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Biocorrosion has been considered as big trouble in many industries and marine envi-
ronments due to causing of great economic loss. The main disadvantages of present
approaches to prevent corrosion include being limited by environmental factors, being
expensive, inapplicable to field, and sometimes inefficient. Studies show that polymer
coatings with anticorrosion and antimicrobial properties have been widely accepted as a
novel and effective approach to prevent biocorrosion. The main purpose of this review is
to summarize up the progressive status of polymer coatings used for combating micro-
bial corrosion. Polymers used to synthesize protective coatings are generally divided into
three categories: (i) traditional polymers incorporated with biocides, (i) antibacterial poly-
mers containing quaternary ammonium compounds, and (i) conductive polymers. The
strategies to synthesize polymer coatings resort mainly to grafting antibacterial polymers
from the metal substrate surface using novel surface-functionalization approaches, such
as free radical polymerization, chemically oxidative polymerization, and surface-initiated
atom transfer radical polymerization, as opposed to the traditional approaches of dip
coating or spin coating.

Keywords: biocorrosion, polymeric coatings, biocides, quaternary ammonium compounds, conductive polymers,
antibacterial

INTRODUCTION

The activities of microbial organisms have led to the acceleration in corrosion rate of metals,
such as the stimulation of microorganisms to cathodic or anodic reactions or the establishment of
differential oxygen concentration cells in localized electrolytic environment by microorganisms,
is generally defined as biocorrosion, or microbially-induced corrosion (MIC) (Hamilton, 1985;
Videla, 1996; Beech and Sunner, 2004). Biocorrosion has been widely recognized as a serious
problem in many industries, oil fields and marine environments. The economical loss directly
associated with biocorrosion has been estimated to be at least 20% of corrosion with a direct cost
of 30-50 billion dollars per year worldwide (Heitz et al., 1996; Javaherdashti, 1999). The bio-
corrosion prevention of structural materials has, therefore, attracted considerable interests of
researchers in corrosion field over past decades. Different strategies, such as biocides, cathodic
protection, beneficial bacterial biofilms, and protective coatings, have been proposed to combat
biocorrosion (Videla, 2002; Videla et al., 2004; Little et al., 2007; Zuo, 2007).

The conventional approach to address inhibiting/mitigating biocorrosion is to use oxidizing
biocides, such as chlorine, bromine, ozone, or non-oxidizing biocides, such as formaldehyde,
glutaradehyde, quaternary ammonium compounds, isothiazolines in reducing different types of
organisms in an aqueous system (Videla and Herrera, 2005). Although biocide injection has been
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extensively employed in preventing biofouling and biocorrosion
in steel pipes (Franklin et al., 1991) or a closed system (Gardner
and Stewart, 2002), the treatment outcome is found to be far from
satisfactory. This result is caused by the fact that biocorrosion
usually takes place underneath the biofilms (Costerton, 1987)
and sessile organisms within biofilms are found more resistant
to biocides than those in a planktonic population (Viera et al.,
1999). It has been reported that biofilms dramatically enhanced
resistance to antimicrobial agents (Donlan and Costerton, 2002;
Dunne, 2002). Meanwhile, the long-term usage of a single
biocide inevitably results in more resistance of microorganisms
growing inside the biofilm (Cheung and Beech, 1996). This in
turn requires higher concentrations of biocides to make up the
increased resistance against biocides. In some cases, high biocide
concentrations can result in the initiation and propagation of
localized corrosion (Franklin et al., 1991; Neville et al., 1998).
Furthermore, biocide treatment may pose a negative impact on
environment due to their inherent toxicity (Guiamet and Gomez
de Saravia, 2005), and it may also inactivate the activity of non-
targeted organisms. Cathodic protection has been reported to
effectively decelerate corrosion of stainless steel induced by aero-
bic bacteria (Guezennec, 1994), while it shows no effect on the
activity of anaerobic bacteria, such as sulfate-reducing bacteria
(SRB). Thus, the prevention of the initiation of localized corro-
sion by SRB appears to be very difficult. In addition, the costs of
biocide treatment and cathodic protection techniques are very
high for many industries and the closed systems.

An environmentally benign strategy of using beneficial
bacterial biofilms to control biocorrosion has been developed
in recent years to replace the usage of biocides. Corrosion
inhibition derived from biofilms has been reported for carbon
steel (Pedersen and Hermansson, 1989, 1991; Hernandez et al.,
1994; Jayaraman et al., 1997, 1999a; Dubiel et al., 2002), stainless
steel (Jayaraman et al.,, 1999a; Dubiel et al., 2002), aluminum
(Jayaraman et al., 1999b; Ornek et al., 2002; Zuo et al., 2005),
and copper (Jayaraman et al., 1999b). The possible mechanisms
involve: (i) the formation of biofilms acting as a diffusion bar-
rier to impede metal dissolution (Pedersen and Hermansson,
1989, 1991; Hernandez et al., 1994), (ii) corrosive agents such
as oxygen being removed by aerobic respiration microorgan-
isms (Jayaraman et al., 1997, 1999b; Dubiel et al, 2002),
(iii) growth inhibition of corrosion-causing bacteria such as
SRB by antimicrobials generated within biofilms (Jayaraman
et al,, 1999a,c; Zuo et al.,, 2004), (iv) generation of protective
layers (e.g., y-polyglutamate) by biofilms (Ornek et al., 2002).
Although extensive laboratory studies indicate various pos-
sibilities of control corrosion using bacteria for a number of
metallic alloys, the application of this approach has not been
totally successful. There are some potential problems that need
to be further addressed and elucidated prior to being applied
in the field. First, the fundamental assumption in most of the
published research on biofilm inhibition lies in the fact that
the formation of biofilms can be controlled and predicted.
As a matter of fact, it is difficult to predict the formation of with
certainty, because even a very small perturbation in the environ-
ments, such as temperature, nutrient concentration, pH, and
flow, has a significant effect on the biofilm composition. Second,

