonication (Vibra-Cell Sonics and
Material INC., US). The cleaning solution contains 70% acetone (Sigma Aldrich) and
80% ethanol (Sigma-Aldrich). The panels were sonicated for 15 min, rinsed thoroughly
with doubly distilled water and air-dried at room temperature.

4.2.2 Sol-gel synthesis
TMMS and TEOS were stirred in a 3:4 ratio (v/v) for 10 mins before adding a mixture of
acidified water (0.05M HNO3) and isopropyl alcohol (IPA) drop-wisely to the silane
mixture. The reaction mixture was allowed to stir for an hour before adding the modified
PDMS. The detailed stepwise synthesis of the sol-gel process is shown in Figure 4.2(a).
This sol-gel reaction design involved a hydrolysis-condensation reaction of the alkoxy
groups on the silane precursors at room temperature while the modified PDMS forms
crosslinking polysiloxane links on the silica network.
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4.2.3 Doping with anticorrosive pigments
The resultant colloidal organic-inorganic hybrid sol-gel (SGB) was continuously stirred
overnight and 5ml of the final sol-gel mixture was then doped with Hfucophos®SAPP and
Hfucophos®ZAPP 101-ED (5% w/v) each in separate vials; thoroughly stirring the
powders in the colloidal solution for 2 hours, then sonicated for 30 mins. These modified
coatings were labeled as SGB-Z and SGB-S respectively.

O
O
Si
O
O

O

O

Si

O
(a)

(b)

(c)

Figure 4.1 Molecular structures of the two siloxane precursors and polymer used in the synthesis of the sol-gel in
this study (a) Trimethoxymethylsilane (TMMS) (b) Tetraorthosilicate (TEOS) (c) poly[dimethylsiloxane-co[3-[2(2-hydroxyethoxy)ethoxy]-propyl]methylsiloxane (PDC2P) polymer.

4 ml TEOS and 3 ml TMMS were
blended/ stirred for 10 mins at 700
rpm

(a)
In drops

At room temperature, the mixture of
100 µl 0.05 M HNO3 , 100 µl IPA and 8
ml H2O was added and stirred.
The solution was stirred for an hour before
adding PDC2P and then stirred overnight
SGB
SGB-Z
SGB-S

Anticorrosive pigments (SAPP and
ZAPP) including B. licheniformis
and P. polymyxa endospores were
encapsulated within the sol-gel
matrix and labeled accordingly.

(b)
Labeled “SGB”
coated on steel
SGB-PP

SGB-6

SGB-ZPP

SGB-Z6

SGB-SPP

SGB-S6

Figure 4.2 (a) Schematic diagram illustrating the processing route for the preparation of the sol–gel coating and
(b) the laboratory-fabricated multiple-electrode conductivity cells used in this study.

92

4.2.4 Encapsulation of bacterial endospores
Endospore suspension of P. polymyxa and B. licheniformis were removed from storage
(─20oC), allowed to thaw on ice and divided into two portions. A portion was used to
estimate the number of colony-forming units in the suspensions by serially diluting
between (10-1-10-7 ml) of the undiluted endospore suspension before 40 μl of each dilution
was spread onto a quarter of NB2 (NB, Oxoid, Basingstoke, UK) Agar plate, and
incubated at 45 oC for overnight [56]. The number of growing colonies on each plate was
then counted and recorded. To prepare the endospore-containing sol-gel mixture, the other
portion was centrifuged at 13200 rpm for 10 mins. The supernatant endospore suspension
was removed and the settled portion of the mixture was suspended in 5ml inhibitor-doped
sol-gel mixture and sonicated at 40% of maximum power for 5 secs using a Jencon probe
tip sonicator (Jencon, UK). These bioactive inhibitor-doped systems were labeled
accurately for each of B. licheniformis (SGB-6, SGB-Z6, SGB-S6) and P. polymyxa
(SGB-PP, SGB-ZPP, SGB-SPP), respectively for the doped inhibitors (SAPP, “S” and
ZAPP, “Z”) in the sol-gel mixture. However, a neat layer of film (40 μm) of each prepared
sample matrices (both biotic and abiotic) were evenly coated on the pre-clean steel
coupons and panels and allowed cure at room temperature for 5 days under a Laminar
flow hood at 30 oC.

4.2.5 Lab-based electrochemical corrosion studies and on-field fouling trails
The corrosion cells used in this study were three-electrode laboratory-made
propylene conductivity cell of 1300 ml capacity (Figure 4.2 b) with a Ag/AgCl,NaCl(3M)
reference and platinized platinum counter electrodes connected to a VersaSTAT 3F
potentiostat (Princeton Applied Research, US) work station. This cell has the ability of
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carrying four working electrode coupons (3 cm × 12 cm). It was particularly designed for
the simultaneous study of the electrochemistry of the bioactive samples; targeting the test
of biocompactibility of bacterial endospores while avoiding cross-contamination at any
immersion period in the study. All coating and electrochemical procedures were
completed in a laminar flow hood at room temperature. Electrochemical impedance
spectroscopy (EIS) test was performed at the end of 1, 6, 24, 48 h immersion periods at
corrosion potential (Ecorr) over a frequency range of 100 kHz to 10 mHz, with a signal
amplitude perturbation of 10 mV leaving a 9 cm2 area of the working electrode (mild
steel) exposed to 3.5 wt% NaCl solution. The data were collected by using ZSimpWin
software for data fitting, analyses and for other simulations. The linear Tafel fitting was
done to extrapolate the necessary polarization parameters for the potentiodynamic
polarization too at ±0.25 V versus OCP at 1 mV/s scan rate. On-field fouling trails for all
sets of coatings were carried out in the open water with sample suspended from the dock
at Whitby Harbour, North Yorkshire, UK.

4.3

Results and discussion

4.3.1 Viable endospores: CFU and CSLM
The lowest dilution concentration of the endospore suspension was chosen to
estimate the number of colony-forming units (cfu) per volume of the cultured bacterial
suspensions. The result collected is the quantity of countable colonies on the quarter NB2
(NB, Oxoid, Basingstoke, UK) Agar plate incubated at 30 oC in each biotic coating system
(Table 4.1). The presence of growth in the media represents viable endospores of bacteria
in each system available for corrosion inhibition.

94

Table 4.1 Colony-forming units (spore viability) per ml in each coating system after 30 oC incubation in NB agar
at 1×103 dilution.

Description

P. polymyxa in SG
P. polymyxa in SG&ZAPP
P. polymyxa in SG&SRPP
B. licheniformis 6 in SG
B. licheniformis in SG&ZAPP
B. licheniformis in SG&SRPP

N/ ml

Number of
colonies N
(in 40 µl)
12
6
15
9
4
11

300
150
375
225
100
275

Standard
deviation of
N
3.46
2.44
3.87
3.00
2.00
3.32

SD of cfu
(105)

cfu
(105)/ml

3.46
2.45
3.87
3.00
2.00
3.32

3.00
1.50
3.75
2.25
1.00
2.75

SGB-PP

SGB-6

SGB-Z

SGB-Z6

SGB-ZPP

SGB-S

SGB-S6

SGB-SPP

Cracks

Cracks

SGB

Figure 4.3 CLSM images showing live cells in the various biotic sol-gel coatings for both P. polymyxa and B.
lichenformis endospores (this is no bacterial growth on the abiotic coating used in this study as negative control);
CLSM micrograph for every coating matrix are presented in duplicates to show clarity.

Both sets of films were also coated on glass slides and incubated in NB2 at 30 °C
overnight, stained with florescence probes in the Baclight™ Live/Dead bacterial viability
stain kits (Invitrogen) and left to equilibrate in the dark for an hour before confocal laser
scanning microscopic (CLSM) imaging (Zeiss AxioVision confocal scanning laser
microscope, UK). CLSM images of both abiotic and biotic films on glass slide are
presented in Figure 4.3, and viable vegetative cells are only found distributed in the biotic
sol-gel matrices (circled). The dominant green florescence, even on the abiotic coating
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micrographs, could be attributed to the adsorption of the Baclight™ Live/Dead bacterial
dye by the silanol groups on the sol-gel coating, while the presence of micro-cracks on the
coatings are due to their poor adhesion on glass compared to steel substrates. The bacterial
endospores on the biotic films are oval-shaped in appearance found in coloured clusters
though some have germinated to rod-like shapes while in contact with nutrients in the
culturing step. For both P. polymyxa and B. lichenformis strains, clusters of rod-like cells
represent early growth stages as presented the CLSM images. The presence of the
anticorrosive pigments in the biotic coating further quenches the background fluorescence,
so less number of bacterial cells are visible. Representative growths on Table 4.1 and
those presented on the CLSM micrographs for the biotic coatings show the presence of
viable bacterial cells in the coatings available for the needed physiology activity.

4.3.2 Inhibition by abiotic abiotic sol-gel coatings
The evaluation of the protective properties of the various abiotic coatings was observed
electrochemically by ac and dc techniques for all mild steel coated samples in 3.5 wt%
NaCl solution.
4.3.2.1 Potentiodynamic polarization measurements
Potentiodynamic scanning is a polarization technique often used for corrosion testing
since its gives information about possibilities of corrosion of materials in specific medium,
as well as rates and mechanisms of corrosion [114]. In this study, the rate of electron
exchange at the electrode (or the change in current density) with applied potential was
monitored by applying overpotential enough to initiate corrosion (±0.25V versus OCP at
1mV/s scan rate). The coating matrices on steel in the saline electrolyte maintain reduced
current density at this range of potential, and are regarded as barrier protective films at the
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earlier immersion period compared to the bare steel. The current–potential curves showing
the kinetics of the mild steel electrodes coated with abiotic sol-gel coatings for both
anodic and cathodic reactions are displayed in Figure 4.4. Inspection of the figures reveals
that the presence of the coating on mild steel reduced the magnitude of current densities
(icorr) as well as the corrosion rate. This can be attributed to the barrier created by each solgel matrix against the passage of corrosive ions and molecules to the metal surface; coated
surfaces with enhanced corrosion resistance possess reduced icorr values relative to the bare
steel. By far, the inhibitor-doped coatings performed better than the undoped coating at all
immersion periods but corrosion rate for both set of coatings increased with immersion
period. Magnitude of icorr as low as 66.7 and 109.5 μA are recorded for the sol-gel matrices
modified with SAPP (SGB-S) and ZAPP (SGB-Z), respectively, compared to the
unmodified coating (126.8 μA) after an hour immersion. After 48 h, this values increased
to 337.4, 352.7 and 379.4 μA for SGB-S, SGB-Z and SGB, respectively. Magnitude of
Ecorr gradually increased to higher and nobler values from the bare metal to the most
protective coating: SGB-S (─490 and ─638 µA) > SGB-Z (─560 and ─679 µA) > SGB
(─538 and ─705 µA) > bare metal (─764 and ─742 µA) after an hour and 48 h immersion
in 3.5 wt% NaCl. Potentiodynamic polarization parameters collected from the i-E curves
of each system after 1 and 48 h immersion are presented in Table 4.2. The enhanced
corrosion protection in the presence of SAPP compared to ZAPP in the sol-gel coating at
all immersion periods under study could be attributed to the stability of the passive oxides
in SAPP. SAPP (strontium aluminium polyphosphate hydrate) is made of more stable SrO
component compared to the presence of ZnO in ZAPP (zinc aluminium polyphosphate

97

hydrate); both anticorrosive pigments have in common Al2O3 and polyphosphate
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Figure 4.4 Potentiodynamic polarization plots of different abiotic coatings on mild steel compared to a bare steel
(uncoated) in 3.5 wt% NaCl after (a) 1 h and (b) 48 h immersion periods.

Table 4.2. Potentiodynamic polarization parameters for the different forms of abiotic sol-gel coatings on steel
panels compared to the bare steel (uncoated) in 3.5%NaCl after 1 and 48 hours immersion periods.

Coating
system
Bare
SGB
SGB-Z
SGB-S

Ecorr
(mV/Ag/AgCl,
3M NaCl (sat))
1h
48 h
─764.5 ─742.3
─538.3 ─705.7
─506.7 ─679.5
─490.6 ─638.9

Icorr (μA)
1h
133.4
126.8
109.5
66.7

βc (mV)

48 h
448.5
379.4
352.7
337.4

1h
64.9
6.9
2.1
65

48 h
1.5
2.0
3.9
5.0

βa (mV)
1h
196.8
257.3
532.7
104.3

48 h
246.7
195.7
368.8
408.6

%
1h
4.9
17.9
50.0

48 h
15.4
21.4
32.9

4.3.2.2 Electrochemical impedance spectroscopy
To further demonstrate the corrosion protection performance of this set of sol-gel coatings,
the ac based EIS technique was employed. Figure 4.5 displays the Bode modules (a),
phase angle (b), and Nyquist (c) curves of the abiotic coatings on mild steel compared to a
bare steel (uncoated) in 3.5 wt% NaCl after (a) 1 h and (b) 48 h immersion period. The
Bode modules plot (Figure 4.5 a) reveals higher Zmod values for the inhibitor doped sol-gel
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coating throughout the frequency after an hour immersion in NaCl, with the coating
functionalized with SAPP showing greater Zmod value given after 48 hours. Variation in
the values of Zmod demonstrates corrosion resistance, and at 0.01 Hz, Zmod values as high as
1365, 1116 and 399 Ω are recorded for the abiotic sol-gel coatings (SGB-S, SGB-Z and
SGB, respectively, compared to the bare steel sample (179 Ω)). The decrease in the values
of Zmod after 48 h could be attributed to the initiation of corrosion caused by the passage of
corrosive ions and molecules to the surface of the steel via the coating. The formation of
stable oxide layers in the inhibitor-doped coatings could have contributed to their
improved barrier protection in the bulk of the sol-gel coatings. At the same frequency after
48 h, Zmod values also decease more than half; with 538, 293 and 224 Ω recorded for SGBS, SGB-Z and SGB, respectively. As presented in Figure 4.5 b for both immersion
periods, the abiotic coatings reveal single maxima towards the medium frequency and the
magnitudes of Zphz are without a defined trend at any frequency. The values of Zphz for the
bare steel (59o) are greater than those of the coating at 1 Hz: 30o, 34o and 50o observed for
SGB-S, SGB-Z and SGB, respectively, after an hour immersion; but a slight variation in
the trend after 48 h: 45o, 59o, 57o and 54o for SGB-S, SGB-Z, SGB and bare metal,
respectively. As presented in the Nyquist plots (Figure 4.5 c), the diameters of the
semicircles represent the extent of corrosion resistance of each coating in the saline
corrosion. The figures display two-time constant curves with wider capacitive loops
within the medium frequencies, with the SGB-S coating matrix representing the abiotic
coating the highest corrosion resistance among others compared to the bare steel substrate.
From these curves, appropriate equivalent model (Figure 4.6) was adopted in fitting and
analyzing the impedance data for the respective abiotic coatings. The analysis of EIS data
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with electrochemical circuit models was done using the ZsimpWin software, and from the
fitting, respective electrochemical parameters derived from this model are presented in
Figure 4.7.
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Figure 4.5 Bode module (a), Bode phase angle (b) and Nyquist (c) plots for different abiotic coatings on mild steel
compared to bare steel in 3.5 wt% NaCl after 1 h (left panel) and 48 h (right panel) immersion periods.
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Figure 4.6 Equivalent circuit models used in fitting the experimental Nyquist curves; adopted from
Garmy EChem Analyst software’s model editor

Figure 4.7 presents values of resistance (left panel) and capacitance (right panel) derived
from the phases proposed in the equivalent circuit models. The coating resistances (Rcoat)
induced by the respective abiotic films to the flow of ionic currents of corrosive species
vary with immersion period. Values of Rcoat as high as 835.6, 678.0 and 119.1 Ω cm2 are
recorded for SGB, SGB-Z and SGB-S, respectively (Figure 4.7 a) after the first hour of
immersion in 3.5 wt% NaCl solution but drastically reduced at the second day (88.00,
62.09 and 33.57 Ω cm2). This reduction in the values of Rcoat with time could be attributed
to the passage of corrosive ions and molecules via inherent pores and cracks in the sol-gel
coatings (bulk deterioration of the coatings); with the most porous abiotic coating being
the unmodified sol-gel film (SGB). The sol-gel coating functionalized with SAPP (SGB-

102

S) maintained higher magnitude of Rcoat compared ZAPP modified coating (SGB-Z) due
to the formation of more stable inhibitor layer in the coating matrix. Corrosion inhibitor
pigments are known to form passive oxide films and barriers at metal surfaces as well as
the protective coatings they modified. The Rcoat values for SGB-S and SGB-Z at the 6th
hour are 272.11 and 186.64 kΩ cm2, respectively; 137.77 and 85.00 kΩ cm2 after the 24th
hour of exposure in the saline electrolyte. Charge transfer resistance (Rct) represents the
resistance the interphase close to the metal surface and accounts for the reduction of active
sites for corrosion reaction at the coating/electrolyte interface. This quantity is found to
decrease as the coatings are exposed; with values up to 90.13, 126.7 and 146.00 kΩ cm2
recorded for SGB, SGB-Z and SGB-S, respectively after 1 h as against 23.68, 27.48 and
36.56 kΩ cm2 after 48 h. The Rct values for the bare steel did not significantly change due
to the simultaneous formation and degradation of corrosion products on the surface of the
metal substrate in NaCl solution. The values of CPEcoat representing the capacitances of
each coating show a gradual increase with immersion time due to the uptake of water by
the immersed protective films in Figure 4.7 b. The least protective coating (SGB) records
the highest values of CPEcoat compared to its modified counterpacts; with 0.33 and 0.29
µF cm−2 s−(1−αc) recorded for SGB-Z and SGB-S while that of S is 0.68 µF cm−2 s−(1−αc)
after 1 h. These values increased to 2.04, 1.09 and 0.93 µF cm−2 s−(1−αc) for SGB, SGB-Z
and SGB-S, respectively at the 48 h. Like CPEcoat, similar trend was observed for CPEdl
being the capacitance of the double layer for each protective coating.
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Figure 4.7 Variation in coating resistances (left panel) and capacitances (right panel) with exposure time (in days)
with saline electrolyte for abiotic sol-gel coatings [(a) Rcoat, (b) CPEcoat, (c) Rct, and (d) CPEdl)].

