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Iron-based alloys that are ubiquitously used in industrialized societies are prone to corrosion which
results in large maintenance and repair costs. Here we design maleic-anhydride-functionalized graphene
nanofillers to enhance corrosion resistance of epoxy coating (MAGE) on mild steel surfaces, with a
corrosion protection efficiency of 99.9%. A mechanochemical approach based on Diels-Alder reaction was
used to synthesize graphene nanofillers and functionalize them with difunctional bisphenol A/epichlo-
rohydrin epoxy. The MAGE coating increased corrosion resistance of steel by 9—10 orders of magnitude
compared to bare metal in both abiotic (3.5% NaCl) and aggressive microbial (sulfate-reducing bacteria,
SRB) environments. Compared to unfunctionalized graphene nanoplatelets, the MAGE coating offered
four orders of magnitude lower corrosion resistance against planktonic SRB cells, 80% lower against
sessile SRB cells, and 19-fold lower against 3.5% NaCl. The unique functional groups in maleic-anhydride-
graphene adducts enabled their dispersion in epoxy coating and enhanced its mechanical properties. The
high corrosion resistance of MAGE in diverse environments is attributed its outstanding ability to block
the intercalation of corrosive species.
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1. Introduction

Iron alloys that are widely used in marine sector, oil and gas
industry, utilities, transportation [1,2] are susceptible to both
corrosion and microbiologically influenced corrosion (MIC) [3]. For
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example, sulfate reducing bacteria (SRB) attack steel pipelines that
represent a transmission network that carries crude oil, natural gas
as well as saline forms of oil and gas wastewater. Pitting corrosion
and MIC could cause pinhole leaks in these oil and gas pipelines
induce spills to cause negative environmental impacts [4]. While
MIC accounts for 20% of the total direct corrosion costs in the U.S
($1 trillion), SRB alone contributes to $5 billion of these costs [5—7].
Although polymers coatings work effectively under abiotic condi-
tions, they tend to fail under aqueous and microbial conditions. SRB
biofilms degrade polymers. They cause wear, surface abrasion and
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volume shrinkage, induce defects and cracks [1,6] and facilitate
seepage of corrosive ions [1,6]. It remains a long term challenge to
design a coating that works effectively in both abiotic and biotic
environments.

This study discusses an approach to introduce a network of
interconnecting filler molecules to seal inherent defects in polymer
coatings, for example those induced during the cure shrinkage step
of the fabrication process [8,9]. Commercial fillers that are typically
required at higher levels (60% v/v) could reduce tensile strength
and flexural properties of the polymers [9,10]. Here we establish
that nanofillers based on maleic-anhydride-functionalized gra-
phene (MAG) adducts (<1% v/v) (referred to as nanofillers) greatly
improve both the corrosion resistance and MIC resistance of epoxy
coatings without compromising their functional strength. Such
functionalization strategies decrease the surface energy of gra-
phene and improve their dispersion in base polymers [10,11]. They
can also tune surface roughness, wettability and antibacterial
properties of metal surfaces and control the biofilm growth [12,13].

The edges of graphene could be anchored with functional
groups via non-covalent or covalent methods to enable dispersion
of graphene in base polymers [14,15]. The non-covalent methods
involve m—m interactions or ionic interactions while covalent
methods involve chemical functionalization. Non-covalent
methods retain the structural quality of pristine graphene, but
they are not necessarily suitable for biological applications [10].
Chemical functionalization strategies entail use of toxic chemicals
(e.g., ammonia) [16,17].

Earlier studies have used Zn [18], Ag—TiO; [19] and graphene
oxide [20] as the nanofillers to enhance biocidal activity [21] and
antibacterial properties [22] of polymers. Such polymer composites
could resist the adhesion of bacterial cells [ [20,23,24]]. To the best
of the authors’ knowledge, none of these nanofillers were explored
for use in MIC applications. Furthermore, the use of mecha-
nochemically exfoliated graphene proposed in this study were
never considered for tuning MIC resistance of polymers. Here we
establish that epoxy coatings modified with 0.25% wjw of MAG
nanofillers (herein referred as MAGE coating) protect mild steel
exposed to SRB which are widely implicated in MIC.

We present a facile ball milling process for mechanochemically
exfoliating graphene particles and simultaneously functionalizing
them with maleic anhydride. This process operates under ambient
conditions and it obviates the use of harsh chemicals such as hy-
drazine hydrate typically used for exfoliating graphene. The MAGE
coatings could prevent abiotic corrosion as well as MIC, without the
need for biocides used to control growth of SRB cells . Such coatings
can be expected to offer life cycle analysis (LCA) sustainability
benefits [25]. Our earlier study demonstrated that graphene-poly-
mer coatings that obviate the use of biocides could reduce the
negative impacts (e.g., global warming, carcinogenicity and eutro-
phication potential) [26].