the role of biofilms in corrosion inhibition is still controversial,
because the same organisms reported causing biocorrosion are
yet reported to inhibit biocorrosion. For examples, Pseudomonas
sp. S9 and Serratia marcescens EF 190 were found to accelerate
corrosion of iron and nickel relative to sterile conditions by
Pedersen et al. (1988), while the same researchers also reported
the corrosion inhibition of the above two strains for carbon steel
(Pedersen and Hermansson, 1989, 1991). It has been reported
that extracellular materials bind metal ions for interpreting as
the mechanism for both biocorrosion (Beveridge and Doyle,
1989) and corrosion inhibition (Houghton et al., 1988). Third,
the results of field studies using biofilms inhibition are less
than satisfactory compared to those of laboratory studies (Arps
et al., 2003).

By providing a barrier between environments and various
substrates, protective coatings are the most common solutions
adapted by many industries against corrosion. This is indicated
by the fact that most of the cost of corrosion prevention (about
89.5% of total costs) is ascribed to the usage of protective
coatings (Koch et al., 2002). Thereby, protective coatings have
been considered as a major approach to protect substrates
from biocorrosion ever since the 1980s, when the damage due
to biocorrosion began to be widely recognized, especially where
biocides is restricted from application (such as open systems).
Protective coatings are usually divided into inorganic coatings
(such as galvanizing and metalizing) and organic coatings
(such as silicone, epoxy resins, fluorinated compounds, and all
polymeric coatings) (Videla, 1996, 2002). Ilhan-Sungur et al.
(2007) and Ilhan-Sungur and Cotuk (2010) reported that the
galvanized steel was corroded by SRB within the heterogeneous
biofilm upon a long immersion period in a recirculating cooling
tower system. The inorganic zinc coatings were also found to suf-
fer from biocorrosion by SRB (Muntasser et al., 2002). Despite
of being corrosion resistant to the attack by microorganisms,
titanium oxide coatings were susceptible to bacterial adhesion
and biofilm formation (Yuan et al., 2008). Organic coatings are
frequently referred to as the polymer coatings. Owing to their
good barrier ability and their high corrosion resistance, polymer
coatings have been extensively employed as a good method of
protection against biocorrosion (Mansfeld et al., 1997, 1998;
Little et al., 1999; Al-Darbi et al., 2002; Mazumder et al., 2003).
Based on practical experience, the effectiveness of polymer
coatings in combating biocorrosion is associated with the fol-
lowing problems: (i) the crack, defect, or crevice of polymer
coatings are favorable for the occurrence of localized corrosion.
Previous studies have demonstrated preferential colonization on
a heterogeneous surface, such as scratches, cracks, and pinholes
(Characklis and Marshall, 1990; Wagner et al., 1996), (ii) a good
bond between polymer coatings and the substrate surface is
significant to their stability and durability. Moisture beneath a
poorly bonded coating may contain microbial contaminants,
and conditions are favorable for anaerobic growth (Videla, 1996),
(iii) polymer coatings readily suffer from microbiologically
induced degradation, since some microorganisms can use the
coating films as a nutrient source by their physiological activities
on the coating surface, thus resulting in the loss of protection
capacity of coatings. Furthermore, the corrosive biodegradation
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products have been found detrimental to the biofilm-attached
metals (Flemming, 1998; Kopteva et al., 2004). To circumvent
the problem of microbial degradation, the biocidal functionality
has been conferred to the polymer coatings to inhibit the attach-
ment of bacterial cells and subsequent formation in recent years
(Crum et al., 1967; Sugama, 1995; Sugama and DuVall, 1996;
Thomas et al., 2004; Ananda Kumar et al., 2006; Choi et al., 2007;
Yuan et al., 2007, 2009a,b,c, 2010a; Lebrini et al., 2008; Stobie
et al., 2009; Videla and Herrera, 2009; Wan et al., 2009; Zafar
et al,, 2009; Yang et al., 2014; Grover et al., 2016; Yesudass et al.,
2017).

Within the past few years, the techniques to fabricate uniform,
robustly bonded and antibacterial polymer coatings on metal-
lic substrates have been developed (Videla and Herrera, 2009;
Wan et al., 2009; Yuan et al., 2009a,b,c, 2010a; Yang et al., 2014),
and ever more studies demonstrate the protective functional-
ity of polymer coatings against biocorrosion. There is a recent
trend toward increasing the use of polymers with antibacterial
and anticorrosive properties in preparation of polymer coat-
ings against biocorrosion. Although there are several reviews
regarding biocorrosion control and prevention using biocides or
beneficial bacterial biofilms (Jones-Meehan et al., 1992; Videla,
2002; Guiamet and Gomez de Saravia, 2005; Little et al., 2007;
Zuo, 2007), few reviews have been published to discuss progress
in the area of biocorrosion protection using polymers (or poly-
mer coatings). Accordingly, the aim of the current review is to
summarize the protective capacity of different types of polymer
coatings to combat biocorrosion. Polymers commonly used for
preventing and controlling biocorrosion mainly consists of the
following three categories: (i) traditional polymers incorporated
with biocides, (ii) antibacterial polymers containing quaternary
ammonium compounds, and (iii) conductive polymers.