4.3.3 Inhibition by biotic (endospore-loaded) sol gel films
Since the anticorrosion abilities of the two commercially available chemical inhibitors
(SAPP and ZAPP) have been now ascertained in the sol-gel coating, their protective
strengths in the presence of encapsulated endospores of viable bacteria in the same sol gel
coating will be evaluated in order to study their synergistic effect. The evaluation of the
barrier protective properties of the various biotic coatings (B. licheniformis and P.
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polymyxa) was also observed electrochemically by ac and dc techniques for all coated
samples in 3.5 wt% NaCl solution.
4.3.3.1 Potentiodynamic polarization measurements
The Tafel curves for the mild steel electrodes coated with these biotic sol-gel coatings are
presented in Figures 4.8 and 4.9 (a). The presence of the bacterial endospores in the
coatings on mild steel reduced the magnitude of icorr (corresponding to the corrosion rate)
compared to the bare steel substrate, denoting corrosion protection. This improved
corrosion protection in the presence of these bacteria strains can be attributed to the
secretion of exocellular polymeric substances (EPS) by respective colonies of these two
organisms [115]. Values of icorr as low as 55.0 and 40.7 μA are recorded for the inhibitordoped sol-gel matrices encapsulated with B. licheniformis, SGB-Z6 and SGB-S6,
respectively, compared to the undoped biotic coating (SB6; 64.4 μA) after an hour
immersion (Table 4.3). Lower magnitudes of icorr denoting reduced corrosion rate are
obtained for the inhibitor-doped sol-gel matrices encapsulated with P. polymyxa: 17.1 μA
(SGB-SPP) and 53.5 μA (SGB-ZPP) compared to the absence of the inhibitors (SPP; 56.9
μA) after an hour immersion (Table 4.4). These values increased gradually due to the
passage of ion through the pores of each biotic coating after 48 h; with 174.9, 184.5 and
322.5 μA recorded for SGB-S6, SGB-Z6 and SGB-6 while 90.6, 117.5 and 147.2 μA are
recorded for SGB-SPP, SGB-ZPP and SGB-PP, respectively. In the presence of the
endospores of both bacteria, the sol-gel coatings with the inhibitor pigments demonstrate
improved barrier performance due to a synergistic bulk protective barrier from corrosive
ion and molecule across the coatings. The order of improved corrosion resistance, judging
from the variation in the icorr values is: SGB-S6 > SGB-Z6 > SGB-6 and SGB-SPP >
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SGB-ZPP > SGB-PP; with P. polymyxa showing superior barrier performance to B.
licheniformis. Higher values of Ecorr are recorded for more stable and protective biotic
coatings relative to the bare/uncoated steel substrate for both immersion periods.
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Figure 4.8 (a) Potentiodynamic polarization plots of different biotic (B. licheniformis) coatings on mild steel
compared to a bare steel (uncoated) in 3.5 wt% NaCl after (a) 1 h and (b) 48 h immersion periods.
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Figure 4.9 (b) Potentiodynamic polarization plots of different biotic (P. polymyxa) coatings on mild steel
compared to a bare steel (uncoated) in 3.5 wt% NaCl after (a) 1 h and (b) 48 h immersion periods.
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Table 4.3 Potentiodynamic polarization parameters for the different forms of B. licheniformis-containing (B6) solgel coatings on steel panels compared to the bare steel (uncoated) in 3.5 wt%NaCl after 1 and 48 h immersion
periods.

Coating
system
Bare
SGB-6
SGB-Z6
SGB-S6

Ecorr
(mV/Ag/AgCl,
NaCl (sat))
1h
48 h
─764.5 ─742.3
─652.7 ─685.9
─544.9 ─679.5
─486.2 ─658.3

βc (mVdec-1)

Icorr (μA)
1h
133.4
64.4
55.0
40.7

48 h
448.5
322.5
184.5
174.9

1h
64.9
1.24
1.27
5.23

48 h
1.5
2.98
3.4
4.9

βa(mVdec-1)
1h
196.8
126.2
201.3
417.8

48 h
246.7
183.5
213.6
201.0

%
1h
51.7
58.9
69.5

48 h
28.1
58.8
61.0

Table 4.4 Potentiodynamic polarization parameters for the different forms of P. polymyxa -containing (PP) sol-gel
coatings on steel panels compared to the bare steel (uncoated) in 3.5 wt%NaCl after 1 and 48 h immersion
periods.

Coating
system
Bare
SGB-PP
SGB-ZPP
SGB-SPP

4.3.2.2

Ecorr
(mV/Ag/AgCl,
NaCl (sat))
1h
48 h
─764.5 ─746.3
─505.7 ─728.1
─468.9 ─715.4
─435.2 ─634.9

Icorr (μA)
1h
133.4
56.9
53.5
17.1

48 h
448.5
147.2
117.5
90.6

βc (mV)
1h
64.9
5.2
4.2
4.1

48 h
1.5
188.6
188.6
7.1

βa(mV)
1h
196.8
270.2
212.5
19.83

48 h
246.7
108.4
297.2
349.7

%
1h
57.4
59.9
87.2

48 h
61.0
51.8
79.8

Electrochemical impedance spectroscopy

Just as evaluated for the abiotic coatings in 3.5 wt% NaCl, the corrosion resistance of
those sol-gel coatings encapsulated with the bacterial endospores were tested by EIS, and
the impedance plots for B. licheniformis and P. polymyxa are displayed in Figures 4.10
and 4.11, respectively. The Bode modules plot (Figure 4.10a) of the B. licheniformis
encapsulated sol-gel coting reveals higher Zmod values for both immersion periods (after 1
and 48 h) at both lower and higher frequencies; and the coating functionalized with SAPP
in combination with the bacterial endospores (SGB-S6) reveal higher Zmod values
compared to SGB-Z6 and SGB-6. Similar trend is obtained for P. polymyxa in the same
sol-gel coating (Figure 4.11 a): Zmod (SGB-SPP) > Zmod (SGB-ZPP) > Zmod (SGB-PP) >
Zmod (bare steel) after immersion in the saline electrolyte for 1 and 48 h at room
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temperature. Values of Zmod higher than those of the abiotic sol-gel coatings are recorded
at 0.01 Hz (after an hour immerison): 1790, 1060, 511 Ω for B. licheniformis and 2752,
2132, 900 Ω for P. polymyxa; this trend indicates that the presence of the bacterial
endospores improved the barrier protection of the sol-gel coating. The passage of
corrosive ions and molecules through the coating leads to the gradual decrease in the
values of Zmod with 294, 241 and 140 Ω recorded for SGB-S6, SGB-Z6 and SGB-6,
respectively; and 324, 251 and 145 Ω for SGB-SPP, SGB-ZPP and SGB-PP, in that order.
Figure 4.10 b reveals single maxima between 1 and 100 Hz for the “6” series for both
immersion periods presented, except for SGB-S6 (appearing at much lower frequency
after an hour). The values of Zphz for the bare steel (59o) are greater than those of the
coating at their individual maxima: 38o, 43.5o and 43.1o observed for SGB-S6, SGB-Z6
and SGB-6, respectively, after an hour immersion; but after 48 h, values up to 50o, 43o and
36o are recorded in that order for B. licheniformis. For the other set of biotic sol-gel
coating with P. polymyxa, 10o, 20.0o and 20.4o observed for SGB-SPP, SGB-ZPP and
SGB-PP, respectively (after an hour immersion) and then 62o, 51o and 42o observed for
the same coating in that order (after 48 h at their individual maxima). Figures 4.10 and
4.11 (c) displays Nyquist plots with two-time constant capacitive loops for each biotic
coating; with wider capacitive loops obtained at medium frequencies. The diameter of the
Nyquist curve semi-circles represents corrosion resistance, and by far, the sol-gel coating
encapsulated with P. polymyxa are characterized with capacitive loops (with wider
diameters) at higher range of impedance, compared to B. licheniformis. By physical
inspection of the impedance plots, the biotic coatings with P. polymyxa demonstrates
higher protection, but to affirm this, appropriate two-time constant equivalent model has
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been used in fitting the experimentally derived impedance data for the respective biotic.
From the circuit fitting, the respective electrochemical parameters derived from this model
are presented in Figure 4.11.
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Figure 4.10 Bode module (a), Bode phase angle (b) and Nyquist (c) plots for biotic (B. licheniformis) coatings on
mild steel compared to bare steel in 3.5 wt% NaCl after 1 h (left panel) and (b) 48 h right panel) immersion
periods.
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Figure 4.11 Bode module (a), Bode phase angle (b) and Nyquist (c) plots for biotic (P. polymyxa) coatings on mild
steel compared to bare steel in 3.5 wt% NaCl after 1 h (left panel) and (b) 48 h (right panel) immersion periods.

110

Compare to the abiotic coatings, the sol-gel coatings encapsulated with endospores of P.
polymyxa and B licheniformis (biotic coatings) demonstrated significant superior
protection, especially in the presence of the two anticorrosive pigments. Just like the
abiotic coatings though far lesser, the deterioration of the bulk films with prolonged
immersion in 3.5 wt% NaCl is observed as the gradual reduction of Rcoat. Values of Rcoat
for coatings encapsulated with P. polymyxa and B licheniformis endospores only (SGB-PP
and SGB-6) are 969.00 and 859.7 Ω cm2 after 1 h and 189.00 and 120.9 Ω cm2 after 48 h.
Corrosion protection increased as the biotic coatings are further functionalized with ZAPP
and SAPP pigments with improved values of Rcoat obtained for this systems of coatings.
The magnitudes of Rcoat presented in Figures 4.12 and 4.13 for SGB-Z6 and SGB-S6 are
1245.89 and 1355 Ω cm2 after 1h; and 2001.98 and 3000.67 Ω for SGB-ZPP and SGBSPP at the same period of exposure. Decrease in values of Rcoat after 48 h are observed for
these class of coatings after 48 h: 246.7, 300.1, 149.83 and 1785.8 Ω for SGB-Z6, SGBS6, SGB-ZPP and SGB-SPP, respectively. In all, endospores of P. polymyxa showed
superior protection to mild steel in the saline electrolyte compared to B licheniformis.
While the endospores of both bacterial strains singularly improve the barrier protectives of
the coatings, they also synergistically improve the bulk resistance of the coating in the
presence of ZAPP and SAPP. CPE was also employed to monitor the water uptake ability
of each biotic coating; and the variation of CPEcoat and CPEdl with immersion period is
presented in Figures 4.12 and 4.13 for both bacterial endospores. Increase in coating and
double layer capacitances are attributed to increased water uptake, and less resistance
coatings allow for the passage of corrosive ions and molecules via pore and micro-cracks.
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With the trend of data in the figures, it is can be induced that biotic coating with inhibitors
absorbed more water.
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Figure 4.12 Variation in coating resistances (left panel) and capacitances (right panel) with exposure time (in
days) with saline electrolyte for biotic (B. lichenifomis loaded) sol-gel coatings [(a) Rcoat, (b) CPEcoat, (c) Rct, and
(d) CPEdl)].
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Figure 4.14 Photographs showing the appearances of defined test areas (9 cm2) of the mild steel panels coated
with abiotic and biotic sol-gel matrices before and after 48 h immersion periods in 3.5 wt% NaCl.
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4.4

Field fouling trails at Whitby Harbour, UK

Whitby Harbour by the North Yorkshire seaside was chosen as the site for on-field fouling
trails (throughout August 2013) since it is well known for its seasonal marine fouling
episodes; most prominent in the mid summers. The presence of P. polymyxa and B.
lichenformis endospores in this sol-gel coating inspired an interesting antifouling potential
on immersion at Whitby Harbour as shown on the digital images for steel and aluminum
in Figures 4.15 a and b. The physical appearance of both sets of coating reveals failure in
protection of mild and aluminium substrates from the first week due to poor coating
adhesion on steel. Independent of the anticorrosive agents in a protective sol-gel matrix, if
adequate choice of precursors and reaction conditions employed for the synthesis as well
as the chemistry at the metal/coating interface are not well defined, the bulk of the coating
is susceptible to free passage of corrosive ions and molecules. Endospores of P. polymyxa
and B. lichenformis failed to exhibit the needed antifouling properties since the sol-gel
coating used for their encapsulation was not stable. These failed field results are consistent
with the lab-based electrochemical data; (including the immersion test in Figure 4.15)
revealing very low corrosion resistance against aerated 3.5 wt% NaCl at room
temperature. The marine foulers found at the end of the 4th week are dominantly green
algae.
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Figure 4.15 Field trial results of abiotic and biotic sol-gel coated mild steel (a) and aluminium (b) panels
immersed at Whitby Harbour, UK.
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SGB-6

4.5

Summary

The following conclusions can be drawn from the results of the electrochemical and onfield fouling trails:
1. The presence of endospores of P. polymyxa and B. lichenformis, and in combination
with SAPP and ZAPP anticorrosive pigments reduces the corrosion of mild steel to a
very low extent once encapsulated within this PDMS/ silica sol-gel coating matrix.
2. Failure for this coating matrix to protect corrosion in 3.5 wt% NaCl at a prolonged
period of time could be link with instability in the bulk of the PDMS/silica coating and
poor metal/coating adhesion due to inadequate choice of precursor chemistry.
3. The endospores of P. polymyxa and B. lichenformis remained alive in the bulk of the
coating matrix to exhibit the needed anticorrosion and antifouling bioactivities as
presented in the CSLM images.
4. The choice of precursors for the synthesis of barrier protective PDMS/silica coating
should have involved the selection of those that will yield more compact silica bulk
network and hydrophobic surfaces; reactive silicones could be excellent candidates.
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CHAPTER 5
Title: Anticorrosion/antifouling properties of bacterial spore-loaded
AMINO/EPOXY sol-gel type coating for mild steel in saline marine
condition
5.1

A brief overview
O

HO

-O
+

-H
R

(5.1)
R’NH2

R

H2N+R'

R

HNR'

General mechanism for epoxy-amine cross-linking reaction
Epoxy ring-bearing precursors have been widely employed with amine-based curing
agents (hardeners) in most epoxy-based protective coatings; and the ring-opening
polymerization is similar to the reaction in Equation 5.1. Such coatings when combined
with polydimethylsiloxane (PDMS) could have possess improved adhesion on substrates,
surface energy for improved flexibility and oxidative stability and heat resistance [113].
Since this type of organic functionality on precursors predetermines their compatibility in
anticorrosive sol-gel paints/resins on substrates, the functional group chemistry of these
monomers needs to be understood. In this work, a bioactive additive in the form of
endospores of B. licheniformis together with polyphosphate and molybdate based
corrosion inhibitor pigments will be encapsulated into the bulk of a newly synthesized
GPTMS/ aminopropylmethylsiloxane-PDMS type sol-gel coating for the simultaneous
inhibition of corrosion and fouling of steel. The innovation in the sol-gel chemistry
involves the ring-opening epoxy-ring with the nucleoplhilic amine group on
aminopropylmethylsiloxane-PDMS type silicone precursor. GPTMS as an organically
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modified type precursor will crosslink between Si-O-Si molecular chains on the bulk of
the material to further enhance coating/metal chemistry, adhesion, hydrolytic stability of
the final coating.

5.2

Experimental

5.2.1

Pre-treatment, reagents and sol-gel formulation method
The corrosion inhibitors used in this study were zinc aluminium polyphosphate

(ZAPP) and zinc molybdate (MOLY) pigments obtained from Heucophos® ZAPP (28.131.0% ZnO) and MOLY-white 101 (85% CaZnMoO4) (Heucotech Ltd. Co, US),
respectively. The Si-based sol-gel coating was synthesized by blending Tetraorthosilicate
(TEOS, Sigma-Aldrich, US), 3-glycidoxypropyltrimethoxysilane (GPTMS, SigmaAldrich,
US) and 6-7% (Aminopropylmethylsiloxane)-dimethylsiloxane copolymer (GELEST, US)
in a 10:6:4 ratio. (Aminopropylmethylsiloxane)-dimethylsiloxane copolymer is also
referred to as aminopropyl-dimethicone with 6-7 mole% aminopropylmethylsiloxane with
64–200 cSt viscosity and molecular weight of 4000-5000). The mixture was stirred for an
hour and a mixture of 0.5 mL 0.05 N HNO3 (Sigma-Aldrich, US), 2 mL water and 4.5 mL
isopropanol (Sigma-Aldrich, US) was then added dropwise at room temperature to induce
the hydrolysis-condensation reaction. The sol-gel mixture was stirred continuously and
aged for three days then finally coated on steel panels. The pH of the final coating was
3.4. All precursors involved in the sol-gel reaction were used without further purification.
The sol–gel solution prepared above (SGC) was then doped individually with both ZAPP
and MOLY inhibitor by suspending the appropriate inhibitor (to 5% w/v) into the solution
and stirring (450 rpm) for 30 minutes, followed by sonication for an hour. These inhibitor118

doped sol-gel coatings were used as abiotic control matrices, and were labelled as SGC-Z
and SGC-M, for each of ZAPP and MOLY, respectively. Table 5.1 presents the sample
coding used for the variants of the inhibitor-doped abiotic coating system.
Table 5.1 Descriptive summary of the modified and unmodified coating matrices used in this study.

Coating type

ABIOTIC

BIOTIC

Coating description
Sol-gel coating only
Sol-gel coating functionalized with corrosion inhibitor
(ZAPP)
Sol-gel coating functionalized with corrosion inhibitor
(MOLY)
Endospores of B. licheniformis thermophilic strain
encapsulated within the sol-gel coating
S6 matrix further functionalized with ZAPP
S6 matrix further functionalized with MOLY

Nomenclature
(SGC)
(SGC-Z)
(SGC-M)
(SGC-6)
(SGC-Z6)
(SGC-M6)

5.2.2 Spectroscopic characterization
The extent of sol-gel reaction, involving the hydrolytic conversion of alkoxy groups
of the silane precursors to silanols as well as the degree of cross-linking after epoxy ringopening polymerization with aminopropylmethylsiloxane)-PDMS was monitored using
Fourier Transform infra-red (FTIR) and liquid-state nuclear magnetic resonance (1H,

13

C

and 29Si NMR using DMSO as solvent) spectroscopies. NMR was acquired with a Bruker
750 spectrometer (JOEL instrument, Japan) and FTIR with Nicolet 6700 Fourier
Transform (FT) Spectrometer (Thermo Electron Corporation, UK) operating in
transmittance mode.

5.2.3

Preparation of B. licheniformis endospore suspension
The procedures for the isolation and identification of thermophilic strain of

Bacillus licheniformis are elaborated in section 3.2.2. A single colony of the bacterium
was used to inoculate a 5 mL aliquot of Tetrathionate (TT) broth and incubated (50 °C,
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shaking at 180 rpm) overnight to provide a starter culture, which was used to inoculate the
new flask containing fresh media. Endospores were produced from 1-litre aerobic TT
culture in 2-liter flask at a constant temperature of 50 °C with an impeller speed of 200
rpm with an aeration rate of 1.5 L min-1. Sporulation and lysis of mother cells were
confirmed before harvesting the culture after seven days of growth. Endospores were
recovered from the culture by centrifugation (17,700 ×g at 4 °C for ten minutes in 6×500
mL centrifuge pots) and washed five times with ice-cold water before another
centrifugation trial, subsequent addition of sterile water, ice sonication and vortexing with
water-saturated chloroform mixture per mL of endospore suspension [55]. The endospore
suspension was adjusted to an OD600 of 66 with sterile distilled water before storage at
─20 °C. The Bacillus endospore suspension was thawed on ice at room temperature and
centrifuged to remove excess chloroform. 1 mL of the prepared sol-gel was later added to
diluted suspension above and sonicated for 5 seconds to separate possible aggregated
endospores. Care was taken to avoid excess sonication; structural integrity of endospores
was confirmed microscopically after sonication. The sol-gel bacterial/endospore
suspension was then added to 10 mL of sol-gel mixture and labelled as biotic (SGC-6).
This was repeated with inhibitor functionalized sol-gel coating, ZAPP and MOLY,
respectively, and labelled as SGC-Z6 and SGC-M6. Table 5.1 presents a descriptive
summary of the biotic and abiotic sol-gel coating matrices used in this study. The
measured bacterial endospore concentration in the sol-gel solution used throughout this
study was 1.98×106 CFU per ml (CFL/ml). This was evaluated prior to coating by
measuring the optical density (OD) at 620 nm before correlating to cell forming units per
millilitre (CFU/ mL) using Equation 5.2 [116].
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(

5.2.4

/

)=

× 472067

(5.2)

Confocal fluorescence microscopy
Confocal scanning laser microscopy was carried out using a Zeiss AxioVision

confocal scanning laser microscope using a Plan Apochromat ×64 oil immersion
objective. Fluorescein isothiocyanate (FITC) (488 nm) and rhodamine (543 nm) filters
were used for images obtained after staining with BacLight™ Live/Dead staining kit. 1.5
cm2 (approximately) pieces were cut from the panels, immersed in Nutrient Broth No. 2
(NB2) (at 30 °C for 24 and 48 hours), and stained using the Baclight™ Live/Dead
bacterial viability stain (Invitrogen). The Baclight kit contained two DNA-binding
fluorescent stains; viable cells are stained with the green fluorescent stain (Syto 9) and
non-viable cells were also stained with propidium iodide. The propidium iodide bonded
to the negatively-charged DNA to give red fluorescence via the damaged membranes of
non-viable cells. Background fluorescence of both stains was seen since the Syto 9 green
stain was able to bind to the sol-gel matrix and the propidium iodide red stain bound to the
negatively-charged silanol groups within pores in the sol-gel.

5.2.5

Coating procedure
S36 mild steel panels (0.032”×3”×5”) were sonicated (Vibra-Cell Sonics and

Material INC., US) with doubly distilled water, air-dried, and then stored in a desiccator.
The panels were pre-cleaned with absolute ethanol before the coatings were applied. A
millilitre of each of the sol-gel matrices (both modified and unmodified) was roller-coated
(R K Print-Coat Instruments Ltd, UK) on each pre-treated steel panel and then allowed to
cure at room temperature for 48 hours and then at 40 oC for 24 hours. All the steel panels
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were coated under a Laminar flow hood at room temperature to avoid cross
contamination.

5.2.6

Electrochemical analysis

A ±10 mV amplitude voltage perturbation of the steel corrosion system over a
frequency range of 100 kHz to 10 mHz was scanned with an ac signal at open circuit
potential (Ecorr) with the coated steel substrates in the solution of 3.5 wt% NaCl
electrolyte. EIS Nyquist plots were obtained under potentiostatic conditions for the biotic
and abiotic coated samples using a three-electrode electrochemical cell (Gamry, US). The
counter and reference electrodes used were graphite and a standard calomel electrode,
respectively, coupled to a Gamry Instrument potentiostat/galvanostat/ZRA (GAMRY
3000, Gamry Instruments, US) corrosion measuring system. EChem Analyst software
package 6.0 was used for all the analyses, curve extrapolation, data fitting and simulations.

5.2.7

Coating and surface characterization
The measurement of the static contact angle of the individual coated metal was

performed with a contact angle measurement (CAM) Instrument DSA30 (KRUSS,
Deutsch, Germany) by pendant water drop for three consecutive trails. The thermal
behaviour of this new hybrid sol-gel polymer was characterized with a thermogravimetric
(TG) analyzer (Perkin-Elmer TGA 7) at 10 oC/min in N2 raised to about 800 oC. Surface
analytical evaluation of the coating morphology on the metal was performed using the
U9320A 8500 Field Emission Scanning Electron Microscope (Agilent Technology, UK)
prior to and after two weeks immersion in 3.5 wt% NaCl test solution.
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5.2.8 Field trials at KFUPM beach
A field trial in a natural corrosive environment was conducted to ascertain the
corrosion protection properties of the unmodified and the abiotic and bio-modified coating
systems. The edges of the immersed S36 panels were covered with insulation tape leaving
only a defined test area for fouling studies. The marine fouling studies were carried out in
the hyper-saline seawater of KFUPM beach, Half-Moon Bay, Al Khobar, Saudi Arabia,
between March and July, 2015. The temperature, pH as well as the salinity of the water
body (at the point of sample immersion) recorded throughout the period of fouling studies
are presented in Table 5.2.
Table 5.2 Mean values of temperature, pH, and salinity of KFUPM Beach (at the point of sample immersion)
recorded throughout the 10 weeks of fouling studies.

Days

Temperature
pH
*Salinity (ppt)
o
( C)
Day of immersion
28.9 ±0.1
7.6±0.2
65.8±1.0
Week 2
27.2±0.2
7.4±0.2
67.5±1.2
Week 4
28.3±0.2
7.4±0.2
66.4±0.9
Week 6
29.2±0.3
7.8±0.3
71.0±0.6
Week 8
30.8±0.2
7.7±0.2
70.2±0.8
Week 10
29.0±0.2
7.3±0.3
71.2±0.7
Week 12
31.0±0.4
7.4±0.2
71.0±0.6
Above parameters were taken in the early hours of the mornings; *Values of salinity kept
increasing steadily as the hot Arabian summer approached in June; and with salinity
values more than 40 ppt, KFUPM beach could be classified as being “hyperhaline” (very
saline).

5.3

Results and discussion

5.3.1 Spectroscopic characterization
Due to the presence of multiple secondary and by-products from the sol-gel reaction of the
precursors in this study, it is difficult to probe the exact route of the process, though,
liquid-state NMR

can

help to

ascertain
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NMR

to

ascertain

the extent

of

hydrolysis/acidification of precursors in the solution. The proton and carbon NMR of the
three sol-gel precursors used in this study is presented in Figure 5.1. The proposed
structure of the sol-gel (SGC) is presented in Figure 5.2. To confirm the evidence of epoxy
ring-opening reaction by the amino-PDMS copolymer on the NMR of the synthesized solgel, amino proton peak (at 1.5 ppm) as well as those of the epoxidic protons corresponding
to GPTMS were probed. The broadening of the epoxidic proton peaks at 2.7 and 3.2 ppm
in Figure 5.3 (a) denotes evidence of epoxy ring-opening polymerization, and this could
be attributed to the nucleophilic attack by the amino group (of which its proton peak at 1.5
ppm has disappeared). Normally, acid-catalyzed ring opening polymerization products
should generate extra carbon peaks between 60 and 70 ppm, but this is not found in the
13

C NMR spectrum of the final sol-gel. The absence of peaks corresponding to alkylether

(between 9.0─9.5 and 70 ppm), diols (at 71 ppm) and polyethylene oxide (after 74 ppm;
not belonging to GPTMS) confirms that the epoxy ring in GPTMS was not due to an acidcatalyzed polymerization occurring during the sol-gel reactions, though the carbon peak at
55 ppm is suggestive of the presence of a terminal methyl ether. Figure 5.3 (b) also
confirms the presence of CH2 groups of the aminopropyl segments at 17.7 and 48.4 ppm
and precisely towards 0.6, 2.5 and 2.7 ppm on the proton NMR (Figure 5.3 a). The silicon
peak due to PDMS’s Si-O(CH3) group is still visible on the
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Si NMR (Figure 5.4 a)

spectrum of the sol-gel matrix while the disappearance of those belonging to TEOS and
GPTMS precursor is an evidence of sol-gel reaction. The 29Si MAS/NMR is displayed in
Figure 5.4 b for the the dried sol-gel material. Figure 5.5 shows the FTIR spectrum of the
sol-gel mixture collected with peaks between 3000 to 3600 cm-1 indicating the presence of
an O–H vicinal and N-H stretching bands due to the presence silanol, reacted N-H groups
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and absorbed alcohol products as well as water. The absence of IR peaks at 950─810/
1260─1240 cm-1 denotes epoxy ring opening due to treatment with amino group. Si-C(s)
from PDMS group on the aminopropylmethylsiloxane)-dimethylsiloxane copolymer
occurs at 1258 cm-1 as well as the aminopropyl residual segments at 1300-1700 cm-1. IR
vibrations for Si-C (s) from PDMS group is found at 1258 cm-1) while those at 1020 and
1261 cm-1 represent C─N (s). For the pure silane precursors, the disappearance of peaks
at 788 and 1216 cm-1 (corresponding to Si─C (s)) and 928/1121 cm-1 (for Si─OC (s))
denotes complete hydrolysis leading to the formation of asymmetric Si–O–Si stretching
vibration at 1086 cm-1, asymmetric Si–O–Si bending at 400–450 cm-1 and symmetric Si–
O–Si bond stretching vibration at 699 cm-1.The synthesized and unmodified sol-gel
coating in this study was viscous and relatively clear and stable solution with pH lightly
acidic (pH 3.5) showing the presence of some unreacted silane precursors. It was later
modified according to the components stated in Table 5.1 and each matrix was coated on
pre-cleaned mild steel substrates; and Figure 5.6 displays the appearance of the coated
surfaces of each sol-gel matrix without mechanical defects.
(1)
(2)
O
O

O

Si

(5)
b

(5)

(2)

(H )

(H ) c
(H )

(1)

(2)

TEOS
a

(a)

O

(4)

(3)

(1)

Si
O

(4) (3)(4)(Ha) (H )(Hb)

GPTMS

(5)

(6)Si

c

(1)

Si (6)

Si
O
n

O

(2)
(3)

(1)

(2)
(3)

(4)

n (4)

NH2

AMINO-PDMS

125

(2)

(1) (5)
(6)

(b)
(1)
(2)
O
O

(1)

O

Si

O

CDCl3

TEOS
(4)
(3)
(5)
(6)

(4)

Si

Si
O

(1)

(3)

(7)

(4)

(5)

(7)

(6)

(5)

Si (6)

Si

(3)

(2)

(1)

CDCl3

O

n

(2)

CDCl3

GPTMS

(5)
O

(1)

(6)
(2)

(2)

(4)

(6)

n

(3)
(1) NH2
AMINO-PDMS
(2)

Figure 5.1 Liquid state NMR spectra (1H (a) and (b) 13C) of the precursors (TEOS, TMMS, GPTMS, respectively,
from up to bottom) employed in this study (solvent: CDCl3).
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Figure 5.5 FTIR spectrum of the as-prepared and unmodified sol-gel coating before application on metal
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Figure 5.6 Mild steel Q panels (0.032”×3”×5”) coated with different functionalized sol-gel matrices.
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5.3.2

Confocal laser scanning microscopy

To ascertain the viability of the bacterial endospores in the system of coatings and to
ensure that they were alive to execute the needed physiological activities, both biotic and
abiotic sol-gel solutions were inoculated in a TT agar plates [117] (Figure 5.7) as well as
coated on glass slides prior to confocal laser scanning microscopy. The use of appropriate
fluorescent probes and confocal scanning laser microscopy aided visualization of the
viable and non-viable vegetative cell distribution within the sol-gel matrix. Bioactive
coated glass samples were immersed in a nutrient solution (NB2 broth) for 24 h and then
stained with the Baclight Live/Dead stain (Invitrogen) and incubated to observe cell
viability of the endospores, while the abiotic samples were similarly treated and served as
negative controls.

a) 20 colonies

b) 43 colonies

c) 54 colonies

Figure 5.7 Growth of B. licheniformis strain No. 6 (B6) colonies from endospores in sol-gel coatings: a) Sol-gel
encapsulated with B6 endospores (SGC-6), b) Sol-gel encapsulated with MOLY and B6 endospores (SGC-M6), c)
Sol-gel encapsulated with ZAPP & B6 endospores (SGC-Z6).

Appropriate micrographs were collected with different optical frames as shown in Figure
5.8. As the nutrient medium contacts the endospores, bacterial cells are expected to
germinate and begin to grow, and this will be accompanied by a change in cell
morphology from round/oval (endospores) to rods (vegetative cells). All bioactive coated
samples with and without corrosion inhibitors showed the presence of live (green) and
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dead (red) endospore- and/or cell-like structures. The predominance of green rod-like cells
in the biotic samples indicates viable bacterial cells in the coated samples; and being alive
denotes their availability for bioactivity. The cellular clusters observed at this exposure
time could be due to formation of biofilms in the early stages of growth [118]. The
characteristic feature of these sol-gel matrices as shown on the confocal florescence
micrographs is the presence of surface cracks and peels caused by poor coating adhesion
or coating disbonding on the glass slides. Bulk pores can be seen as dark, round shapes on
the micrographs for the abiotic sample. Other than the pores, the abiotic sample (SGC) has
a relatively featureless appearance in comparison to the other coating samples. The
confocal florescence micrographs of the abiotic coating matrices show no vegetative
bacterial growth as the absence of live cells confirms that samples SGC, SGC-Z and SGCM are actually abiotic. The background (mostly green) fluorescence observed in these
images was attributed to autofluorescence of the sol-gel matrix. The green Syto 9 and red
propidium iodide fluorescent probes may have bound to the negatively-charged silanol
groups within the sol-gel matrix thereby creating these areas of green and also red
fluorescence in the background [119].
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SGC-6

SGC-Z6

Pores

Pores
SGC-M6

Figure 5.8 Confocal fluorescence images showing live cells in the various sol-gel coatings (the black and red bold
arrows indicate the cracks and inherent bacterial vegetative cells/endospores, respectively). The stacked confocal
images for the bioactive samples are presented in double panels to show clarity.
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5.3.3 Thermal analysis and hydrophobicity evaluation
Thermogravimetric analysis (TGA) curve (recorded under nitrogen) for the
synthesized hybrid sol-gel coating is shown in Figure 5.9 below; with weight loss (WL)
being observed in few thermal regions. The evaporation of occluded/physically adsorbed
or less strongly chemically bonded water molecules on the sol-gel matrix occurred
between laboratory temperature and 250 oC. The magnitude of weight loss corresponding
to decomposition/pyrolysis of the bridging organic groups/chains occurs around 300 oC
and between 580 oC and 650◦C [120]. The differential TG (DTG) curve for this newly
synthesized sol-gel coating shows typical nonlinear decomposition temperatures (Td)
around 330, 460 and 570 oC. It is adequate to mention here that the condensation reaction
continued even up to thermal and curing treatments. To this end, the weight loss observed
at elevated temperature could have been due to formation of 3D Si-O-Si network via
condensation reactions (above 500 oC). The static water contact angle measurement of
abiotic and biotic sol-gel coatings were carried out to evaluate the wetness of their
surfaces, and the degree of hydrophobicity of each coating system was deduced from the
result [121]. The results showed that the contact angle of the coatings increased in the
following order: SGC-M6(109o) > SGC-Z6(95o) > SGC-6(85o) > SGC-M(80o) > SGCZ(79o) > SGC(75o). The sol-gel containing bacterial endospores and MOLY exhibited the
most hydrophobic surface (109o); however the reason for this variation has not been
investigated in this study (Figure 5.10 a and b), though B. licheniformis endospores are
known to readily form surface-altering biofilms as they secrete antimicrobial substances
within these biomaterials [122─125]. It can also be observed that the presence of
endospores led to an increase in the coating hydrophobicity. Hence, it should be expected
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that steel panels coated with high contact angle matrices should yield better corrosion
protection properties since their surfaces will limit the passage of water molecules as a
result of reducing the diffusion rate. The loss in the hydrophobicity of surfaces is an
indication of the occurrence of more surface wetting which can lead to the onset of
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Figure 5.9. TG curves of the synthesized hybrid sol-gel (S) coating alone in N2 atmosphere.
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Figure 5.10 Contact angle result for steel panels coated with different sol-gel matrices; (a) abiotic and (b) biotic.

5.3.4

Electrochemical impedance spectroscopy
The electrochemical impedance response of all variant coated steel panels