TRADITIONAL POLYMERS
INCORPORATED WITH BIOCIDES
FOR BIOCORROSION PROTECTION

Traditional polymers being utilized to protect metal substrates
from biocorrosion damage are mainly composed of polyu-
rethane, fluorinated compounds, epoxy resins, polyimides,
silicone, coal-tar epoxy, and polyvinyl chloride. Videla (2002)
demonstrated the good performance of coal-tar epoxy and
epoxy resin coatings to combat biocorrosion, while PVC-based
coatings exhibited poor protection performance against corro-
sion induced by microorganisms. Mansfeld et al. (1997, 1998)
and Little et al. (1999) systematically studied the protection
performance of different polymer coating systems, such a slow
VOC alkyd, silicone alkyd, polyurethane, latex, and epoxy
polyamide used as mid-coat and top-coat of polymer coatings,
respectively, on steel species being exposed in natural and
synthetic seawater. They concluded that the coating degrada-
tion by microorganisms can be observed for all the polymer
coatings systems except for polyamide-epoxy coating system.
Moreover, the effectiveness of corrosion protection decreases
in the sequence of polyamide-epoxy, polyurethane, latex,
and alkyd (Mansfeld et al., 1997, 1998). Little et al. (1999)

investigated the effect of marine bacteria on localized corro-
sion for polymer-coated steels, of which, six polymer coating
systems with epoxy polyamide and polyurethane as mid-coat
and top-coat were chosen. Their experimental results dem-
onstrated that the distribution of bacteria was independent
of the coating combinations, and the bacteria were found to
adhere preferentially on the iron corrosion products in coating
defects, thus leading to localized corrosion underneath the
polymer coatings (Al-Darbi et al., 2002). Jones-Meehan et al.
(1992) and Miller et al. (1964) used energy dispersive X-ray
spectroscopy (EDS) to investigate the change of polymer-
coated steel exposed to mixed communities of marine bacteria.
The breaching of epoxy, nylon, and polyurethane coatings
on the surface of steel coupons were detected by the EDS spectra.
They also demonstrated the colony formation of a diverse
assemblage of bacteria on all the polymer-coated surface of
steel coupons. Thereby, Videla (1996, 2002) concluded two
prerequisites for polymer coatings against biocorrosion: (i) no
alternation of polymer coatings by the bacterial attack and no
release of corrosive products during degradation, (ii) polymer
coatings decrease the risk of MIC by reducing bacterial adhe-
sion and inhibiting biofilm formation. Currently, traditional
polymer coatings are frequently furnished with antibacterial
functionality by biocide incorporation to inhibit biofilm forma-
tion, and thereby minimizing their microbial degradation.
Polyurethanes have been extensively used against biocorro-
sion since the 1970s, due to their impermeability, good adhe-
sion and abrasion resistance, flexibility, and biocompatibility
(Crum et al., 1967; Seal and Pathirana, 1982; Bentham et al.,
1987; Kennedy, 2002). However, polyurethanes have been
known to be degraded by microorganisms (Kay et al., 1993;
Gu et al., 1998a; Ramezanzadeh et al., 2015). When used as
insulation coatings for corrosion, the microbial degradation
effect on polyurethane coatings could cause substantial dam-
age, and thus leading to a loss in corrosion resistance. Several
investigators have attempted to impregnate antibacterial agents
into the matrix of polyurethane coatings to minimize the
microbial degradation effect (Stobie et al., 2009; Grover et al.,
20165 Yesudass et al., 2017). For example, it was reported that
about 0.1-5% of non-toxic antibacterial agents was chemically
(rather than physically) incorporated into the polyurethane
resins, and thus the antibacterial agents become an integral
and permanent part of the molecular structure across the entire
polyurethane coating film (Grover et al., 2016). The polyure-
thane coatings incorporated with antibacterial agents showed
a significant percentage (>99%) of reduction of microorgan-
isms, and their antibacterial activity remained unchanged over
time due to non-occurrence of volatilizing and leaching of the
antibacterial agents. Alternatively, Stobie et al. (2009) reported
that the perfluoropolyether-urethane coatings can be imparted
with a bactericidal ability by doping them with silver ions,
and that silver ions released from the fluorinated polyurethane
coatings exhibited good antibacterial activity against microor-
ganisms. It is worthwhile to point out that the polyurethane
polymer coatings were mainly prepared by dip coating or spin
coating approaches. The adhesion between the coatings and
substrate surface and the stability of the coatings are of great
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concern over a long-term exposure period. Ramezanzadeh
et al. reported to modify the surfaces of graphene oxide (GO)
nanosheets by grafting of polyisocyanate (PI) chains (Tiwari
and Hihara, 2010). Success in grafting of PI chains onto GO
nanosheets via amides and carbamate esters bonds was ascer-
tained by X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction and thermal gravimetric analyses. Salt spray tests
and electrochemical study demonstrated that incorporation
of 0.1 weight% of PI-modified GO nanosheets into the polyu-
rethane matrix could significantly improve the anticorrosion
properties and ionic resistance of polymer coatings (Tiwari and
Hihara, 2010).