immersed in aerated 3.5 wt% NaCl solution was recorded periodically for 2 weeks.
Comparative Nyquist curves are presented for the different coating systems at immersion
periods of 24 hours in Figure 5.11 (a), 48 hours (b), and 2 weeks (c). The spectra show the
presence of multiple time constants, seen as semicircles. These can be attributed to the
capacitive and resistive behaviour at high and low frequencies, relating to permeation of
electrolyte ions across the coating/metal interface. The varying inhibition mechanisms for
these systems are related to the coating composition for each coated metal. After 24 hours,
the impedance responses for the coated systems revealed the first time constant as a
capacitive loop, possibly denoting that the coatings, to some extent, allowed the passage
of corrosive chloride ions towards the coating/metal interface. The size of the Nyquist
capacitive semi-circles are generally considered to reflect the degree of protection for each
coating system. In Figure 5.11 it can be seen, that the presence of MOLY in the coating
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improved the corrosion protection of steel over that of ZAPP, with and without the
bacterial endospores. The presence of the encapsulated endospores in the bulk of the
coating appears to increase the impedance of the coating to corrosive chloride ions, with
the highest impedance observed for the MOLY-doped coating with the bacterial
endospores (SGC-M6). This indicates, in terms of corrosion protection, that there is
synergy between the corrosion inhibitors and the B. licheniformis endospores. The shapes
of the Nyquist curves remain relatively unchanged after 48 h (Figure 5.11b) for all the
coating systems studied indicating that there must not have been any change in the
corrosion protection mechanism on prolonged immersion in the saline electrolyte. SGCM6 maintains the largest two-time constant (ɤ) capacitive loops after 2 weeks (Figure
5.11c) showing an outstanding protection against corrosive ions at the steel surface with
SGC-6 being the lesser biotic protective coating. The decrease in the impedance values of
the abiotic sol-gel coating alone (SGC) is due to the failure and disbonding in the coating
and subsequent passage of chloride ions to the steel surface. However, the presence of the
metal-based corrosion inhibitors continues to improve the protection ability by forming
passive films, this is evident from the increased Nyquist semicircles compared to the solgel coating alone (Figure 5.11c). After this prolonged immersion period, there are some
distortions in the shapes of the capacitive loops for all the coating systems, though not
vividly observed; the most reason constant phase element (CPE) was deployed in the
equivalent circuits. These distortions could be directly linked with surface imperfections,
such as cracks, and other previously reported interfacial unevenness.
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Figure 5.11 Nyquist plot of experimental data for all coating matrices after (a) 24 hours (b) 48 hours, and (c) 2
weeks of immersion in 3.5 wt% NaCl solution (insert: Nyquist curves showing Z values at higher frequencies).
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Figure 5.12 Impedance values at 0.01 Hz for all coated samples after 2 weeks of immersion in 3.5 wt% NaCl
solution.
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A major factor contributing to the performance of metal-type inhibitors in organic
coatings is the relative solubility and stability of the inorganic pigments, and their later
availability to initiate passive layer formation at the metal/electrolyte interface. These
pigments are known to form precipitates of oxide or/and hydroxide passive films
depending on the chemistry of the metal/electrolyte interface. The electrochemical
behaviour of ZAPP has been previously reported to be linked with its critical pigment
volume concentration (CPVC) values of 46.3 against 50 for MOLY [126]. The differences
in impedance (Z) indicate that the passage of corrosive ions to the metal surface through
the coating was impeded due to an improved interfacial barrier in the presence of these
additives. The actual role of the bacteria, as an anticorrosion agent and their effect on the
solubility and kinetic availability of the metal inhibitors, is currently not clear. In order to
begin to assess the role of the bacteria it is necessary to determine their behaviour in the
system, and in particular whether they form a biofilm and /or metabolic products by these
endospores that may influence corrosion, for example by reducing the passage of water
and other corrosive ions across the metal/coating interface. However, it is evident in this
work that the accumulation of these bacterial endospores increases the surface
hydrophobicity, so this further impeded the ionic current flow of corrosive species across
the biotic coating, thereby reducing corrosion. Figure 5.12 presents the variation of
electrochemical impedance (Z), with immersion period, measured at 0.01 Hz. Here the
MOLY/bacteria coating shows a higher level of corrosion protection compared to the
other coating systems at the 2 week interval. Overall the other biotic coatings also show
slightly higher resistance over the same period.
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Echem software is employed in experimental impedance data to the equivalent
circuits shown in Figure 5.13, and the electrochemical parameters derived for the
immersion periods under study have been plotted in Figure 5.13. Two-time and three-time
constant equivalent circuit models are allotted to respective coating matrices for the fitting
and analyzing of the experimental impedance data, with each model selected based on the
respective contributions of coating systems at a particular immersion period. Multiple
component circuitry with three-time constant (Figure 5.13b) is proposed for the doped or
modified coating at prolonged immersion time (between 72 and 336 days). For both
equivalent circuit models, the resistance and constant phase element components of each
sol-gel (Rcoat and CPEcoat) and interfacial (Rct and CPEdl) layers are being considered, at
higher and lower frequencies, respectively. The second constant phase for the equivalent
circuit model in Figure 5.13b represents the oxide layer (Rox and CPEox). However, in this
study, only the trends in R and CPE values corresponding to the first constant phase, being
the sol-gel layer, are vividly discussed in a view to showing the direct impact each sol-gel
layer on the corrosion protection of the metal substrate in 3.5 wt% NaCl. CPE is usually
defined as CPE = (jω)−n/Yo ; where n, Yo and ω are the magnitudes of system homogeneity
factor, pseudo-capacitance and angular frequency (measured in radian). The CPE
components in the circuits relate to a slight deviation of the capacitance from ideality,
probably due to a combination of the double layer capacitance, non-homogeneity of
electrode surface and inherent pores in the coating.
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Figure 5.13 Equivalent circuit models used in fitting experimental data by Simplex method; adopted from Garmy
EChem Analyst software’s model editor.
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Figure 5.14 Variation in sol-gel resistances and capacitances with immersion period for abiotic (a) and biotic (b)
sol-gel coatings in 3.5 wt% NaCl.
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Figure 5.14 displays the changes in the values of Rcoat and CPEcoat with immersion
periods for the sol-gel layer of the abiotic (a) and biotic (b) coatings as proposed in the
equivalent circuit models. The values of Rcoat for SGC, SGC-Z and SGC-M are 5.6, 19.9
and 52.6 kΩ cm2, respectively, at the first day (24 hours) of immersion in 3.5 wt% NaCl
solution, magnitude of which decreases steadily with exposure time with 5 kΩ cm2
recorded for the SGC-Z and SGC-M after two weeks (336 days). The reduction in the
values of Rcoat indicates degradation of coating for SGC, while the leaching of inhibitor
pigments from the bulk of modified matrices (SGC-Z and SGC-M) occurs as the corrosive
electrolyte ions reach through the sol-gel layer via created pores inherent the coatings as
they gradually deteriorates in NaCl. In the same vain for the biotic coating, values of Rcoat
are found to decrease sharply between the 24th and 48th hours, and varies slightly
between the third (72 h) and the seventh (168 h) day. The recorded values of Rcoat, as
presented in Figure 5.14 b, for the biotic coating are greater than the abiotic coating. At 24
hours of immersion, 17.9, 66.7 and 79.8 kΩ cm2 are recorded for SGC-6, SGC-Z6 and
SGC-M6, respectively, while magnitudes of 6.0, 6.1 and 15.9 kΩ cm2 are observed for this
same set of coatings after two weeks of immersion in 3.5% NaCl solution. The inherent
pores and micro-cracks in the respective sol-gel silica networks allow for free pathways
for water and corrosive ions to the surface of the metal substrate, and this could be reason
for the steady decrease in the magnitude of sol-gel resistance. The biotic coatings
functionalised with inhibitors (SGC-Z6 and SGC-M6) possess a double layer structure,
and their greater coating resistance properties compared to the abiotic coating could be
attributed to their increased multi-layered hydrophobic interface properties after endospore
encapsulation. Generally, the interfacial electrolyte/water absorption (or simply water
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ability) and bulk coating degradation are hugely defined by the magnitude of coating
capacitance. Figure 5.14 (right panel) displays the variation in the values CPEcoat
(measured in µF cm−2 s−(1−αc)) with immersion periods for the abiotic (a) and biotic (b)
coatings. For both sets of coatings, abiotic and biotic, higher values of CPEcoat are
recorded for less protective coating matrices representing high rate of water uptake as the
exposure time of the coating increases. Magnitude of CPEcoat for biotic coating are lesser
than their abiotic counterpart for all the immersion periods in this study, and CPEcoat for
both sets of coatings are observed to steadily increase with immersion period. For the
biotic coating, values of CPEcoat are ranged between 0.97 to 1.4 µF cm−2 s−(1−αc) and 1.7 to
4.0 µF cm−2 s−(1−αc) for the first day and second week of immersion; and between 2.8 to 9.1
µF cm−2 s−(1−αc) and 7.4 to 19.9 µF cm−2 s−(1−αc) for the abiotic coating for the same period.
Poor water uptake ability of a coating denotes greater protective strength against
corrosion, and the sol-gel coating encapsulated with the B. licheniformis endospores have
shown greater corrosion inhibition in this order: SGC-M6 > SGC-Z6 > SGC-6. The
coating homogeneity factor of each coating did not vary much for each coating (around
0.9) while the magnitude of the “goodness of fit” for the fitted experimental data were less
than 10─3. Similar trend was obtained for the magnitudes of the charge transfer resistance
and capacitance of the double layer (not shown).

5.3.5

Surface analysis
Representative SEM micrographs for both abiotic and biotic systems, before and

after immersion in 3.5 wt% NaCl ae displayed in Figure 5.15 (A and B). The sol-gel
coating morphology is characterized by the presence of non-uniformly finely dispersed
colloidal silica particles in the matrix (labelled with black bold arrows). After 2 week
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immersion in 3.5 wt% NaCl, non-uniform cracks are observed for the abiotic (SGC)
coating; this is reflected in the recorded decreased Z values after prolonged immersion.
There are visible cracks of the surface of these coating after 2 weeks immersion in 3.5
wt% NaCl. The cause of cracks and other mechanical faults (labelled with blue dashed
arrows) observed on the coated metals after prolonged immersion could be linked with the
electrolyte, as well as failed adhesion [127]. The presence of surface micro-cracks leads to
passage of the corrosive electrolyte to the steel and consequently localised corrosion takes
place. However, the presence of the Bacillus endospores greatly improved the corrosion
inhibition of the coating in combination with the metal inhibitors. The MOLY
functionalized endospore loaded coating had fewer cracks in comparison with other
coatings after 2 weeks immersion in the saline solution; the delaminated portion observed
on the SGC-6 could be attributed to adhesion failure (Figure 5.15B). There was no
noticeable damage on the bioactive coating system after immersion at room temperature in
the aggressive saline test solution. This demonstrates a significant corrosion protection in
the presence of the bacterial endospores compared to the abiotic coating. The presence of
zinc and molybdate ions from the inhibitor pigments have been confirmed using EDX.
The composition of these pigments obtained from EDX analysis were mainly Si (65.0%),
Zn (0.9%) and Mo (0.9%) for SM and Si (38.2%), Zn (7.6%) for SZ (see Figure 5.16).
This further proves that the incorporation of these inhibitor pigments into the bulk of
coating was successful. Mousavifard et al. [126] have reported formation of passive films
in the present of Zn+2 ions from ZAPP/ZAP inhibitors as the reason for the reduction in
metal corrosion. The dissociated Zn2+ prevents the formation of excess OH─ ions
(Equation 5.2) and other associated cathodic reactions at the metal/coating interface; this
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could be typical of zinc aluminium polyphosphate (ZAPP) and zinc molybdate (MOLY)
inhibitors, pigments with common Zn+2 cation. Zn2+ + 2OH─ → Zn(OH)2↓
(A)

(5.2)

SGC

Surface cracks
(B)

Non-dispersed silica aggregates

SGC-Z

SGC-M

More surface cracks
Some silica aggregates observed before
immersion of the bioactive coatings

SGC-6

SGC-Z6

SGC-M6

Effect of exfoliation

Prolonged immersion reveals more
non-dispersed silica aggregates

Figure 5.15 SEM micrographs of (A) biotic and (B) sol-gel coated steel coupons before (the above panel) and after
(the below panel) 2 weeks immersion in 3.5 wt% NaCl solution at room temperature [blue and black (dashed)
bolded arrows show surface cracks and gel particles, respectively, on the coated substrates].
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Figure 5.16 EDX: Elemental composition of SZ and SM sol-gel matrices.

5.3.6

Field trial in the marine environment
Labelled coated steel panels were submerged continuously in a natural marine

environment in order to study the anticorrosive/antifouling properties of these coatings at
KFUPM beach, Half Moon bay in Saudi Arabia for 12 weeks. The flow of seawater in the
Eastern Province of Saudi Arabia is minimal and known for its marine macro-fouling
activities and high salinity, a trait of all Gulf sea tributaries in the Sahara. For half-moon
Bay (KFUPM Beach), the measured salinity values stood at 65.8─71.2 ppt between March
and July 2015; this body of water could be classified as being “hyperhaline”. Prior to
sample immersion, the edges of the panels were covered with insulating tape to prevent
corrosion and other oxidation processes, and also to ensure that only the indeed the test
area of each substratum was submerged. Evidence of macrofouling by attachment of
foulants are observed by visual inspection. Figure 5.17 shows the appearance of the
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various (A) abiotic and (B) biotic coated panels, in duplicates, after every two week
interval for ten weeks. An instant corrosion of the bare steel panel is observed
immediately after immersion of the panels in the sea water, but not on the coated samples.
Both the abiotic and the biotic sol-gel coated samples gradually decolorized and appeared
dull on prolonged exposure in the saline sea water. Images collected for both sets of
coatings during the earlier weeks proved that it was too early to assess corrosion and
fouling phenomena. Normally for some biofouling organisms, their initial settlement on
any substratum is highly influenced by the surface chemistry and topology, nutrient
availability and rheology/hydrodynamics; environmental factors of which subsequent
fouling population dynamics and community structure are being affected.
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(A)
Seconds after
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Week 8
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Week 12
BARE
STEEL
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(SGC)
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BARE
STEEL

(SGC-Z6)

(SGC-6)

(SGC-M6)

Figure 5.17 Field trial samples in duplicates: (A) Abiotic and (B) Biotic coated steel panels compared with
bare/uncoated steel.
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Images of the abiotic coated panels in Figure 5.17 (A) display episodes of surface
pitting observed on the sol-gel coatings after two week, and this developed into severe
delamination of the coatings in the proceeding weeks as fouling increases. The observed
surface delamination must also have been initiated by the physical contact of the coated
surfaces with sea debris (not limited to sand grains, sticks and stones) inherent in the
flowing sea water which is typical of KFUPM beach. Among abiotic samples, the coating
with ZAPP pigments (SGC-Z) seems to retain a relatively clear surface appearance
throughout the period of study, yet the coating failed at the 8th week; both inhibitormodified coatings (SGC-Z and SGC-M) demonstrated better anticorrosion behaviour
compared to the unmodified coating (SGC) throughout the duration of the field
experiment. The properties of these inhibitor (pigment)-doped coatings could be attributed
to the stability of chemical species that acted as passive films thereby impeding anodic
and/or cathodic reactions at the metal/solution interface. Pigment types and their product
solubility, as well as their stability determines the possibility of bulk leaching from the
coating. At the 8th week, newly metamorphosed juvenile barnacles are observed on the
delaminated sections of the coated steel panels which later developed into full-grown
hard-shelled barnacle after at the 10 and 12th weeks; they are also attached on the black
insulating tape covering the edge (circles and arrows). A comparative attempt to
understand the effect of inoculums of protective thermophilic strain of B. licheniformis
endospores on the antifouling as well as the anticorrosive of this sol-gel type coating of
steel has been evaluated in the same marine condition with those of the abiotic coatings.
Figure 5.17 (B) presents duplicates photodigital images after ten weeks immersion for the
biotic coated steel panels compared with bare/uncoated steel. The congested fouling
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population on the bare steel reveals an assemblage of annelid-type polychaetes and large
growing hard-shelled barnacles vivid between the 6th and 10th weeks; barnacles appear as
newly metamorphosed juveniles after the 4th week. The integrity of the biotic coatings is
still intact compared to their abiotic counterpart in terms of corrosion and surface pitting;
surface delamination is pronounced only after the 4th week. For the biotic coating without
inhibitors (SGC-6), biofouling is only vividly observed at the 12th weeks, with the
endospore-loaded coatings with inhibitor (SGC-Z6 and SGC-M6) having improved
antifouling and anticorrosion properties. At the 10th week, it is evident that the biotic
coating demonstrated the best corrosion/fouling resistance compared to the abiotic
coating. In all, the assessment of marine fouling results reveals that the protective bacterial
endospores encapsulated into the sol-gel coatings demonstrate potential for antifouling
activity and corrosion protection within the duration and conditions of study. The reason
for the antifouling potential of these bioactive coatings could be linked with their
antibiotic-type hydrophobic surfaces due to the accumulation of B. licheniformis
endospores widely reported to secrete antimicrobial γ-polyglutamate from their biofilms
[122,124,125]. The antifouling properties of these coating matrices could be further
improved and made longer-lasting by varying the density of the B. licheniformis
endospores in the coating, moderating the curing period of the coating on the steel and by
optimizing other surface post-treatment procedures.
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5.4 Summary
The following conclusions are drawn from the trend of experimental results:
1.

The unmodified sol-gel coating synthesized in this work has protected mild against
corrosion to a great extent in 3.5 wt% NaCl solution; but improved protection was
realised after doping with two zinc-based corrosion inhibitor pigments and B.
licheniformis endospores.

2.

Thermophilic strain of B. licheniformis endospores isolated from the Gazan hot
springs of Saudi Arabia encapsulated within the sol-gel matrix remained viable as
revealed by the confocal laser scanning fluorescence microscopy. The presence of
these bacterial endospores improved the surface hydrophobicity of the coating thereby
preventing the diffusion of corrosion molecules and ions through the bulk of the
coating to the metal surface; this is evident in the trend of electrochemical coating
resistance and capacitance.

3. SEM micrographs shows no noticeable damage for the endospores–loaded sol-gel
coatings after 2 weeks immersion at room temperature in 3.5 wt% NaCl solution, and
this demonstrates significant corrosion protection in the presence of the bacterial
endospores compared to the abiotic coatings. The poor performance of the inhibitorloaded coating could be ascribed to the presence of micro-cracks within the coating.
4. The bacterial endospores possess antifouling potentials within the immersion period of
study due to their foul-releasing effect; the improved corrosion and fouling resistance
in the presence of these bacterial endospores could be attributed to surface
hydrophobicity after spore encapsulation. Compared with the abiotic coating, the
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inability of the marine foulers to settle and adhere on this biotic surface, at hypersaline
condition (65.8─71.2 ppt), gives an idea of its antibiotic nature and the antimicrobial
properties of the biofilm of this unique thermophilic bacterium.
5. The anticorrosion/antifouling properties of this sol-gel matrix could also be attributed
to the presence of PDMS in the bulk of the matrix, offering the needed rigidity and
strength to the silica network. However, the presence of aminopropylmethylsiloxane)dimethylsiloxane copolymer in the sol-gel material did not increase the hydrophobicity
of the coating without the presence of the bacterial endospores, since increased coating
capacitance is observed due to the adsorption of water and corrosive ions/ molecule
across the protective coating on prolonged immersion period. To solve this problem, a
more careful choice of monomer precursor is needed; and the new goal should involve
the synthesis of a hydrophobic sol-gel with low surface energy capable of prolong
protection of mild steel by using appropriate silane monomer from the start (not a
copolymer). The synthesized protective sol-gel coating should possess high water
repellency (high water contact angle) even after modification with the surface active
zinc-based corrosion inhibitor pigments and bacterial endospores. Fouling results of
the test coatings should be compared to a typical industrial antifouling/anticorrosive
coatings used in the field (oil or marine).
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CHAPTER 6
Title: Enhancing water repellency for prolonged anticorrosion and
antifouling applications for a new hydrophobic silica coating for mild
steel
6.1

A brief overview

Chemical and engineered hydrophobic surfaces have numerous applications in various
scientific fields. Table 6.1 presents some of the physical and chemical modification
processes employed in achieving surfaces with this unique property. The resistance to the
passage of water (and molecular oxygen in some cases) by these hydrophobic coating
surfaces initiate corrosion protection since the cathodic reactions associated with these
corrosive species are impeded. Such protective surfaces are designed to mimic the “lotus
effect” possessed by leaves of Lotus (Nelumbo family) due to their high contact angles
(θw) [128─130]. Sol–gel process remains the preferred route for the synthesis of protective
coatings with hydrophobic surfaces since its reaction routes are tunable, the precursors are
abundant with unique chemical properties and sol-gel products synthesized possess
surface and bulk properties of a typical anticorrosive coating: self-cleaning abilities,
reduced sliding angle, wettability, interfacial surface energies (surface properties); rigidity,
scratch resistance, roughness, transparency (bulk properties) [131]. In the present work, a
sol-gel route for synthesizing a low surface energy silica material with very hydrophobic
surface (θw>100o) is introduced using a hydrophobic precursor capable of ascribing
reduced surface wetness to the final coating due to the presence of low alkyl groups on the
monomer molecule. To keep the bulk properties of this protective sol-gel coating intact, it
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will be further functionalized with anticorrosive pigments acting in dual positions as
pore/crack fillers as well as corrosion inhibitors in the bulk of the coating. The following
objectives will be carried: (1) the testing of the anticorrosion properties this silica coating
synthesized from simple silane precursors from the start; also modified with zinc
aluminium polyphosphate and zinc molybdate for prolonged steel protection (up to a
month) in 3.5 wt% NaCl; (2) the evaluation of the antifouling properties of this silica
coating encapsulated with B. licheniformis endospores in an hypersaline marine
environment after prolonged immersion (up to 14 weeks).