Silicones are composed of a variety of organic-inorganic
hybrid materials, which have been widely considered as alter-
native to replace chromate ion coatings for corrosion inhibition
(Brady, 1999). Due to their low elastic modulus resulting from
a flexible, inorganic -Si-O backbone linkage and a critical
surface tension as derived from the alkyl side chains, silicones
have been extensively employed as fouling-release coatings
(Edwards et al., 1994; Nevell et al., 1996; Watermann et al., 1997;
Brady and Singer, 2000; Estarlich et al., 2000; Kus et al., 2005).
Moreover, silicones have also been reported to possess a good

corrosion protection ability (Gu et al., 1998b). Silicones consist
mainly of polydimethylsiloxane (PDMS) and its derivatives for
fouling-release and corrosion-resistant coatings. However, sili-
cone rubbers have been reported to be susceptible to deteriora-
tion by microorganisms (Barriosa et al., 2005; Ramezanzadeh
et al.,, 2015). A practical example is biocorrosion of medical-
grade silicone rubber (Flemming, 1998). Thus, antifoulants or
biocides have been entrapped in the poly(siloxane) matrices
via blending (Haque et al., 2005; Ye et al., 2008) or covalent
bonding (Sugama and Cook, 2000; Thomas et al., 2004) to
produce antifouling coatings. Haque et al. (2005) incorporated
sodium benzoate into silicone coatings and found that the
resulting coatings have an ability to prevent some bacteria
and barnacles from their surfaces. Thomas et al. (2004) and
Ye etal. (2008) designed experiments to incorporate the biocide
triclosan  [5-chloro-2-(2,4-dichloro- phenoxy)phenol, TCS]
into silicone coatings via covalent bonds. The synthetic scheme
is schematically illustrated in Figure 1. The biocide triclosan
was first modified with alkenyl moieties to facilitate hydrosilyla-
tion and was then incorporated into the silicone backbone to
obtain a biocide-containing resin with residual Si-H groups.
The vinyl-terminated PDMS was utilized as anchoring sites

A
OH Cl
jope!
al Cl
Br-R/DMF
24 h/tm

)@/ \©\+ Mc;Sl Sl >;<Sl j\blMC,
Me Mc
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FIGURE 1 | (A) Process of the modification of trisolan biocide and the incorporation of modified biocide intosiloxane, (B) images of C. lytica biofilm coverage
after crystal violet staining on polydimethylsiloxan coatings containing TCS moieties. Reprinted with permission from Ye et al. (2008). Copyright 2008 American

Chemical Society.
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to prepare coatings (Figure 1A). As shown in Figure 1B, the
silicone coatings containing a 0 and 5 weight% of TCS moie-
ties exhibited poor antibacterial with complete coverage of the
bacterial biofilm, whereas the biofilm surface coverage was
greatly reduced for the coating containing 12.5 and 25 weight%
of TCS moieties. These results demonstrated that a high surface
concentration of TCS moieties on the PDMS surface could cause
a high degree of retraction of the bacterial biofilm (Sugama
and Cook, 2000). Since many biocide-bearing silicone coatings
are considered hazardous to the environment, great efforts are
expended to develop environmentally benign coatings using
natural biocides. Sugama and DuVall (1996) synthesized poly-
organosiloxane grafted polysaccharide (i.e., potato starch) co-
polymers through a heat-catalyzed dehydrating condensation
reaction at 200°C in air, and incorporated N-[3-(triethoxysily)
propyl]-4,5,-dihydroimidazole, TSPI into the coating matrix
as antimicrobial agents. By using electrochemical impedance
spectroscopy (EIS) to characterize the corrosion behavior
of the bare Al and polymer-coated Al specimens, they dem-
onstrated that polyorganosiloxane-grafted starch coatings
containing antimicrobial TSPI can increase the pore resistance
(Rpo) and enhance the resistance to microbial degradation.
As shown in Figure 2, the coating films derived from precursor
solutions with (PS)/(TSPI) ratios of 90/10 and 85/15 were most
effective to prevent the corrosion of Al substrates, because the
pore resistance Ry, of the coated Al specimens increased by
more than two orders of magnitude over that of the bare Al
substrates.

Because of the environmental restrictions to the usage of
polymer coatings containing biocides, ever more research is
focused on natural polymers (such as polysaccharides) or the
incorporation of natural biocides into coatings. Sugama and
Cook (2000) used natural polysaccharides such as chitosan (CS),
which contain p-(1-4)-linked bp-glucosamine (deacetylated
unit) and N-acetyl-D-glucosamine, to graft and crosslink with

10" 6E
L PS/TSPL
S5g 100/0
3 95/5
o 90/10
M " 85/15
‘s 4
3 -
g
Sk
N E
¥
1-3
Frequency, Hz 10
FIGURE 2 | Bode magnitude plots for a bare Al substrates and Al specimens
coated with films with 100/0, 95/5, 90/10, and 85/15 ratios. Reprinted with
permission from Sugama and DuVall (1996). Copyright 1996 Elsevier
Science.

poly(itaconic acid) (PIA) via a robust covalent bond derived
from a condensation reaction between amino groups (-NH,)
of the CS and the carboxylic groups (-COOH) of the PIA. The
anticorrosion properties of the coating films on the Al substrates
were evaluated by EIS measurements. The PIA-grafted CS
polymer coatings were verified to lower ionic conductivity on
aluminum, and thus could inhibit corrosive ions from penetrat-
ing into the coating pores. Sugama (1995) designed to modify the
natural polymer, polygalacturonic acid methyl ester (pectin, PE),
by incorporating TSPI into its molecular structure. The TSPI-
modified PE polymer coating films showed an increase in
pore resistance Ry, and the marked increase in the microbial
degradation resistance. The postulated mechanisms have been
interpreted by the decrease in surface hydrophilicity of the
coatings and the stabilization of ALO; layers by silanol terminal
groups of the coating materials. An alternative approach to pre-
pare environmentally benign coatings is to incorporate natural
biocides into the polymer coating matrix. Al-Darbi et al. (2002)
comparatively studied the corrosion behavior of pristine mild
steel, alkyd-coated mild steel, olive oil-mixed alkyd-coated mild
steel, and Menhaden fish oil-mixed alkyd-coated mild steel in the
SRB medium. The experimental results showed that bacteria and
biofilm were extensively attached to the pristine and alkyd-coated
mild steel surface as small clusters or bacterial colonies rather
than continuous biofilms, thus resulting in the accelerated cor-
rosion rate of localized corrosion, while an evident inhibition of
bacterial adhesion was observed on the surface-modified mild
steel with natural additives (olive oil and fish oil)-mixed alkyd
coatings. They further demonstrated that mixed natural products
(mainly fish oils) combined with oil-based coatings had a signifi-
cant effect on inhibiting bacterial adhesion and the occurrence of
biocorrosion of mild steel.

BIOCORROSION INHIBITION

USING ANTIBACTERIAL POLYMERS
CONTAINING QUATERNARY
AMMONIUM MOIETIES

As a broad category of cationic compounds, quaternary ammo-
nium compounds (QUATS) have been extensively utilized as
biocides and corrosion inhibitors, for example, being used as
inhibitors against acid corrosion of iron and steel (Frignani et al.,
1991; Tiller et al., 2002; Qi et al., 2017). The synergistic effect
between the positive QUATS ions and halide anions usually results
in an evident increasing in inhibition efficiency (Frignani et al.,
1991; Qi et al., 2017). This is attributed to the cohesive Van der
Waals’ force between the positive head group/halide ion complex
and the positively charged metal surface (Frignani et al., 1991;
Tiller et al., 2002; Qi et al., 2017). As biocides, the deactivation
mechanisms of QUATS on the bacterial cells is as follows, it can
attack the plasmic membranes of the cells, and thus resulting in
the dissolution of lipids and the release of intracellular materials
(Seter et al,, 2012). Detergent-like properties of QUATS provide
an additional protection against the formation of polysaccharidic
materials, which are released during the process of bacteria
colonization (Videla, 2002). Because QUATS have a simultaneous
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action on the corrosion inhibition and bacterial adhesion (Negm
and Aiad, 2007), they have been used as biocides to control or
inhibit biocorrosion by preventing the formation of biofilm on
the substrates (Videla et al., 2000; Lebrini et al., 2008; Badawi
etal.,, 2010). QUATS are mainly applicable to closed systems and
perform unsatisfactorily in killing sessile microorganisms within
biofilms.

To address the problem of biofilm formation, covalent grafting
of the QUATS onto the substrate surface via chemical bonds for
inactivating the bacteria during their initial attachment has been
developed, because the biofilm formation on the substrate surface
is the primary step in initiating biocorrosion. Antimicrobial lay-
ers have been successfully prepared via covalently immobilized
antibacterial polymers containing quaternary ammonium moie-
ties onto various substrates (Fan et al., 2005; Huang et al., 2008;
Yuan etal., 2009b). To covalently graft antibacterial polymers, it is
necessary to immobilize a uniform monolayer of initiators on the
metal substrate surfaces, as shown in Figure 3. The immobiliza-
tion of initiators on the metallic substrate surfaces is commonly
achieved by a direct coupling of chloromethyl-/chlorosulfonyl-
terminated silane (Yuan et al., 2009a,b,c, 2010a; Yang et al., 2014)
and bromomethyl-terminated biomimetic catechol (Koplin
et al,, 2008). Monomers containing tertiary amino groups, such
as 2-dimethylaminoethyl methacrylate (DMAEMA) and 4-vinyl

pyridine (4VP), have been extensively used in synthesizing anti-
microbial polymers via surface graft polymerization (Figure 3)
(Fan et al., 2005; Koplin et al., 2008; Yuan et al., 2009a,b,c, 2010a;
Yang et al,, 2014). As an example of water-soluble polyamine,
polyethyleneimine has not only been employed in preparing
antimicrobial coatings (Milovic et al., 2005; Huang et al., 2008;
Aguirre et al., 2017), but also been used as a corrosion inhibitor
to protect steel (Braunecker and Matyjaszewski, 2007; Kugel et al.,
2011; Rajasekar and Ting, 2011).

The conventional approaches of grafting antibacterial poly-
mers on the metallic substrates are achieved by either simple
coupling reactions or surface-initiated free-radical polymeriza-
tion (FRP). Yuan et al. (2009a,b) designed a synthetic route to
develop a thin quaternized-viologens layer on the silanized metal
surface for mitigating biocorrosion. Their experimental results
indicated that at the initial stages of exposure, the immobilized
QUATS not only exhibited a good bacterial inhibition efficiency
but also caused an evidently decreased corrosion rate of 70/30
Cu-Ni alloy specimens under the attack of marine aerobic bacte-
ria Pseudomonas NCIMB 2021. However, both the antibacterial
and anticorrosion capacities were reduced due to the gradual
damage of the thin films by aggressive ions and bacterial attack
after a long-term exposure. To further improve the antimicrobial
and anticorrosion abilities of the QUATS-containing coatings,