Table 6.1 Physical and chemical modification processes employed in achieving surface hydrophobicity.

Lithographic patterning methods
Electrochemical/ chemical vapour deposition techniques
Layer-by-layer assembling/phase separation
Plasma etching
Sol–gel process; etc

6.2

Experimental

6.2.1 Materials and preparation of hybrid coatings
Analytical-grade isopropyl alcohol (IPA) and the silane precursors were purchased
from Sigma-Aldrich (US), and were used without further purification. The silane
precursors (Sigma-Aldrich, US) include a tetrafunctional alkoxide, tetraethoxysilane
(TEOS),

3-glycidoxypropyltrimethoxysilane

(GPTMS)

and

dimethoxymethyl

octadecylsilane (DMODS) with chemical structures shown in Figure 6.1. Inhibitor
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pigments, Heucophos® ZAPP (white powder, zinc aluminium polyphosphate) and
MOLY-white 101 (pale yellow powder, CaZnMoO4) were purchased from Heucotech Ltd.
Co. (US). A colloidal sol was formed from the hydrolysis of TEOS, GPTMS and DMODS
in the ratio of 3:2:3 with distilled water (1 ml) stirred at room temperature at 750 rpm.
Prior to this, the mixture of the precursors in the aforementioned volume ratio was prestirred for 30 minutes before adding the mixture of 0.25 ml 0.05 M HNO3 (Sigma-Aldrich,
US) and 1 ml Isopropyl alcohol (IPA) and water dropwise in order to avoid a fast gelation
of the colloidal sol. The sol-gel mixture obtained was clear and viscous after few hours,
and was left to stir overnight before modification (Figure 6.2).

TEOS

GPTMS

DMODS

Figure 6.1. Molecular structures of the silane precursors (with its long alkyl organic chain, DMODS is a typical
surface reactive molecule for LSE modifications in sol-gel coating illustrated in this study).

Unmodified route
Sol-gel synthesis

Ageing at room
temperature

Roller coating
application on
metal substrate

Curing at
room temp.

Corrosion tests/
Fouling trials

Modified route
Sol-gel doped with
ZAPP/MOLY (SGDZ/SGD-M)

Making starter culture for
suspension preparation and the
bacterial encapsulation in
SGD,SGD-Z and SGD-M.

Figure 6.2 Summarized process scheme and routes for the pigment-modified and unmodified coating matrices on
mild steel electrodes adopted in this study.

The resultant sol remained quite stable at 72 hours and was labelled “SGD” with a
pH value of 3.0. This carefully chosen amount of water was employed as the source of
hydrolysis to convert the ethoxy and methoxy groups of the silanes to their corresponding
silanol groups to be monitored with NMR. Also, the volume of DMODS in excess of 1.5
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ml in the presence of water precipitates colloidal silica making coating procedure
impossible; 1.5 ml MTES was added for the coating used for the filed trial in order to
stabilize the matrix. To 5 ml as-prepared sol-gel mixture, 2.5% w/v Heucophos® ZAPP
and MOLY-white 101 anticorrosive pigments were added separately, and stirred for 30
minutes after an hour sonication (Vibra-Cell Sonics and Material INC., US). The dopedsol-gel hybrid systems were labelled SGD-Z and SGD-M, respectively, for ZAPP and
MOLY inhibitors. After preparation of the bacterial endospore suspension and the
concentration measured in CFU/ml (with the same method explained in Section 5.2.3), 1
ml aliquot was added to 10 mL sol-gel mixture, stirred and labelled as biotic (SGD-6).
This was repeated with inhibitor functionalized sol-gel coating, ZAPP and MOLY,
respectively (then labelled accordingly; SGD-Z6 and SGD-M6). The descriptive summary
of the biotic and abiotic sol-gel coating matrices used in this study is similar to the one
presented in Table 5.1.

6.2.2 Spectroscopic characterization and coating procedure
Before modification and finally coating in mild steel substrate, the sol-gel reaction route
was probed by 13C and 1H NMR spectroscopy (in CDCl3) using a JEOL JNM-LA500 FT
NMR spectrometer (JEOL Co. Ltd., Akishima, Japan) as well as FTIR (Nicolet 6700
Fourier Transform (FT) Spectrometer (Thermo Electron Corporation, UK). The biotic and
abiotic sol-gel solutions were neatly coated on mild steel substrate using a roller-coating
technique (RK Print-Coat Instruments Ltd, UK) after pre-cleaning with the method
periodically explained in Section 5.2.5 before curing at room temperature for 72 hours.
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6.2.3 Fluorescence microscopy, TGA and contact angle measurement
The procedure of evaluating the viability of the B. licheniformis endospores have already
been explained in Section 5.2.4 using Zeiss AxioVision confocal scanning laser
microscope after staining the cells with BacLight™ Live/Dead kit. The thermal behavior
of the synthesized sol-gel matrix was studied by thermogravimetry (TG) and differential
TG (Perkin-Elmer TGA 7, US) at a heating rate of 10 oC min-1 from room temperature
through to 800 oC under a nitrogen atmosphere. CAM Instrument DSA30 (KRUSS,
Deutsch, Germany) was used in evaluating the water contact angle (θw) by static water
drop method, and the results presented in this study are mean values of three trails
collected at relatively closed locations on the individual films on steel. The mean and
standard deviation of the results were computed with one-way Analysis of Variance
(ANOVA) statistical technique, and the confidence limit was placed at 95%.

6.2.4

Scanning

Electron

Microscopy

(SEM)

and

electrochemical

measurements
SEM was conducted on the coated films using a U9320A 8500 Field Emission Scanning
Electron Microscope (Agilent Technology, UK) instrument, operating at 15-20 kV for
both surface and cross section morphologies of the coated films on mild steel surface
before and after a month immersion in 3.5 wt% NaCl test solution. Electrochemical
impedance experiments were carried out for all coated mild steel samples immersed in 3.5
wt% NaCl using a Reference 3000TM High performance potentiostat/Galvanostat/ZRA
electrochemical workstation (Gamry Instruments, US) with EChem Analyst for data
analysis. The coated mild steel electrodes served as the working electrode with a 1 cm2
geometric area in the solution of the saline electrolyte, while saturated calomel electrode
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and cylindrical graphite rods were used as the reference and counter electrodes,
respectively in a PTC1 Paint Test Cell. The selected test frequency range for the
electrochemical impedance spectroscopy (EIS) was between 10 mHz to 100 kHz with a 10
mV excitation amplitude.

6.2.5 Field trials at KFUPM beach
A similar method previously explained in Section 5.2.8 was employed for the field trial of
each coated panels, with and without the bacterial endospores, at KFUPM beach for 14
week of continuous immersion. The parameters of the seawater taken throughout the
period of fouling study are presented in Table 6.2.
Table 6.2 Mean values of seawater parameters at KFUPM Beach (at the point of sample immersion) recorded
throughout the 14 weeks of fouling studies.

Days
Day of immersion
Week 2
Week 4
Week 6
Week 8
Week 10
Week 12
Week 14

6.3

Temperature
(oC)
27.7 ±0.3
26.2±0.5
29.8±0.6
25.8 ±0.5
28.3±0.3
31.4±0.4
28.0±0.2
31.0±0.2

pH

Salinity (ppt)

7.8±0.5
7.6±0.4
7.5±0.6
7.5±0.6
7.8±0.4
7.5±0.4
7.4±0.3
7.3±0.3

69.8±1.4
67.0±1.2
68.2±0.8
72.0±0.5
69.2±1.3
71.2±0.4
73.2±1.6
75.2±0.8

Results and discussion

6.3.1 NMR/FTIR: Sol-gel route
The presence of the electronegative ethoxy and methoxy groups on TEOS and GPTMS,
respectively, brought about reactive sites to nucleophilic attack with water, hence
increasing the rate of hydrolysis of the sol-gel process. In the mild acidic medium (0.05 M
HNO3), the prepared colloid contained some partially hydrolyzed precursors that could
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further improve surface adhesion on the chosen substrate [132,133]. As the hydrolysiscondensation reactions proceeded, the amount of DMODS in excess of 1.5 ml in the acidic
mixture precipitated colloidal silica particles. However, and to avoid this, a minimal
amount of water as the source of hydrolysis and IPA (a diluent) were repeatedly stirred
together with a milliliter of 0.05 M HNO3 before initiating the reaction. The resultant
liquid product formed overnight was a clear viscous sol with a pH of 3. Portions of this
colloidal liquid were modified with ZAPP and MOLY, and were easily coated on precleaned mild steel electrodes and cured. However, before doping, the as-prepared sol-gel
matrix was characterized using NMR for possible reaction within the hydrolysable
moieties of the alkoxide precursors. The silane precursors were analyzed, and Figure 6.3
displays the proton (a) and

13

C (b) NMR for each molecule. Isopropyl alcohol (IPA)

dissolved the mixture of the silane precursors to a great extent before the acidic solution
(0.05 M HNO3) catalyzed the hydrolysis reaction and initiated the gelation process. The
initial cloudy solution formed was continuously stirred until it was homogeneously clear,
then it became more viscous on aging. This colloidal solution was analyzed using liquidstate NMR to ascertain the extent of hydrolysis/acidification of the sol-gel precursors, and
at least probe the presence of the non-hydrolysable alkyl moiety from the DMOMS used
to provide the required hydrophobicity to the coating matrix. Figure 6.4 shows the 1H (a)
and 13C (b) NMR spectra for the sol-gel matrix after 72 hours aging at room temperature,
and by direct comparison, these spectra are matched with that of the pure precursors to
justify evidence of reaction. The hydrolysis of the methoxy groups on GPTMS and
DMOMS was successful, and this is evident in the proton peak shortening/broadening at
3.43 ppm, as well as the disappearance of peaks from protons of the ethoxy group on
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TEOS previously found at 1.23 (t) and 3.84 (q) ppm. The proposed sol-gel reaction is
displayed in Figure 6.4. The C18 alkyl signature peak is still upheld in the NMR spectrum
of the sol-gel matrix as a multiplet at 1.15 ppm (CH2) as well as the broad peak at 0.56
ppm corresponding to a terminal CH3 group. This was confirmed with the

13

C NMR

(Figure 6.5b), with the associated peaks found at 14.3 and 29.6 ppm. Other peaks found on
1

H

NMR

spectrum

may

be

due

to

water,

and

other

intrinsic

hydrolysis/condensation products formed during the sol-gel reaction. The

secondary
13

C NMR

spectrum also displays a reduced carbon peak corresponding to the reduction of the
amount of hydrolysable alkoxy groups of TEOS at 57.9 and 18.1 ppm, supporting the
previous assertion proposed by the 1H NMR spectrum. The appearance of these peaks, and
at 50.2 ppm, though reduced, suggests the presence of partially unhydrolysed methoxy
groups from GPTMS or DMOMS or both, absorbed on the silica matrix. Epoxy ring
opening reaction accompanying the sol-gel reaction is evident in the reduced carbon peak
heights observed at 51.1 and 44.5 ppm for GPTMS at positions 3 and 5, respectively. The
broadening of the epoxidic proton peaks at these positions is also an evidence of a ring
opening reaction at 2.51, 2.69 and 3.05 ppm, respectively (Figure 6.5 a).

13

C NMR also

reveals a downfield shift for carbon at position 3, suggesting an SN2 type reaction with the
NO3─ ion of the acid, and a small resonance at 64.3 ppm characteristic of GPTMS. The
additional peak formed between 60 and 70 ppm is indicative of new chemical species,
possibly aldehydes, enols or ketones formed from GPTMS [134]. Bogart and Leyden
[135] have previously reported that both epoxy/vicinal diols groups are likely present in
the bulk of the formed silica at reduced acid pH. The proposed structure of the sol-gel
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(SGC) can be observed from the spectroscopic evidence in Figure 6.5 (13C NMR peaks)
and 6.7 (Si ennviroment), respectively.
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Figure 6.3 1H (a) and (b) 13C NMR spectra of the precursors (DMODS, GPTMS and TEOS, respectively, from up
to bottom) employed in this study (solvent: CDCl3).
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Fgure 6.4 The proposed sol-gel (SGD) reaction

Ethoxy group protons at 1.23 and 3.84 ppm
(from TEOS) are not seen after hydrolysis
showing that most of the Si─OEt groups
have been converted to Si─OH.

(a)

The broadening and shortening of the
epoxidic protons peaks is an evidence of a
ring opening reaction at 2.51, 2.69 and
3.05 ppm (see thick purple arrow).
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and DMODS)
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The sol-gel material upholds the C18
alkyl signature in its matrix ─ evident in
the multiplet at 1.15 ppm (CH2) and the
broad peak at 0.56 ppm (terminal CH3).
Si─CH3 at 0.75 ppm

(-5.88)
H3C O
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(14.3)(31.9)

O

(14.0)Si
Si
O
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(9.68)
9)
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HO
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(71.0)
O
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(74.0) (64.0)

Si
OH

Hydrophobic C18 alkyl carbons from in the sol-gel
matrix maintains the multiplet at 29.6 ppm (CH2) and
the sharp terminal CH3 peak at 14.3 ppm. Other peaks
associated with this group are still observed at 22.87,
31.92 and 33.29 ppm (see the yellow arrow).
The shortening of the epoxidic carbon peak heights at
51.08 and 44.49 ppm (see thick purple arrow)
proves that ring opening reaction has occurred: diol
product (64, 71, 74 ppm)

(b)

Figure 6.5 1H (a) and (b) 13C NMR spectra of the as-prepared sol-gel coating after 72 h ageing at room
temperature
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Figure 6.6 FTIR spectrum of the as-prepared sol-gel coating at room temperature.
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Figure 6.7 29Si MAS/NMR spectrum of the as-prepared and unmodified sol-gel coating before
application on metal substrate.

FTIR spectrum (64 scans at 8 cm-1 resolution) was collected for the sol-gel colloid
and is presented in Figure 6.6. The spectrum shows a broad peak at 3000 to 3600 cm-1
indicating the presence of an O–H vicinal stretching band (H connected) corresponding to
the formation of silanol groups n(Si–OH) and/or other hydrolysis products from the ROx
groups on TEOS, GPTMS and DMODS precursors, and absorbed water [103]. Residual
alcohol used as diluent (IPA) in the sol-gel reaction is known to absorb IR at this
wavelength. As expected, the asymmetric Si–O–Si stretching vibration characteristic of
polysiloxanic network formation being evidence condensation reaction between adjacent
silanol groups is observed at 1044 and 1086 cm-1 [105], with similar bond bending at 420–
430 cm-1; while the peak at 877 cm-1 can be attributed to symmetric Si–O–Si bond
stretching vibration [109]. Generally, the formation of silica network denotes the success
of the sol-gel reactions [136,137], although some amounts of unreacted or/and partially
reacted precursor species are likely to be adsorbed on the formed silica network. The
shoulders at 2976 cm-1 and 1400 cm–1 denote the presence of C–H (stretching vibration
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bands in the alkyl groups) and Si–C bonds, respectively, corresponding to the presence of
unhydrolysed silane moieties [103,109]. Primarily, the abundance of these Si–C bonds
could also be due to the presence of the long unreactive alkyl (C18) organic chain of
DMODS in the colloidal silica network, and this greatly contributes to the hydrophobicity
of this LSE coating. The sharp peaks at 1663.4 and 1635.8 cm-1correspond to deformation
vibrations of molecular water/ bending vibration of adsorbed water molecules [103]. The
absence of ring-breathing vibration peak of epoxy at 1250 cm-1 [103] proves a successful
acid-catalyzed ring opening reaction, though a few residue from adsorbed GPTMS on
silica is observed around 910 cm-1 (asymmetric ring stretching).

6.3.2 Aqueous contact angle measurement
In this study, water droplets were placed on the surfaces of the cured coatings, and values
of θw between the surfaces and the droplets were measured in triplicate. The degree of
hydrophobicity of these surfaces were determined by the magnitude of θw values which
remains to be a key factor in determining the corrosion barrier properties of each surface
coating [108]. Figure 6.8a presents the average θw values of the abiotic coated electrodes
by static water drop method. The unmodified sol-gel coating had a θw value as high as
111o, and showed a slight increase in the presence of the Zn-based corrosion inhibitor
pigments (with 4.5% increase in the presence of MOLY alone, the reason of which was
not further investigated). Without the principal DMOSD precursor, the sol-gel material
synthesized yields a hydrophilic surface (θw=79o) due to the inorganic character of the
matrix dense with Si-O-Si network from TEOS thereby increasing electrolyte uptake to
the metal surface. In the presence of the B. licheniformis endospores encapsulated within
the sol-gel coating, the contact angle was observed to increase. Figure 6.8b reveals values
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of θw as high as 108o, 114o and 124o for SGD-6, SGD-Z6 and SGD-M6, respectively. B.
licheniformis endospores have been previously reported to readily secrete antimicrobial
substances within their biofilms capable of altering the surface properties of the substrate
they are attached to [121-125].The presented sol-gel route under study produces a
hydrophobic organic-inorganic hybrid coating (θw>>100o), with a LSE surface due to the
presence of the unreacted C18 alkyl group from DMODS precursor in the sol-gel network,
and values of θw also increase in the presence of the bacterial endospores.
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Figure 6.8A Mean water contact angle (θw) values of abiotic sol-gel coating synthesized with the principal precursor
(DMODS) compared to the coating synthesized without DMODS.[Insert: schematic representation of the aqueous
water-droplet contact angle of each coating on a static surface

168

200
180

θw (o)

160
140

(B)
122±0.94

120

114.9±0.32
108.2±0.06

100
80
SGD-6

SGD-Z6

SGD-M6

Biotic
coating
matrices
Figure 6.8B Mean water contact angle (θ
of biotic sol-gel
coating synthesized with the principal precursor
w) values
(DMODS)

6.3.3 Confocal fluorescence microscopy
The viability of the bacterial endospores in each biotic sol-gel coating was evaluated
indirectly by growing them on the TT medium; widely spread B. licheniformis cells are
observed in Figure 6.9 after 24 h incubation at 50 oC. Clean glass slides were also coated
with these biotic films, immersed in NB2 broth for a day, then stained with the Baclight
Live/Dead stain (Invitrogen), and incubated to observe cell viability of the endospores. At
the end of 24 h, confocal fluorescence microscopy was deployed to ascertain the bacterial
growth distribution while using the abiotic coatings as the negative control.
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Figure 6.9 Growth of B. licheniformis colonies from endospores in sol-gel coatings: a) Sol-gel encapsulated with
the bacterial endospores (SGD-6) and SGD-Z6 and SGD-M6, SGD-6 in combination with ZAPP and MOLY.

Cellular bacterial growth are found on the fluorescence micrographs in Figure 6.10a, and
though the bright fluorescence observed in the abiotic coatings shows the presence of
undissolved fluorescent dyes used during the staining procedure. The presence of bacterial
cells found in the biotic coatings are characterized by rod-like cells (singly) or cellular
clusters. Much bacterial growth was not observed after 24 h, so the coated glass slides
were incubated overnight in NB2 before collecting the first set of fluorescence images.
Figure 6.6b presents more of green rod-like cells (some of the red ones are the
endospores) in the biotic samples indicating viable bacterial cells in the coated samples;
and being alive denotes their availability for bioactivity.
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Figure 6.10. Stack confocal fluorescence images showing live cells in the various sol-gel coatings after (a) 24 h and
(b) 48 h incubation in NB2 (presented in duplicates for clarity).
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6.3.4 Thermogravimetric analysis
To determine the thermal stability of this new coating (SGD), the thermal gravimetric
analysis (TGA) of the dried sol was performed at 10 oC min-1 under N2 [229]. The weightloss (TG) curve, as well as the differential weight-loss (DTG) plot is presented in Figure
6.11. Four main reaction stages have been clearly indicated on the thermal curve with their
individual percentage weight losses determined as 4%, 15%, 5% and < 2%, respectively
(Figure 6.11a). The weight losses between 50–100 oC and 100–250 oC could be ascribed
to the evaporation of adsorbed water molecules and alcohols; and the weight loss at the
interval of 250–375 oC could be attributed to the volatilization of small molecular
oligomers and unreacted precursors [138,139] with a weight loss of 15%. The evaporation
of some of these volatile components might be associated with the presence of residual
silanol via incomplete polycondensation in the hybrid system. The third region (400–500
o

C) could be assigned to the pyrolysis of organic chains and adjoining end groups and

units, while silanol group dehydration (in the Si–O–Si framework) could have occurred
above 500

o

C [140]. Since DTG curves normally reveal typical temperatures of

decomposition at each weight loss (thermal) region, values of corresponding thermal
changes could be extrapolated for the four weight loss regions. The decomposition
temperatures (Td) of this newly prepared sol-gel coating alone (SGD) at these thermal
regions are 75 and 190 oC, 375 oC (the most intense peak), 450 and 495 oC, and 600 oC as
indicated on the DTG curve for this sol-gel coating. Figure 6.11b shows the TG curves for
the modified (SZ and SM) coatings with three distinct thermal regions. There seems to be
some shifts in values of Td corresponding to the major weight loss (20%) region (observed
at 375 oC in Figure 6.11a now shifted to 430 oC (Figure 6.7b)) attributable to the presence

172

of 2.5 wt % ZAPP and MOLY inhibitor pigments in the sol-gel coating, as well as
possible changes in the degree of compatibility between phases in the sol-gel coatings.
Apart from reasons of phase compatibility, the weight loss at this region could also be
attributed the breaking down of organic chains of the hybrid sol-gel matrix containing the
inhibitor pigments and the fast degradation of combustible constituents of the pigments,
possibly oxides of Zn. The TG curves for SGD-Z and SGD-M show similar features with
distinct values of Td at 150 (previously observed at 190 oC for S coating with 5% mass
loss) 430 and 510 oC; any other inherent difference within the curves could be due varying
composition of each anticorrosive pigment. For both modified coatings, weight losses
below 250 oC are due to the evaporation of volatile ingredients from the coating matrices.
The variation in the values of Td could be due to phase compatibility in the hybrid sol-gel
matrix, and the residual ash at higher temperatures after the TGA is related to inorganic
silica component of the coating [107].
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Figure 6.11 Thermogravimetric and derivative thermogravimetric curves of the dried unmodified (a, SGD) and
modified (b, SGD-Z and SGD-M) sol-gel matrices obtained at a 10 oC min-1 heating rate under N2

6.3.5 Coating morphology by SEM
SEM was employed to study the surface and cross section morphologies of the coatings
before and after prolonged immersion in 3.5 wt% NaCl. The SEM micrographs as
displayed in Figure 6.12 are without visible defects and surface cracks before immersion
in the saline electrolyte. Although the appearance of each coating looks continuous, white
aggregates are found on the surface of each matrix being finely divided gelled silica [184]
distributed sparsely throughout the amorphous surface. However, this is the characteristic
of this dual-phased “sol-gel”-type coating. It is noteworthy to explain here that these
micro-sized particles are part of the complex coating matrix, and do not further increase
the gross coating porosity. The cross-section areas of all the coatings appear compacted as
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the coatings are firmly adhered on the metal substrate (see Figure 6.12 insert). The coating
thicknesses differ slightly; 12.78 µm for the unmodified so-gel “SGD” and 10.11 and
12.04 µm for the abiotic sol-gel coating matrices, SGD-Z and SGD-M, respectively.
However, after immersion in 3.5 wt% NaCl solution, the surface does not change much,
though “thread-like” micro-cracks and dried NaCl crystals are found in some portions of
the unmodified and modified sol-gels. The observed pitting/exfoliation on the surface of
SGD-Z could have been due to unevenly disturbed sol-gel particles in the presence of
ZAPP pigments. This remains a likely source of decrease in the corrosion inhibiting
property of the coating, and hence, could contribute to the general reduction in the
protective integrity of this coating. The micrographs for SGD-M before and after
immersion in the saline electrolyte are relatively unchanged, revealing superior protective
ability of this coating in the presence of corrosive chloride ions on prolonged immersion
with few surface micro-cracks. The micro-cracks presented in these micrographs have
threadlike and wavy patterns, and they could contribute to undefined localized anode sites
and corrosion pathways in the bulk of the coating. The pitting and filiform cracks
observed on the SGD-Z and SGD-M coating matrices must have been initiated by
corrosive chloride ion attack on the coating on prolonged (a month) immersion in 3.5 wt%
NaCl. However, metal-based corrosion inhibitors, like ZAPP and MOLY, are known to
form protective passive layers at the metal/solution interfaces to further reduce these
corrosion episodes [75]. These anticorrosive pigments synergistically improved the
protective properties of this coating in the presence of the bacteria endospores, and this
can be confirmed in the absence of surface cracks on the biotic coatings, except for the
pitting found on SGD-6 matrix after 30 days immersion in 3.5 wt% NaCl. This result
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reveals the anticorrosion properties of this bacteria. The coating thicknesses for the biotic
sol-gel coating are: 18, 12 and 11 µm for SGD-6, SGD-Z6 and SGD-M6, respectively.
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(SGD-Z6)
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Figure 6.12. SEM micrographs of the hydrophobic coating surfaces (A) abiotic and (B) biotic; (The morphology
of each coating was evaluated before (left panel) and after (right panel) a month immersion in 3.5 wt% NaCl
solution at room temperature; Insert: Cross-sectional SEM images of the sol-gel hybrid matrices showing coating
thicknesses).
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6.3.6 Electrochemical analysis
To determine the anticorrosive mechanisms of the abiotic and biotic protective sol-gel
coatings on the mild steel panels in 3.5 wt% NaCl, the electrochemical impedance
spectroscopy (EIS) technique was employed for consecutive impedance measurements
between 11 days and a month at Eoc. Impedance results were collected under potentiostatic
control and are presented as Bode and Nyquist plots. Figure 6.13 presents the Bode
impedance (Zmod) and phase (Zphz) plots for the abiotic (A) and biotic (B) sol-gel coatings
after (a) 11 days (b) 20 days and (c) 30 days of immersion in 3.5 wt% NaCl aqueous
solution. For both sets of coating, the Bode curves are defined by capacitive behavior at
medium frequency (MF) and are characterized by slanted |Z| as well as plateaus on the
phase angle curves. At 100 Hz for the 11th day of immersion, Zphz ( ) is slightly higher
for the unmodified than the modified coating, with ─10o, ─15o and ─17o observed for
SGD, SGD-Z and SGD-M (abiotic coating) matrices, respectively; compared with ─6o,
─37o and ─38o recorded for SGD-6, SGD-Z6 and SGD-M6 (abiotic coating).

curves are

with multiple maxima after a month exposure time showing vivid evidence of varying
protection mechanisms; Zphz ( ) values of ─52o, ─24o and ─58o are recorded for SGD,
SGD-Z and SGD-M coatings, respectively, at higher frequency (HF); for the biotic
coatings, the Zphz ( ) values: ─55o, ─60o and ─63o are recorded for SGD-6, SGD-Z6 and
SGD-M6 modified sol-gel matrices. Higher values of Zmod are associated with higher
corrosion resistance of the coating, and in this study, the MOLY functionalized sol-gel
matrix encapsulated with B. licheniformis endospores (SGD-M6) is showing higher Zmod
values compared with the other biotic and abiotic coatings for every immersion period
studied. This could be attributed to synergistic corrosion protection of MOLY and the

178

bacterial endospores. The Zmod values at 0.01 Hz for the biotic coatings stands at: Zmod
(SGD-M6) >> Zmod (SGD-Z6) > Zmod (SGD-6). SM sol-gel matrix demonstrates higher
protection compared to SGD-Z, evident in the higher magnitude of Zmod due to the
formation of more stable passive oxide film in the protective sol-gel coating. Both
inhibitor modified sol-gel matrices possess higher values of Zmod compared to SGD in this
order: Zmod (SGD-M) >> Zmod (SGD-Z) > Zmod (SGD). The reduction in corrosion
resistance after prolonged immersion of both sets of coatings in the saline electrolyte
could be attributed to the penetration of corrosive ions and molecules via micro-crack and
pores as well as the solubility of anticorrosive pigments in the bulk of the sol-gel coating.
Leaching of anticorrosive pigments from the bulk of the coating could also be a factor in
the reduce impedance values with time [75]. For the period of immersion between the 11
days and 30 days, values of Zmod at 0.01 Hz for SGD-Z and SGD-M reduced from 786 to
57 kΩ cm2 and 1730 to 103 kΩ cm2 while those of SGD-Z6 and SGD-M6 reduced from
5840 to 1800 kΩ cm2 and 5850 to 1830 kΩ cm2. The protective sol-gel coating modified
(SGD-6) and unmodified (SGD) with the bacterial endospores possess Zmod in the
magnitude of 580 and 418 kΩ cm2 after 11 days, 126 and 52 kΩ cm2 after 30 days,
respectively.
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Figure 6.13. Bode (modules and phase angle) plots for (A) abiotic and (B) biotic sol-gel coated mild steel electrodes after
(a) 11 days (b) 20 days and (c) a month immersion in 3.5 wt% NaCl aqueous solution. Legends with brackets ()
represent phase angle plots for sol-gel coatings
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Figure 6.14. Nyquist curves (including their fittings) of abiotic (A) and (B) biotic sol-gel coated mild steel
electrodes after (a) 11 days (b) 20 days and (c) a month immersion in 3.5 wt% NaCl aqueous solution.
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Figure 6.15. Equivalent circuit models used in fitting the experimental Nyquist curves; adopted from Garmy
EChem Analyst software’s model editor.
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Figure 6.15 displays the Nyquist curves of the abiotic (A) and biotic (B) sol-gel coated
mild steel electrodes in 3.5 wt% NaCl. As presented on the curves, wider diameters of
Nyquist semi-circles are attributed of improved corrosion resistance by better protective
coatings; and in this study, the modified sol-gel coating functionalized with MOLY has
the widest Nyquist curve diameter among the abiotic coatings at the 11th day (Figure
6.14a) of immersion in the saline electrolyte; while the MOLY functionalized sol-gel
matrix encapsulated with B. licheniformis endospores (SGD-M6) protects more than other
biotic coatings. At prolonged immersion period, the impedance curves of every coating
show varying features and with reduced corrosion impedance (Z) due to the loss of
protective ability of each coating. It should also be noted that the relative distortions of the
Nyquist curve semi-circles may be attributed to the uneven coating textures on prolonged
immersion and related surface phenomena [141] while the overall changes in the shapes of
the curves on increased immersion periods are indicative of changes in the corrosion
protection mechanism for each coating. Different equivalent circuit models (Figure 6.15)
were employed in fitting the experimental data presented in the impedance spectra for
every immersion period presented. The two-time constant ECM is used in fitting the
impedance curves of both modified abiotic and biotic (only at the earlier exposure time)
and unmodified (SGD) sol-gel coatings, while the three-time constant ECM is proposed
for the modified abiotic and biotic coatings at prolonged immersion time. For the threetime constant ECMs, the first constant phase corresponds to the direct property of the
coating (Rpo and CPEc) while the second and third phases represent the oxide layer (Rox
and CPEox) and the interphase close to the metal surface (Rp and CPEdl), respectively. The
ECMs are proposed with the following circuit components: the electrolyte solution
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resistance (Rsoln), the sol-gel pore resistance (Rpo), the oxide layer resistance (Rox),
including their respective constant phase elements (CPEs) [142]. The electrochemical
parameters are extrapolated from the circuit models, and only the magnitude of the resistor
and capacitor components are used in the characterization of the barrier properties of both
biotic and abiotic sol-gel coatings in this study [109]. The variation of resistance and
capacitance values with immersion period for both biotic and abiotic sol-gel matrix is
presented in Figure 6.16. The magnitudes of Rpo for SGD, SGD-Z and SGD-M are 42.98,
83.24 and 276.90 kΩ cm2, respectively, at the eleventh day of immersion in 3.5 wt% NaCl
solution (Figure 6.16a), while those of SGD-6, SGD-Z6 and SGD-M6 are 98.53, 1955.89,
3096.00 kΩ cm2. These values are observed to decrease significantly for all the coatings
after 30 days. Normally for sol-gel type coatings, pores and cracks are created in the solgel silica network when volatile solvents evaporate during curing, and this process allows
free pathways for water and corrosive ions to the surface of the metal substrate [109,143].
The values of Rpo for the abiotic coatings are 4.6, 9.9 and 8.7 kΩ cm2 (for SGD, SGD-Z
and SGD-M, respectively) after 30 days interval and 24.20, 61.88 and 68.49 kΩ cm2 for
SGD-6, SGD-Z6 and SGD-M6, respectively. The biotic coatings functionalised with
inhibitors (SGD-Z6 and SGD-M6) possess a double layer structure, and their greater
coating resistance properties compared to the abiotic coating could be attributed to their
increased multi-layered hydrophobic interface properties after endospore encapsulation.
Reduced Rpo values denotes deterioration of the coating integrity, and the trend in CPE
values can be employed to support this assertion indirectly by monitoring the water uptake
ability of the coating. The values of capacitance of the coatings, as presented in Figure
6.16b, are derived from CPE (expressed as Y, and measured in µF cm−2 s−(1−αc)). More
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protective coatings possess lower values of capacitance since they absorb lower amount of
corrosive solutions, including water. However, the values of the parameter keeps
increasing with immersion period due to increased water uptake as the coatings are
exposed to the electrolyte. The reason for this increased CPEc with prolonged immersion
could possibly be due to rise in conductivity of the electrolyte inside via the bulk of the
cross-linked organic–inorganic coatings. The SGD-M6 biotic coating possesses the lowest
water uptake ability, thus superior protection, with values of CPEc increasing from 0.0008
to 0.11 µF cm−2 s−(1−αc) between the 11th and the 30th day in 3.5% NaCl while SM
represents a better abiotic coating with CPEc range between (0.02 to 2.11 µF cm−2 s−(1−αc)
within the same immersion period).
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Figure 6.16. Variation in coating resistances (left panel) and capacitances (right panel) with exposure time (in
days) with saline electrolyte for (A) abiotic and (B) biotic sol-gel coatings [(a) Rpo, (b) CPEc, (c) Rp, and (d)
CPEdl)].
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Similar trends were obtained for Rp and CPEdl (employed to describe the onset of
corrosion and disbonding at the metal interface) at lower frequencies. Figures 6.16c and d
displays the variation of these parameters with immersion periods for the abiotic (A) and
biotic (B) sol-gel coatings in 3.5 wt% NaCl. After 11 days of exposure, the highest value
of Rp was recorded for the MOLY functionalized sol-gel matrix encapsulated with B.
licheniformis endospores (SGD-M6), being the superior coating with Rp magnitude of
2963 kΩ cm2. Other biotic coating possess Rp values of 1548 and 1600 kΩ cm2,
respectively for SGD-6 and SGD-Z6 while those of SGD, SGD-Z and SGD-M are 99.89,
99.89 and 99.89 kΩ cm2 at the same immersion period. After 30 days, reduced Rp values
were recorded, ranging between 3 and 5 kΩ cm2 for the abiotic coatings and 7 and 24 kΩ
cm2 for the biotic coatings. The reason for this reduction with longer exposure time of the
coated samples in the solution of the electrolyte could be due to the presence of coating
defects that allows for the penetration of corrosive chloride ions through the coating
defects. Here, the onset of corrosion is initiated as the percolated ions reach the
metal/coating interface. The double-layer capacitance, CPEdl is displayed on Figure 6.16
are observed to increase with prolonged immersion times. The trend of values of CPEdl is
similar to CPEc, and this could be also attributed the exposure of the protective sol-gel
coating to corrosive molecular water and electrolyte ions, thereby favouring corrosion.
Low values of CPEdl are recorded for the most protective biotic coating denoting reduced
uptake of water in the bulk of the coating. The variation in values of experimental
electrochemical result can also be correlated with the physical appearance of the samples
over the duration of immersion. Figure 6.17 displays the optical photographs showing the
appearances of defined test areas (1 cm2) of the mild steel panels coated with the biotic
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and abiotic sol-gel matrices at varying immersion periods in 3.5 wt% NaCl. The gradual
corrosion of the coated mild steel electrodes on prolonged immersion is observed to
represent the gradual reduction in the protective performance of these coatings; this is
consistent with the electrochemical reduction.