i) CTCS Q
H< —_— lSi—(CH;);_
M-OH
i) DOPA
——
ii) BIBB
B

4VP DMAEMA

FIGURE 3 | (A) Methods of immobilizing surface-initiators on metal surface for the preparation of functional polymer coatings by “grafting to” approach,
free-radical polymerization, and atom transfer radical polymerization [CTS: 4-(chloromethyl)phenyltrichlorosilane (Yuan et al., 2009a,b,c, 2010a), CTCS:
2-(4-chlorosulfonylphenyl)ethyl trichlorosilane (Yang et al., 2014), BIBB: 2-bromoisobutyrate bromide]. (B) Molecular structures of 2-dimethylaminoethyl
methacrylate (DMAEMA), 4-vinyl pyridine (4VP), and poly(ethyleneimine) (PEI) used in synthesis of antibacterial surfaces.
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the same research group attempted to develop antimicrobial
poly(vinyl-N-hexylpyridinium) polymer brushes via surface-
initiated FRP on the surfaces of 70/30 Cu-Ni alloys (Yuan et al.,
2009b). The quaternized P4VP brushes containing abundant
pyridinium cation moieties showed a high antibacterial efficiency
of 99% toward Desulfovibrio desulfuricans, and substantially
enhanced anticorrosion efficiency to more than 95% throughout
the exposure periods.

Despite of the successful immobilization of antibacterial
polymer coatings on metallic substrate surfaces by a conventional
“grafting to” approach, including coupling reaction and surface-
initiated free radical polymerization, these grafting techniques
cannot control and precisely design the polymer brushes in a
well-defined polydispersity, molecular weight, topography, and
surface density of functional groups. The synthesis of tertiary
amino group-containing polymers, such as PDMAEMA and
P4VP, can be accomplished by graft polymeriztion or co-
polymerizeation by using atom transfer radical polymerization
(ATRP), followed by quaternization to produce antibacterial
functionality. Surface-initiated ATRP is a newly developed
effective approach to graft functional polymer brushes with a
large thickness and a high surface density on solid substrates in
a controlled manner (Spinks et al., 2002). Yuan et al. (2009¢)
first proposed grafting of an antibacterial polymeric brushes
on the stainless steel surface to mitigate microbial corrosion
induced by SRB. As shown in Figure 4, radical polymerization of
DMAEMA monomer containing tertiary amines was performed

via surface-initiated ATRP to graft PDMAEMA brushes onto
the surfaces of stainless steel with a controlled molecular weight
and alow polydispersity. Subsequently, benzyl halide was used to
quaternize amino groups of PDMAEMA brushes for conferring
the antibacterial functionality on the surfaces of PDMAEMA-
grafted SS substrates (Figure 4, Scheme 1). Another strategy to
quaternize tertiary amino groups of PDMAEMA brushes was
carried out by covalently coupling of viologen with dichloro-
para-xylene as linker (Figure 4, Scheme 2). The antibacterial
assays demonstrated that the viologen-quaternized PDMAEMA
brushes, with a substantial increase in the surface-bearing poly-
cation concentration, exhibited higher antibacterial capability
to D. desulfuricans as compared to the quaternized DMAEMA
brushes with benzyl halide, although the latter also exhibited a
high antimicrobial capability over D. desulfuricans (Figure 5).
Moreover, electrochemical studies of Tafel plots and imped-
ance spectra demonstrated a high anticorrosion behavior of the
quaternized PDMAEMA brushes on the steel substrates against
biocorrosion by D. desulfuricans, as well as noticeable enhance-
ment in corrosion resistance by the coupled viologen layers
(Yuan et al., 2009¢).

More recently, antibacterial inorganic-organic hybrid coatings
were synthesized on the metallic substrate surfaces by a combina-
tion of layer-by-layer (LBL) self-assembly and surface-initiated
ATRP (Yuan et al,, 2010a) or a consecutive surface-initiated
ATRP (Yang et al,, 2014) to enhance the compactness of the
protective coatings and the corrosion resistance to biocorrosion.

|
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FIGURE 4 | Surface-initiated atom transfer radical polymerization of DMAEMA and subsequent quaterization of PDMAEMA using two different schemesfrom
stainless steel surfaces. Reprinted with permission from Yuan et al. (2009c). Copyright 2009 Wiley Periodicals Inc.
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As shown in Figure 6, nanostructured titanium oxide multilayers
were first constructed on the steel substrate surface by using LBL
self-assembly deposition. A subsequent immobilization of the
chloromethyl-terminated sliane on the TiO,-coated steel surface

V7ZZ) Pristine 22} SS-g-QP(DMAEMA)
L2 SS-g-QP(DMAEMA)-Viologen

Viable Cell Count
=

NN

Z
.
4

w

21
Exposure time (days)

FIGURE 5 | The number of viable Desulfovibrio desulfuricans cells adhered
on the pristine, the SS-g-QP (DMAEMA), and the SS-g-QP (DMAEMA)-
Viologen surfaces as a function of exposure time in the D. desulfuricans
inoculated SSMB medium. Reprinted with permission from Yuan et al.
(2009c). Copyright 2009 Wiley Periodicals Inc.

was performed to use as the surface initiator for initiating ATRP
of 4VP. The pendent tertiary amino groups in the side chains of
the P4VP brushes were finally quaternized by bromohexane to
give rise to antibacterial functionality (Yuan et al., 2010a). The
antibacterial and electrochemical studies showed that except
for their high antibacterial capability to inhibit bacterial adhe-
sion (or the formation of biofilm), the resulting TiO,/QP4VP
hybrid coatings could significantly increase corrosion resistance
of stainless steel coupons to biocorrosion induced by anaerobic
D. desulfuricans. The authors also claimed that the high corrosion
resistance of the prepared inorganic-organic coatings resulted
from combined protection properties of inner TiO, multilay-
ers and outer polycationic P4VP brushes. The same research
group further prepared antibacterial inorganic-organic hybrid
coatings using consecutive surface-initiated ATRP to mitigate
biocorrosion (Yang et al., 2014). The well-defined inorganic-
organic hybrid consisted of a polysilsesquioxane inner layer and
quaternized PDMAEMA outer brushes. Electrochemical results
demonstrated a dramatic increase in corrosion resistance of the
coatings for the cross-linked poly(3-(trimethoxysilyl)-propyl
methacrylate), or polysilsesquioxane, inner layers, although
the quaternized PDMAEMA outer counterpart containing
quaternary ammonium moieties can simultaneously endow
the hybrid coatings with biocidal and anticorrosion properties.
It is evident that the inner inorganic layers generally provide a
durable, compact, and corrosion-resistant coating to aggressive
electrolytes, and thereby retard the diffusion of aggressive anions
onto the metal surface.