Bare steel

Instant
corrosion

SGD

SGD-Z

SGD-M

SGD-6

SGD-Z6

SGD-M6

Immediately
after immersion

DAY 11

DAY 14

DAY 17

DAY 20

DAY 24
About a
month

Figure 6.17 Photographs showing the appearances of defined test areas of the mild steel panels coated with the
biotic and abiotic sol-gel matrices at varying immersion periods in 3.5 wt% NaCl.
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6.3.7 Fouling studies at KFUPM beach
Photographs of each coated mild steel were collected periodically throughout the
period of the fouling trials which lasted 14 weeks at Half Moon bay (seawater parameters
are presented in Table 6.2) in Saudi Arabia. Figure 6.18 presents the appearances of the
abiotic (A) and biotic (B) coated steel panels, in duplicates, with each photograph taken
every two week. Evidence of macrofouling by attachment of foulants are observed by
visual inspection. There was no instant corrosion on each coating, so the initial coating
failure (due to failed adhesion or predominance of bulk micro-cracks and pores)
immediately after immersion was not found. However, the appearance of the surface
blisters at the fourth week could be attributed to the physical contact of coated surfaces
with sea debris. For both sets of coatings, these blisters developed into huge delamination
episodes in the later period. The surfaces of most of the inhibitor-modified coatings are
still intact due to the presence of the two anticorrosive pigments; they maintained bulk
rigidity which continued until the later period of immersion in the seawater. Corrosion
inhibitors pigments are known to improve the mechanical properties of the coatings as
well as form stable passive films capable of impeding the flow of ionic current via the
coatings. Adhesion of newly metamorphosed juvenile barnacles is observed on the abiotic
sol-gel coatings at the sixth week, and they continued growing into hard-shelled barnacles
between the eight and fourteenth week. The adhesion and settlement of barnacles is
conscious in the SGD-M coating matrix compared to other abiotic coatings, even on the
edge of the panels; proving that the abiotic coatings did not possess antifouling properties.
Compared to the abiotic coatings, the absence of growth of barnacle on the biotic coating
(Figure 6.18 (B)) reveals that the presence of B. licheniformis endospores ascribes
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antifouling and anticorrosion potentials to the sol-gel coatings within the duration and
conditions of study. Few growths are conspicuous on SGD-Z6 and SGD-M6 coating
matrices at the fourteenth week. The reason for this unique antifouling bacterial behaviour
could be attributed to the secretion of antimicrobial γ-polyglutamate from the biofilms of
B. licheniformis; this is evident in the increased surface hydrophobicity of the biotic
coating in the presence of these bacterial endospores [122,124,125]. The biotic coatings
in this study protected steel corrosion and fouling to a great extent compared to a fusionbonded epoxy-based anti-corrosion coating for pipelines (Corro-Coat EP-F 1003). This
commercially available coating is widely used for industrial and marine applications
including the coating of subsea pipeline facilities.
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Figure 6.18. Field trial samples in duplicates: (A) abiotic and (B) biotic coated steel panels compared with CorroCoat EP-F 1003 (a fusion-bonded epoxy-based anti-corrosion coating for pipelines; also widely used for other
industrial and marine applications including the coating of subsea pipeline facilities. It is 350–500 µm thick).
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6.3.8 Proposed mechanism of bacterial anticorrosion and antifouling
activities
The experimental result obtained from this research concept could be further explained in
Figure 6.19 below; where the settlement and subsequent adhesion of marine foulers at the
surface of the protective coating is impeded by the presence of thermophilic bacterial
endospores by foul-releasing mechanism. This bioactive coating simultaneously prevents
metal corrosion and foul adhesion compared to the abiotic coatings, while the bare steel
substrate is heavily corroded and fouled.
Foul-release activity
Foul settlement and adhesion

Biofilm-forming B.
licheniformis endospores
Antibiotic and
hydrophobic surface

Sol-gel coating

Before immersion
Heavy foul adhesion after prolonged exposure

Little or no fouling

After immersion

Metal substrate

Metal substrate

Biotic coating

Abiotic coating

Metal substrate

Bare steel

Figure 6.19. Foul-releasing mechanism in the presence of the endospores of thermophilic B. licheniformis strain in
the sol-gel coating involves surface resistance towards foul settlement and adhesion due to the formation of
bacterial biofilm with an antibiotic character.

Since the accumulation of viable B. licheniformis endospores in the sol-gel coating has
evidently increased surface hydrophobicity, the impedance of ionic current of corrosive
species at the surface of the coating is enhanced, hence corrosion is mitigated. However,
the reduction in coating resistance with prolonged exposure period reveals that
permeability of these corrosive ions via conductive pathways and bulk pores on the
coating must be due to coating degradation and the leaching out of active coating
ingredients (in this case, the bacterial endospores and corrosion inhibitors). This reduce
surface wetness in the presence of the bacterial endospores could have been due to the
secretion an antimicrobial type substance within their biofilms that disallowed corrosion
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as well as the settlement and adhesion of marine foulers. B. licheniformis is widely
reported to freely secrete large amounts of anticorrosive γ-polyglutamate (γ-PGM) from
its biofilm into growth media as long as it is viable and alive [122,124,125,144-146]. The
secreted γ-PGM is a homopolymer of glutamic acid characterized structurally by amide
linkages between α-amino and γ-carboxyl functional groups of the glutamate moiety. It is
known be produced between 5 and 23 g/l in any B. licheniformis culture, depending on pH
and the availability of nutrients [122,124]. B. licheniformis is one of the numerous
Bacillus sp whose biofilm has been reported to secrete extracellular antibiotic polymeric
substances with corrosion inhibiting potentials like γ-PGM [125]. Ornek et al. [122]
electrochemically studied aluminum pitting corrosion in a LB medium inoculated with B
licheniformis ATCC 9945A strain. The reduction of aluminum pitting in this medium was
attributed to the secretion γ-PGM by the bacterial biofilm, with 85% reduction efficiency
observed compared to the sterile control in the same medium.

6.4 Summary
The following conclusions are drawn from the results of the experiments:
1. The presence of Dimethoxymethyl octadecylsilane (DMOMS; a simple silane
precursor) has ascribed reduced wettability and surface energy as well as high
hydrophobicity (θw>100o) to this class of protective sol-gel coating (SGD).
Nuclear magnetic resonance (NMR) and Fourier transform Infra-red (FTIR)
spectroscopy analyses have confirmed the presence of the hydrophobic C18 alkyl
moiety from DMOMS in this sol-gel coating.
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2. Corrosion protection increased in the presence of B. licheniformis endospores
(with and without anticorrosive pigments); evident in the electrochemical results as
well as the scanning electron microscopy after a month immersion in 3.5 wt%
NaCl solution.
3. Compared with an industrial epoxy-based anti-corrosion pipeline coating (CorroCoat EP-F 1003), the presence of these bacterial endospores (after being
encapsulated within the sol-gel coatings) have also revealed antifouling and
anticorrosion potentials in a typical hypersaline marine environment within the
duration and conditions of study. This unique bacterial behaviour could be
attributed to the secretion of antimicrobial γ-polyglutamate from the biofilms of B.
licheniformis; evident in the increased surface hydrophobicity of the biotic coating
in the presence of these bacterial endospores.
4. Scanning Electron Microscopy revealed fewer surface cracks and defects after a
month immersion of the coated metal substrates in 3.5 wt% NaCl solution for the
abiotic coating, and the absence of these mechanical defects in the presence of B.
licheniformis endospores within the sol-gel coating.
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CHAPTER 7
Title: Evaluating the corrosion inhibiting role of Bacillus licheniformis
biofilm for steel
7.1

A brief overview
The corrosion inhibition by spore-forming gram-positive bacteria have been

widely reported in the literature for many metal substrates in both surface and ground
water. These microbes alter the rate of metal dissolution as long as they remain viable in
the media by reducing the concentration of oxygen at the metal surface via aerobic
respiration. For this class of bacteria, the nature of their biofilms have huge influences on
the overall electrochemical process as a consequence of their metabolic activities. Some
biofilm-forming strains of Bacillus brevis and Bacillus subtilis can secrete antimicrobial
substances (e.g. gramicidin S antibiotics) from their biofilm thereby preventing the
settlement of other bacteria capable of inducing corrosion [147,148]. Arps et al. [149] have
reported the corrosion reduction of some steel alloys in an artificial service water using
Bacillus strains capable of producing polymyxins and gramicidin S. Amongst the grampositive and spore-forming Bacillus species with the potency of reducing metal corrosion
is Bacillus licheniformis.

7.1.1 B. licheniformis
B. licheniformis is generally a facultative anaerobic, mesophilic, gram-positive, curved or
straight rod-like (Bacillus) motile bacterium (with pertrichous flagella/hair-like
outgrowths, hence the name “licheniformis”) with a full cellular size between 1.5─3.5 and
0.6─0.9 µm (Figure 7.1); it is spore- and biofilm-forming as well as apathogenic. It is
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endowed with enzymes that allows for its spore (even vegetative cells) survival in harsh
conditions, including temperature, solvents (e.g. NaCl) and pH (See Taxonomy in Table
7.1). This bacterium is widely found in soils and on some birds (including feathers of
ducks and ground-dwelling sparrows); since many of its strains can survive at elevated
temperatures, vegetative growths can still be found between 30 and 50 oC. Higher
thermophilic strains can strive in the hot springs; and the strain employed in this study was
isolated from the hot springs of the Saudi Arabia. It is penicillinase inducible and also
known for secreting polypeptide antibiotic bacitracin (active against most gram-positive
pathogenic bacteria) (http://www.tgw1916.net/Bacillus/licheniformis.html). Some strains
possess proteases, lyases/ lipases and polysaccharide degrading enzymes.

Figure 7.1 Dimension of B. licheniformis by SEM.

Figure 7.1 SEM micrograph showing the distribution and dimensions of vegetative B.
licheniformis cells on steel substrate.
Table 7.1 Taxonomy of B. licheniformis

Phylum
Class
Order
Family
Genus

Firmicutes
Bacilli
Bacillales
Bacillaceae
Bacullus
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Most corrosion inhibiting strains of B. licheniformis are biofilm-forming bacteria
capable of secreting antibiotics that can act as corrosion inhibitors. Ornek et al. [122] have
studied pitting corrosion of aluminum 2024 substrate in the presence of B licheniformis
ATCC 9945A strain using in Luria Bertani (LB) medium by electrochemical impedance
spectroscopy (EIS). Aluminum pitting corrosion was found to reduce by more than 85%
compared to the sterile controls after a week of continuous exposure in LB medium
contained in a bioreactor. Authors attributed this unique bacterial behavior to the secretion
γ-polyglutamate by the bacterial biofilm in the B licheniformis culture at pH>6. The effect
of bacterial biofilm of nitrate reducing B. licheniformis strain has been investigated on
carbon steel [150]. The presence of the bacterial cells in the biofilm was found to produce
metabolic products capable of forming pits while degrading the metal substrate in oneweek exposure period. Bolton et al. [151] have reported the degradation of galvanized
steel substrate (used for water storage and transportation) in the presence of Bacillus
pumilus. Up to 70% pitting corrosion was observed via the zinc ion release, being a
consequence of bacterial catalyzed activity, compared to the sterile solution. Both surface
corrosion and bulk metallic pitting has been reported for isolates of B. licheniformis and B.
aquimaris carbon steel in a Brazilian oil platform water by Marques et al. [152]. Authors
also studied the effect of nitrate on bacterial biofilms on the corrosion rates of steel
substrate monitored by weight loss in reactors. The exposure of metals to any service
environment varies, and the type of bacteria they come in contact with depends on the
nature of that environment and the prevalence of such microbes. Since the formation
bacterial biofilms on exposure alters the chemistries of these surfaces at the
substrate/solution interface, this work seeks to unravel the role of biofilm produced from
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thermophilic strain of Bacillus licheniformis isolated from the Gazan hot spring of Saudi
Arabia. The biofilm of this bacterium will be grown on stainless steel (316 L grade) and
the nature of EPS as well as the possible bacterial metabolites produced from its
physiological activity will be monitored chemically and electrochemically. This grade of
steel (316 L) is chosen based on its susceptibility to pitting and galvanic corrosion in
solutions of high ionic (e.g. chlorides) concentrations.

7.2

Experimental

7.2.1 Culture medium/composition
The sourcing of this thermophilic bacterial strain has been previously explained (Chapter
3), and in the present study, the culturing procedure in a minimal salt medium (pH 5.0) has
been reported elsewhere [153]; without modification, except for the diluted water replaced
by a sterile type. Components of the medium includes: 7.5 g NaCl, 10 g glucose, 0.2 g
MgSO4·7H2O, 0.01 g FeSO4·7H2O, 1g (NH4)2SO4, 0.5g K2HPO. B. licheniformis
concentration used in this study measured 2.79 × 107 CFU/ml, and 1 ml of the bacterial
suspension was inoculated in 500 ml of the sterile minimal salt medium (System A; pH
4.6) and cultured at 37 oC for three weeks in an incubator. The other set up (System 2A;
pH 3.8) had double the amount (in volume) of the bacterial suspension in System 1, and
was cultured in similar condition as presented in the flow chart in Figure 7.2. The presence
of NaCl in this medium enhances accelerated corrosion of steel in the presence of these
bacterial endospores; the abiotic sterile solution was used as the control. Incubation was
done in a closed sterile incubator devoid of external influences. Electrochemical

199

biocorrosion and surface analytical evaluations of the steel coupons followed at the end of
the 3rd week.

Highly polished and repeatedly washed
316 L steel (4x4) substrate
Completely Immersed

System A (1 ml B. licheniformis
suspension in 500 ml saline salt
medium); pH 4.6.

Bacterial-inoculated (2.79 × 107
CFU/ml) minimal salt culture medium
maintained at 37 oC for 3 weeks

System 2A (Double the
amount in volume in
System A); pH 3.8.

Periodic pH monitoring

Electrochemical
biocorrosion evaluation

Surface analytical
evaluation

Figure 7.2. Flow chart of experiments in this bacterial study.

7.2.2 Electrochemical biocorrosion studies
The stainless steel substrate (316 L grade) used in this study was polished in a procedure
previously explained in Section 3.3.1 but with 1 µm diamond paste (instead of alumina).
Both ac and dc experiments were conducted using a three-electrode system with a graphite
rod counter electrode (Gamry, US), the polished stainless steel coupon (4 x 4) employed
as the working electrode, and a SCE reference electrode. Electrodes were assembled in a
500 ml capacity conducting cell used as the bioreactor. It contained the bacteria cell/
biofilm matrix with fresh minimal salt culture medium in which the electrochemical
analyses were conducted at determined the effect of the bacterial adhesion/maturation on
steel corrosion at the end of a 3 week culture period. EIS test was measured with Gamry
Instrument potentiostat/galvanostat/ZRA (GAMRY 3000, Gamry Instruments, US)
corrosion measuring system; ac 10 mV amplitude perturbation at Eoc between 100 m Hz
and 100 k Hz applied via EChem Analyst software package 6.0 (Garmy, US). Tafel
polarization test followed EIS analysis (on the same steel coupon), and was measured
while polarizing the surface of the stainless steel electrode between ─250 and +250 mV
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relative to Ecorr (vs SCE) at a 1 mV/ s scan rate. An E ChemAnalyst software was used for
the data fitting and other simulations. Before the electrochemical analyses, values of pH of
the bacterial culture solution were also taken periodically from the onset of incubation
until the third week, relative to the control.

7.2.3 Surface analytical evaluations
All surface analytical measurements were taken after the 3 week exposure of the steel
substrate to the bacterial-inoculate minimal salt medium in order to attempt to study the
morphology and chemistry of the formed bacterial biofilm. The steel coupons were
removed from the bacterial inoculated culture medium to determine the chemical
composition of the EPS/biofilm deposit using FTIR spectroscopy (Nicolet 6700 Fourier
Transform (FT) Spectrometer (Thermo Electron Corporation, UK) in transmittance mode
recorded between 400−4000 cm─1, at the resolution and scan rate of 8 cm─1 and 64,
respectively. Scanning electron microscopy (U9320A 8500 Field Emission Scanning
Electron Microscope, Agilent Technology, UK) coupled with energy dispersive
spectroscopy for elemental analysis (Oxford 7424 solid-state detector) was employed for
the morphological/compositional study of the bacterial biofilm matrix as well as possible
corrosion products on the steel surface before and after bacterial culturing. The working
electrode used for the electrochemical analyses was unsuitable for microscale fluorescence
imaging, so the same immersion test was conducted on ITO conductive glass slides after
prolonged (about one month) immersion in a different culture medium (NB2
broth/Spizizen's salts solution with 0.1% wt/vol L-alanine and 0.5% wt/vol glucose). The
glass surfaces were stained with a fluorescent dye Baclight™ Live/Dead bacterial viability
stain kits (Invitrogen, USA) before observing them with a confocal laser scanning
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microscope (Zeiss AxioVision confocal scanning laser microscope, UK) coupled with
Plan-Apochromat 63x/1.4 Oil Ph3 objective. CLSM images from various positions were
reconstructed with ZEISS Microscope Software ZEN (Zeiss, UK).

7.3

Result and discussions

7.3.1 Electrochemical analyses
The electrochemical plots of the 316 L stainless steel immersed in the culture medium
containing varying concentrations of B. licheniformis endospores compared to the control
are presented in Figure 7.3. The Nyquist curves (Figure 7.3 a) are incomplete and
relatively irregular capacitive resistance semi-circle arcs for both bacterial systems (A and
2A), with System 2A having the widest diameter. With their diameters greater than the
control, this represents the formation of possible bacterial biofilm on the surface of steel as
well as the deposition of corrosion products beneath the biofilm. The formation of thicker
bacterial biofilms on steel substrate for System 2A could be the reason for its wider
Nyquist curve compared to System A [154].
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Figure 7.3 Nyquist (a), Bode (modules (b) and phase angle (c)) and potentiodyamic polarization plots for B.
licheniformis inoculates in the culture medium compared to the control

203

Figure 7.4. Equivalent circuit models used in fitting the experimental biofilm impedance curves; circuits are
adopted from Garmy EChem Analyst software’s model editor.

Apart from the Nyquist curves, it can also be observed that the total impedance (as well as
the phase angle magnitude) are higher (and lower for phase angle plot) in the presence of
the bacterial endospores at the same frequency than those of the control. This explains that
corrosion inhibition process was enhanced by the adhesion of B. licheniformis biofilm on
316 L steel in the minimal salt medium. Protective bacterial biofilm capable of reducing
corrosion are known to influence electrochemical reactions by forming cellular cluster
thereby colonizing the metal surface [154]. Magnitudes of Zmod for the abiotic and biotic
systems vary significantly at all the frequencies under study, with 202, 14200 and 18500
ohm per square centimeter recorded for the control, System A and System 2A,
respectively, at 0.01 Hz. Higher magnitudes of Zmod represents improved protection and
lower values of Zmod obtained for the control denotes corrosion activation in the presence
of the saline minimal salt medium without the bacterial cells. The phase angle plots
(Figure 7.2 c) show distinct phase deviation in the presence of the bacteria as the biofilm
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is formed on steel with minima observed between 0.01 and 1 Hz for the biotic systems and
at 7.90 Hz for the control. Equivalent circuit models (Figure 7.4.) were deployed to fit the
experimental biofilm impedance data; values of the electrochemical parameters derived
are presented in Table 7.2.
Table 7.2 Electrochemical parameters derived from ac and dc experiments for the B. licheniformis inoculate in
the culture medium compared to the control.