T = = Chemisorption
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p —0—Si—0—
CuCl/CuCl,/MesTREN +

2-propanol, 6/24h, 40°C
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SS-OH Hydrolysis SS-TiO,
Drying

CH,—¢CH,~CHy—Cl

9 ©

FIGURE 6 | Process in preparing organic/inorganichybrid coatings via combination of layer-by-layer sol-gel deposition and surface-initiated atom
transfer radical polymerization of 4-vinyl pyridine. Reprinted with permission from Yuan et al. (2010a). Copyright 2009 American Chemical Society.
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CONDUCTIVE POLYMERS IN COMBATING
BIOCORROSION

Conductive polymers are now regarded as the most promising
replacement of chromate ion coatings for the control of corro-
sion due to their environmental stability, high conductivity, and
unique redox mechanisms. Many mechanisms of conducting
polymers to provide a corrosion protection ability have been
proposed, they include their role to act as barriers and inhibi-
tors, protection of anodic dissolution, and mediation of oxygen
reduction (Shi et al., 2006). Among all the conducting polymers,
polypyrrole (PPy), polyaniline (PANI), and polythiophene (PBT)
have been widely employed as anticorrosion coatings for alu-
minum, mild steel, stainless steels, copper, and its alloys. Recen-
tly, different research groups have found that PANI exhibited
the antibacterial ability against Gram-negative Escherichia
coli and Gram-positive Staphylococcus aureus (Liu et al., 2008;
Yuan et al., 2010b). It was reported that this phenomenon
was ascribed to the formation of positively charged nitrogen
due to the protonation reaction, i.e., some PANI of the emer-
aldine salt form converted to the leucoemeraldine salt form
(Shi et al., 2006). Liu et al. (2008), attempted to synthesize
conducting polymer microspheres of poly(N-methylaniline)
(PNMA) using oxidative polymerization of N-methylaniline.
The experimental results showed that the PNMA microspheres
inhibited the growth and proliferation of SRB and remarkably
reduced the corrosion rate of carbon steel. The good antibacte-
rial performance of PNMA in novolac epoxy coatings toward
SRB was ascertained as well. Owing to their good corrosion
protection ability and antimicrobial functionality to SRB,
conductive polymers are, therefore, a very promising choice for
biocorrosion inhibition.

Conventionally, the conductive polymer coatings are syn-
thesized on metal surfaces byelectrochemical polymerization.
The major concern of conductive polymer coatings prepared by
electrochemical polymerization is their poor adhesion on the
substrate surfaces. The adhesion force of conductive polymer
coatings on the metal surface depends mainly on non-specific
interactions, such as adsorption and polymer-metal complex
formation. This results in a lack of chemical stability, as well as
the reduction of barrier capability of coatings (Lv et al., 2014).
In light of this, the conductive polymer coatings have been
constructed on metal surfaces through covalent interactions
for biocorrosion protection (Videla and Herrera, 2009; Wan
et al., 2009). Wan et al. (2009) attempted to build up Ag nano-
particles (Ag Nps)-coupled bithiophene (BT) hybrid films on a
copper substrate surface to inhibit biofilm formation and the
subsequent corrosion induced by SRB. As shown in Figure 7, a
uniform monolayer of 2,2’-BT was immobilized on the copper
substrates via a self-assembly reaction, followed by grafting of
poly(2,2’-bithiophene) (PBT) films via oxidative graft polym-
erization of 2,2'-bithiophene. Subsequently, Ag* was loaded
on the PBT chains by the chemical affinity of sulfur for Ag*,
and reduction reaction was performed to convert silver ions
to silver nanoparticles (Figure 7b). The experimental results
revealed that the anticorrosion ability of the PBT films and the
antibacterial capability of the immobilized Ag NPs could be

effectively combined to inhibit SRB-induced biocorrosion on
copper substrates. The same research group further proposed
a novel environmentally benign approach to synthesize anti-
bacterial conductive polymer coatings on the surfaces of mild
steel by combination of surface-initiated ATRP and thermal
curing reaction (Videla and Herrera, 2009). The epoxy groups-
containing poly(glycidyl methacrylate) (PGMA) brushes were
first grafted from chlorosulfonyl-terminated surfaces of mild
steel via surface-initiated ATRP of GMA, followed by thermal
curing of the emeraldine (EM) salt form of PANI onto the
PGMA chains. This resulted in strongly adhered and cross-
linked PGMA-c-PANT bilayer coatings on the mild steel surface.
The PGMA-c-PANI bilayer coating was further quaternized
via N-alkylation to yield a biocidal functionality. The results
of antibacterial assay and electrochemical analysis showed that
the outer cross-linked PANI layer significantly increased the
pore resistance of the coatings, and also rendered the PGMA-
c-PANI bilayer coatings with an antimicrobial capability to
effectively inhibit bacterial adhesion. The experimental results
further demonstrated that the so-synthesized PGMA-c-PANI
bilayer coating exhibited a high inhibition efficiency (up to
95%) against corrosion induced by microorganism throughout
the exposure period. Using a similar thermally curing method,
Lvetal. (2014) fabricated poly(vinylbenzyl chloride)-PANI dual
layers to control microbially induced corrosion by SRB. PANI
layer was first thermally cured onto the epoxy groups-containing
silanized mild steel, and then thermally induced N-alkylation
of PANI was carried out by hydrophobic 4-vinylbenzyl chloride
(VBzCl) to produce antibacterial poly(vinylbenzyl chloride)-
quaternized PANI (i.e., QPANI-PVBC) bilayer coatings on the
mild steel surface. Antibacterial array results demonstrated a
dramatic decrease in live SRB cells on the as-synthesized steel
surfaces, while the QPANI-PVBC dual layer coatings conferred
high barrier capability and corrosion resistance on the surfaces
of mild steel coupons with an inhibition efficiency more than
97% against biocorrosion induced by SRB.

More recently, Yuan et al. (2012) fabricated a nitrogen-
rich dual layer coating of poly(4-vinylaniline)-polyaniline
(i.e., PVAn-PANI) on stainless steel by combination of surface-
initiated ATRP and in situ chemical oxidative graft polym-
erization. As shown in Figure 8, surface-initiated ATRP of
4-vinylaniline (VAn) was first carried out to graft PVAn brushes
onto the salinized surface of stainless steel, and then chemical
oxidative graft polymerization of aniline was performed from
the PVAn-grafted surface to form PVAn-PANI bilayers. The
as-synthesized surface was further N-alkylated by bromohexane
to generate polcationic PANI with antibacterial activity. The
antibacterial and anticorrosion performance of the quaternized
PVAn-PANI bilayers were ascertained by bactericidal array and
electrochemical studies, respectively. The experimental results
demonstrated that the as-synthesized stainless steel not only
showed high killing efficiency of bacterial attachment but also
remained stable and highly resistant under the synergistic attack
of aggressive anions (Cl~ and $*7) and D. desulfuricans. One-pot
method was designed to chemically synthesize dedoped bromo-
substituted polyaniline (Br-PANI). Epoxy resin composite coat-
ings containing 2.0 weight% of dedoped Br-PANIs (EBP) were
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FIGURE 7 | (A) Process of oxidative graft polymerization of 2,2-bithiophene (BT) from the BT monolayer-immobilized copper surface via self-assembly method,
and subsequent immobilization of silver nanoparticles (Ag Nps). (B) FESEM images of the Ag Nps-immobilized surface. Reprinted with permission from Videla

also prepared (Cai et al., 2018). Scanning electron microscopy,
organic elemental analysis, and XPS analysis demonstrated that
Br-PANIs with different Br/N molar ratios were successfully
synthesized. The anticorrosion and antifouling performances

of EBP coatings were characterized by accelerated immersion
test, electrochemical impedance spectroscopy (EIS), XPS, anti-
bacterial test, and field test. Results showed that EBP coatings
presented an excellent protection after 100 days of immersion
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FIGURE 8 | Schematic diagram illustrating the process of surface-initiated atom transfer radical polymerization of 4-vinylaniline (VAn), subsequent chemical oxidative
polymerization of aniline on the PVAn-grafted surface to generate the PVANn-g-polyaniline bilayer-coated surfaces and finally N-alkylation to give rise to antibacterial
functionality. Reprinted with permission from Yuan et al. (2012). Copyright 2012 American Chemical Society.

in a 12.0 weight% NaCl solution at 95°C. Moreover, EBP coat-  improved with the increase of the bromine content (Cai et al.,
ings had a better antibacterial and antifouling performance than ~ 2018). In conclusion, the success of biocorrosion control through
a pure epoxy coating and a dedoped PANI composite coating.  antibacterial conductive polymer coatings offers a great potential

In particular, the anticorrosion and antifouling abilities of EBP  for mitigating and preventing biocorrosion in the future.
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CONCLUSION

The mitigation of biocorrosion is mainly based on preventing
or minimizing the bacterial adhesion and the development of
biofilms, since the formation of biofilms on substrate surfaces
has been extensively considered as the primary step in initiating
biocorrosion. Besides the conventional biocide treatment and
beneficial biofilm control, polymer coating application is another
major corrosion protection strategy against biocorrosion. The
traditional polymers used in biocorrosion protection mainly
include polyurethane, silicone, epoxy resins, etc. Due to their
susceptibility to microbial degradation, antibacterial agents are
frequently incorporated into the polymer matrix to endow the
polymer coatings with biocidal functionality for avoiding the
bacterial adhesion and biofilm formation. On the other hand,
most of the traditional polymer coatings are prepared by the
approaches of dip coating or spin coating, and there are con-
cerns of adhesion between the polymer coatings and the metal
substrate surface. To improve the stability and the durability of
polymer coatings, the polymer coatings are synthesized on the
metal surface via covalent interactions. Some vinyl monomers
containing tertiary amino groups are polymerized or copolymer-
ized via a surface-initiated ATRP, followed by quaternization to
introduce an antimicrobial activity. As the grafted antibacterial
polymer coatings have a limited corrosion resistance, the inor-
ganic coatings are first deposited on the metal surface using a
LBL self-assembly deposition or a surface-initiated ATRP to
serve as the primer coating, and thus substantially enhancing
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