Electrochemical parameters
ac (EIS):
Rsoln (Ω)
Rbiofilm (kΩ)
CPEbiofilm (Yo, mF cm−2 s−(1−αc))
a2
Rct (kΩ)
CPEdl (Yo, mF cm−2 s−(1−αc))
a1
CIRCUIT TYPE
dc (Tafel):
Icorr (µA)
Ecorr (mV)
CR (mpy) x 10─3

Control
1.147
─
─
─
0.149
1.737
0.813
R(Q(R))
8.07
─143
409.600

A

2A

4.172
4.302
3.613
77.050
0.764
0.151
0.84
0.85
1.956
38.170
0.679
0.359
0.845
0.859
R(Q(R(QR))) R(Q(R(QR)))
4.00
─124
203.300

0.878
─59
44.580

Magnitudes of solution resistance (Rsoln), resistance of the biofilm layer (Rbiofilm), charge
transfer resistance (Rct), and the capacitances of the double (CPEdl) and biofilm
(CPEbiofilm) layers are represented in the equivalent circuit models used in fitting the
experimental impedance data of the bacterial-inoculated systems compared to control
system (Table 7.2). For the abiotic (control) system, only a single adsorption layer is
represented with components of Rsoln, CPEdl and Rct. Solution resistance is measured
between the working and reference electrodes while charge transfer resistance accounts
for current leakages. Higher values of Rsoln in the bacterial-inoculated systems compared
to control could be linked with the bacterial metabolic processes occurring in the culture
medium [153]; 1.147, 4.172 and 4.302 Ω are Rsoln values for the control, System A and
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System 2A, respectively. Higher values of Rct and Rbiofilm for the biotic systems compared
to the control denotes biocorrosion resistance of 316 L stainless steel in the saline medium
[153,155]. With values of Rct for the control, System A and System 2A recorded as 0.146,
1.956 and 38.170 k Ω, very compact bacterial biofilm–metal oxide layer is conceived to
form at the metal surface for System 2A compared to System A; this is expected as double
the amount of the bacterial suspension was used in its (2A) starter culture [153]. The
formation of more thicker and compact biofilm layers on steel for System 2A must be the
reason for higher Rbiofilm values compared to System A. Rbiofilm represents the formation of
EPS as well as the resistance of the formed bacterial biofilm layer to the passage of ionic
current of corrosive chloride ions (in combination with other aggressive ions/molecules
inherent in the minimal salt medium at 37 oC) after 3 week immersion. More bacteria cells
must have attached on the steel surface resulting in electron-transfer barrier; this can also
be explained in terms of increased metabolic activities as more cells (thicker biofilms) are
formed [156]. Constant phase element (CPE) replaces pure capacitator in the equivalent
circuit so as to account for metal surface irregularities/inhomogeneity as well as those of
the electrode/electrolyte interface. In this study, the trend of CPE for the bacterialinoculated systems compared to the control, could be linked with surface inhomogeneity
as the bacterial biofilm is formed on the metal surface. Values of CPEbiofilm (and CPEdl)
for the System A and System 2A are 0.764 and 0.151 mF cm−2 s−(1−αc) while 0.679 and
0.359 mF cm−2 s−(1−αc)) represents values of CPEdl; lower CPE values for System 2A
denote compact and denser biofilm formation on steel compared to System A [153].
Normally for most bacteria, biofilm formation begins with cellular attachment in clusters
and as they colonize the surface. If surface attachment is irreversible, more complex
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community of bacteria cells in the biomatrix could mature into a biofilm at a particular
stage in their development depending on the availability of nutrients. EIS presents a
suitable real time and online technique for monitoring biofilm formation since the
application of minute voltage perturbation accompanying the technique have little or no
effect on the attached bacterial cells. Polarization technique can also be used to study the
same process at Ecorr. In this study, Tafel polarization method has been deployed to study
the biofilm formation; the curves are presented in Figure 7.3 (d) and the extrapolated
parameters enlisted in Table 7.2. The presence of bacterial-inoculated systems shift the
magnitudes of potential to more positive values (anodic); with ─124 and ─59 mV
recorded for both biotic systems (A and 2A, respectively) compared to the control (─143
mV). The presence of the bacterial-inoculated systems leads to reduced magnitudes of
corrosion current density and corrosion rate, proving that the formation of the bacterial
biofilm actually inhibited steel corrosion in the minimal salt medium. Corrosion rate
stands at 400 x 10─3 mpy in the absence of the bacteria (control) compared to the biotic
System A (203 x 10─3 mpy) and System 2A (44 x 10─3 mpy) while 8.07, 4.00 and 0.88 µA
are the recorded values of corrosion current density for the control, System A and System
2A, respectively: Icorr (control) > Icorr (System A) > Icorr (System 2A). Results from this dc
technique proves that bacterial biofilm formation inhibited steel corrosion in the minimal
salt medium to a great extent; dc results are consistent with those obtained from the ac
technique. The formation and maturation of this biomatrix led to reduction in pH of the
medium as the more cells adhere on the steel substrate; and Figure 7.5 shows reducing
culture media pH containing as more metabolic products are formed from inherent
physiological bioactivity in the presence of the bacterial-inoculated systems (compared to
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the control) for 316L at with exposure periods [153]. These products (alongside inorganic
nutrients in the culture) supported the protective biofilm formation on surface of the metal.
It was pertinent to complement the electrochemical technique with surface analytical
evaluation of the adhering biofilm on the surface of the steel substrate especially, as the
cellular growth continues in the minimal salt medium containing the needed nutrients.
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Figure 7.5. Variation in culture media pH containing B. licheniformis inoculates (compared to the control) for
316L corrosion at different exposure periods.
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Figure 7.6 SEM images showing the B. licheniformis biofilms formed on 316L coupons after 3 weeks immersion in
the culture medium.

7.3.2 Surface analyses
The B. licheniformis biofilms formed on 316L coupons after 3 weeks immersion in
minimal salt culture medium are presented in the SEM micrographs in Figure 7.6. The
biofilms are relatively compact and thick groups of bacterial cells enclosed in an EPS
matrix on the metal substrate. As expected, the assemblage these gram-positive bacterial
cells are grouped in colonies attached in no regular manner within the phase boundaries of
the austenitic stainless steel as its microstructure is exposed. The biofilms on each biotic
system still show imprints of rod-like (some appear round) shaped bacterial cells excepted
of B. licheniformis. The SEM images for each bacterial-inoculate (Systems A and 2A) also
reveal exposed grain boundaries properly delineated by the corrosive chloride ions of the
saline etchant (the minimal salt medium); few pits are also observed. Pitting sites must
have been much without the diffusional resistance caused by the formation of the bacterial
biofilm matrix (cells, EPS, and inorganic solid phases) as well as the influence of its
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metabolic physiological activity. The presence of these biofilms of the surface of the steel
substrate immersed in the culture medium inhibited corrosion by limiting molecular
oxygen diffusion at the cathodic sites as well as inhibit electron transfer from the anodic
ferrous sites on the substrate [157]. EPS helps in binding the biofilm matrix to the metal
surface, and the inhibiting properties of its constituents (polysaccharides, proteins, nucleic
acids and phospholipids) must also have contributed to corrosion reduction of steel in the
saline medium [153,158]. The thicknesses of the biofilms formed from both biotic systems
cannot be comparable at this point, but the electrochemical results have shown superior
perform of System 2A compared to System A due to the presence of double bacterial cells
in the starter culture.
The functional group chemistry of the attached B. licheniformis biofilm on 316L
coupons after 3 weeks immersion in culture medium is probed with FTIR in this study,
and the spectra are displayed in Figure 7.7. The IR peaks characteristic of typical bacterial
EPS are displayed on the spectra for System A and System 2A being a prove biofilm
formation on steel; both spectra have no distinct difference (in shapes, intensity and
position of IR absorption) since they originate from the EPS of the same bacterium.
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Figure 7.7. FTIR spectra of B. licheniformis biofilm formed on 316L coupons after 3 weeks immersion in culture
medium.

Absorption peaks stretching between 1400 and 1900 cm─1 represent the protein portion of
the bacterial EPS [153]. The appearance of C─O associated with peptide amide bonds
(amide I and II at 1550 and 1650 cm─1, respectively) on proteins are visible between 1500
and 1650 cm─1; usually, this IR peaks are normally used in probing repetitive peptide
amide functional groups in proteins. The resolution of IR peaks associated with protein
and sugar could be problematic since peaks of amide II are usually less intense than amide
I, and the presence of EPS’s polysaccharides possesses a C–O stretching vibrational
modes around this region (1610 cm─1), and this may interfere with that of amide 1
[158,159]. Sugar bands are observed between 970 and 1180 cm─1 while peaks at between
2900 and 3000 cm─1 are C–H stretching vibrations associated with the bacterial biomass.
While studying total sugar contents in dried bacterial samples with FTIR, Marcotte et al.
[159], opined that IR peaks of polysaccharides can be identified by probing absorption
peaks of functional groups characteristic of alkanol, alkanals, alkanones, alkanoic acids
and even ethers. They suggested that the ratios of the peak area of polysaccharides and
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amide II (or C–H stretching) can indicate the content of sugar in the dried bacterial
-1

biomass. IR vibration peak within 900─1400 cm may be due to the presence of ethers,
alcohols (polysaccharide components) and phosphorylated proteins inherent in the
bacterial biofilms (C–OH, C– O–C bonds). (C-O) likely from carboxylic acid is present
-1

at 2400 cm and the H-bonded O─H/N-H stretching vibrations (from a sugar/proteins or
-1

just from adsorbed molecular water) are visible between 3300 and 3600 cm . γ─Fe2O3
(from the steel substrate) absorbs between 400−900 cm─1 [153]. FTIR results proves that
the EPS biomatrix is dominantly proteins and polysaccharides; yet no further experiment
was conducted to ascertain the bio-polymeric type inherent in the matrix. The structure of
the biofilm as well as the chemistry of the EPS binding it to the substrate predetermines
the ability of a biofilm-forming bacterium to act promote MIC or MIC inhibition (MICI)
[153] and even transmit disease [160].
Figure 7.8 shows the SEM micrographs of the 316L steel coupon surfaces before
and after the 3 weeks immersion in culture medium containing biofilm/ bacterial growths
(compared with the control). The polished marks on the bare non-immersed coupon are
still visible in some portions, but after immersion in the sterile minimal salt medium, the
grain boundaries are exposed (and without corrosion products). In mild corrosive medium,
due to the presence of special metallic constituents (like Ni, Cr and Mo) in stainless steel
is known to form passive inhibiting layer that disallows further surface or bulk corrosion.
However, the observed pitting on the passivated surface must have been due to the
presence of corrosive chloride ions (present in the culture medium) as the metal is
immersed continuously for a period of 3 weeks. In this medium, the steel substrate could
not quickly re-passivate in the medium as the chloride ions attack the metal surface. A pit
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is formed when the passive layer (cathodic) is penetrated by the corrosive ions as the rest
of the metal becomes totally anodic. The surface of the steel coupon in the bacterialinoculated systems do not corrode as much as the control proving the formation of B.
licheniformis biofilm contributed to corrosion reduction to a great extent [153]. The EDX
spectra (Figure 7.8; right panel) for both biotic and abiotic systems show the
biofilm/corrosion products’ components comprising of mainly oxide deposits of Cr and Fe
[153], and the metals displayed on each spectrum are predominantly from the 316 L steel
substrate itself.
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Control

(A)
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Figure 7.8 SEM/EDX micrographs showing the surfaces 316L steel coupons as B. licheniformis biofilms are
formed on the substrate before and after 3 weeks immersion in culture medium containing biofilm/ bacterial
growths.

Evidence of B. licheniformis growth from 100 µL of each biotic system of B. licheniformis
suspension in the culture medium (on TT media after incubation at 50 oC overnight) was
observed at the end of the 3 weeks as presented in Figure 7.9. Compare to the control
(without growth), the bacterial-inoculated systems show distinct bacterial growth colonies;
2 and 13 visible colonies for System A and System 2A, respectively; this proves presence
of the bacteria cells in the culture medium even after 3 weeks. Since the steel substrate
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used in this study was unsuitable for microscale fluorescence imaging of viable bacterial
cells in the biofilm matrix, the same immersion test was conducted on ITO conductive
glass slides immersed in a different culture medium (NB2 broth/Spizizen's salts solution
with 0.1% wt/vol L-alanine and 0.5% wt/vol glucose). The glass substrates were stained
with fluorescent dye (Baclight™ Live/Dead bacterial viability stain kits, Invitrogen, USA)
before imaging. Figure 7.10 presents CLSM images of attached B. licheniformis cells/
biofilms on ITO conducting glass slides after a short and prolonged immersions in the
modified culture medium. The absence of bacterial cells as observed on the CLSM
micrograph of the control proved that this system is abiotic (a); supporting the
electrochemical results and the findings from other surface analytical evaluations.
Bacterial biofilm is observed in the bacterial-inoculate system after a brief culture period
(b) and more cellular clusters as the duration of culture increases (c); proving that compact
and thick bacterial biofilm formed on the ITO conducting glass slides on prolonged
immersion in the bacterial culture.

No growth

2 distinct colonies

13 distinct colonies

Figure 7.9. Evidence of bacterial growth from 100 µL of each B. licheniformis inoculate in the culture medium (in
TT media after incubation at 50 oC for 18-24 hours).
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Figure 7.10. CLSM images of attached B. licheniformis cells/ biofilms on ITO conducting glass slides after (a) a
short and (b) prolonged (about one month) immersion in culture medium (NB2 broth/Spizizen's salts solution
with 0.1% wt/vol L-alanine and 0.5% wt/vol glucose).

7.4

Summary

The following conclusions were drawn from the results of the experiments:
1.

Higher values of Rsoln in the bacterial-inoculated systems compared to control
could be linked with the bacterial metabolic processes occurring in the culture
medium.

2.

With values of Rct for the control, System A and System 2A recorded as 0.146,
1.956 and 38.170 kΩ; this could be attributed to the formation of compact bacterial
biofilm–metal oxide layer on the metal surface for System 2A compared to System
A; this is expected as double the amount of the bacterial suspension was used in its
(System 2A) starter culture.

3.

The formation of more thicker and compact biofilm layers on steel for System 2A
must be the reason for higher Rbiofilm values compared to System A. Rbiofilm
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represents the formation of EPS as well as the resistance of the formed bacterial
biofilm layer to the passage of ionic current of corrosive chloride ions (in
combination with other aggressive ions/molecules inherent in the minimal salt
medium at 37 oC) after 3 week immersion.
4.

The presence of the bacterial-inoculated systems led to reduced magnitudes of
corrosion current density and corrosion rate, proving that the formation of the
bacterial biofilm actually inhibited steel corrosion in the minimal salt medium. The
variation in the magnitude of Icorr is in this order: Icorr (control) > Icorr (System A) >
Icorr (System 2A).

5.

SEM and CLSM images of the bacterial-inoculate show relatively compact and
thick biofilm (groups of bacterial cells enclosed in an EPS matrix) proving that
corrosion inhibition of the metal substrate was due to the formation of these
bacterial biofilms on its surface; FTIR results suggests that the EPS biomatrix
could be dominantly proteins and polysaccharides.
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CHAPTER 8
Summary, conclusion and recommendations for future work
8.1

Summary and conclusion

For the first time, the foul-releasing and anticorrosion potentials of bacterial endospores of
a thermophilic and apathogenic strain of B. licheniformis isolated from the hot Gazan
springs of the Saudi Arabia have been studied. Endospores of this gram-positive bacterium
were encapsulated within some newly synthesized protective sol-gel coatings in other to
test for their ability to reduce marine fouling and corrosion of S36-grade mild steel in
saline medium. From the results of the experiments conducted, the following can be
summarized for all the systems of sol-gel coating:
1. The unmodified sol-gel coatings synthesized in this work have protected mild against
corrosion to a great extent in 3.5 wt% NaCl solution; but improved protection is
realised after doping them with corrosion inhibitor pigments and B. licheniformis
endospores.
2.

The B. licheniformis endospores encapsulated within every the sol-gel matrix
remained viable as revealed by the confocal laser scanning fluorescence microscopy.

3. The presence of these bacterial endospores improved the surface hydrophobicity of the
coating thereby preventing the diffusion of corrosion molecules and ions through the
bulk of the coating to the metal surface; this is evident in the trend of electrochemical
coating resistance and capacitance. Even in the absence of the bacterial endospores,
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higher corrosion protection is obtained for sol-gel coating with hydrophobic surfaces
(those with reduced surface energies).
4. For all sol-gel coating matrices synthesized in this study, corrosion resistance (or the
protection efficiency) in 3.5 wt% NaCl is in this order:
Inhibitor modified biotic (in the presence of the bacterial endospores) >>>
Inhibitor modified abiotic >> unmodified sol-gel coatings
5. Surface and bulk nano- and nicro-cracks are revealed on the endospores–loaded solgel coatings after prolonged immersion at room temperature in 3.5 wt% NaCl solution
though not as much as they are on the abiotic modified and unmodified coatings; this
demonstrates significant corrosion protection in the presence of the B. licheniformis
endospores compared to the abiotic coatings.
6. The bacterial endospores possess antifouling potentials within the immersion period of
study due to their foul-releasing effect; the improved corrosion and fouling resistance
in the presence of these bacterial endospores could be attributed to surface
hydrophobicity after spore encapsulation. Compared with the abiotic coating, the
inability of the marine foulers to settle and adhere on this biotic surface, at hypersaline
condition, gives an idea of its antibiotic nature and the antimicrobial properties of the
biofilm of this axenic thermophilic bacterium strain.
7. The formation of more thicker and compact biofilm layers (bacterial cells enclosed in
an EPS matrix) on steel substrate by bacterial-inoculate system on steel in appropriate
saline culture medium reveals one of mechanisms of anticorrosion and antifouling
activities of B. licheniformis. FTIR analysis of the attached EPS biomatrix reveals
dominant proteins and polysaccharides composition.
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8.2

Recommendations for future work

Based on the difficulties encountered in this work, and the quest to foster a better
understanding of this experimental concept, the following has been suggested for further
analyses in the future:
1. Protective sol-gel coatings capable of reducing corrosion in acidic and alkaline
media should be synthesized and tested for mild steel.
2. The extent of sol-gel reactions depends on precursor types, but the exact routes of
reaction are not defined since hydrolysis and condensation reactions as well as
other side reactions occur simultaneously. To this end, the structure of the material
cannot be obtained. Yet, the elucidation of the structural make up of these sol-gel
materials is needed, including X-ray diffraction with more spectroscopic
evaluations.
3. In this work, the reason for the bacterial anticorrosion and antifouling activities has
been attributed to the hydrophobicity as well as the antibiotic surface in the
presence of B. licheniformis endospores encapsulated within the sol-gel coatings.
This could be due to the secretion of extracellular antibiotic polymeric substances
with corrosion inhibiting potentials like anticorrosive γ-polyglutamate in some
appreciable amount; this assertion should be proven by bacterial culturing and the
subsequent chemical extraction of this homopolymer of glutamic acid from the
biofilm. The antimicrobial nature of the bacterial biofilm should be tested
comparatively with those of the extracted γ-polyglutamate from the same bacterial
culture.
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4. To ascertain the antifouling properties of these sets of protective coatings, fouling
test should be repeated in the different seasons (including autumn, fall and winter,
not just summer). Though the presence of barnacles, polychaetes and other macrofoulers are predominant in the summer, climatic changes could promote or reduce
the formation of other marine foulers.
5. The use of primers is also recommended for prolong immersion in a typical marine
enviorment.
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