We used maleic anhydride as a dienophile to mechanochemi-
cally cleave inexpensive graphite substrate (diene) into MAG ad-
ducts which were dispersed in a cycloaliphatic amine curing agent,
and finally mixed with bisphenol A/epichlorohydrin derived liquid
epoxy resin to obtain MAGE coatings [27]. The carbonyl and hy-
droxyl in the MAG adducts enabled their dispersion in the epoxy
matrix. The modulus and hardness values of MAGE were 6.3%
higher compared to bare epoxy. We used electrochemical tests to
demonstrate that the MAGE coating on mild steel enhances
corrosion resistance by nine to ten orders of magnitude compared
to uncoated steel and by five-fold compared to epoxy-coated steel,
under both abiotic and biotic conditions. The MAGE coating offered
high corrosion protection efficiency (99.9%) when compared to
epoxy coating (91%), even after 40 days of continuous exposure to
SRB biofilms. The resulting imide functional groups in MAGE

enhanced its moisture barrier properties and overall hydropho-
bicity [2]. Microscopy tests, MD simulations and electrochemical
impedance spectroscopy analysis confirm that MAGE forms an
impermeable barrier on mild steel to protect it against aggressive
metabolites.

2. Experimental section
2.1. Materials

Maleic anhydride, graphite and methanol used to synthesis
MAG were purchased from Sigma Aldrich and they were used
without further treatment. The cycloaliphatic amine (EPIKURE™
Curing Agent 3387) and difunctional bisphenol A/epichlorohydrin
epoxy resin (EPON™ Resin 828) were obtained from Hexion
(Houston, Texas). AISI 1018 mild steel (Fe: 99.72%; C: 0.21%; Mn:
1.03%; Si: 0.2%; Ni: 0.06%; Cu: 0.17%; and Al: 0.03%) were purchased
from McMaster-Carr was used as the working electrode in all of the
corrosion tests. The electroplating mask used to limit the working
electrode exposure area to 1 cm? was obtained from Gamry In-
struments (990—00254). The silicon carbide papers used for pol-
ishing mild steel from 240 up to 1200 grit was obtained from Page
technologies (SIP—P08C).

2.2. Synthesis of MAG adducts and MAGE mixture

The MAGE was synthesized using a two-step process (Fig. 1a and
b). MAG adducts were prepared by ball milling the maleic anhy-
dride and graphite particles (1:2 w/w) at 500 rpm for 48 h in a
vacuumed ball mill (Fig. 1a). The resulting MAG adducts were
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Fig. 1. (a) Synthesis of maleic-anhydride-functionalized graphene (MAG) nanofillers
via ball milling of graphite in presence of maleic anhydride. An insitu Diels—Alder
reaction between graphene edges (diene) and maleic anhydride (dienophile) yielded
MAG nanoplatelets. (b) Preparation of MAGE coating and its application on mild steel.
MAG nanoplatelets (0.25 wt %) dispersed in cycloaliphatic amine was mixed with
difunctional bisphenol A/epichlorohydrin derived liquid epoxy resin to form MAGE
mixture. The MAGE mixture was left in vacuum drier to remove air bubbles before it
was coated on the mild steel coupon. The MAGE coated mild steel was left in a
desiccator for 7 days before carrying out microbial corrosion test mechanochemically
driven solid-state Diels—Alder reaction between in situ generated active carbon spe-
cies by ballmilling in the presence of a specific dienophile, maleic anhydride (MA) or
maleimide.
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washed with methanol to separate the unreacted graphene from
the functionalized graphene. The MAG powder (0.25 wt %) was
then mechanically mixed with 5 g of cycloaliphatic amine curing
agent for 5 min. The resulting mixture was dispersed in 5 g of
difunctional bisphenol A/epichlorohydrin derived liquid epoxy
resin by mechanically stirring the two components for 5 min to
obtain MAGE. The epoxy mixture (a control for MAGE) was ob-
tained by mechanically mixing difunctional bisphenol A/epichlo-
rohydrin derived liquid epoxy resin with cycloaliphatic amine
hardener (1:1) for 5 min. The MAGE and epoxy mixtures were
treated individually in a vacuum oven at room temperature for
2 min to remove any air bubbles.

2.3. Application of MAGE and epoxy coatings on mild steel

MAGE or epoxy coatings were applied on the surface of 1018
mild steel (MS) using a high precision baker film applicator (Elc-
ometer Model 3525) set to a thickness gap of 30 pm (Fig. 1b). The
coated samples were dried at 25 °C for 7 days in a desiccator prior
to their use in corrosion tests. The MAGE and epoxy coated mild
steel surfaces are herein referred as MAGE-MS and epoxy-MS,
respectively.

2.4. Characterization

The graphite and as-synthesized MAG were characterized using
Powder X-ray diffraction (PXRD) (Rigaku Ultima IV) and the XRD
data was processed using the PDXL2 software. The samples were
further characterized using Fourier transform infrared spectros-
copy (FTIR) (PerkinElmer) in the spectrum range of
400—4000 cm™! using the KBr pellet method discussed elsewhere
[27]. The FTIR spectrum data was processed using the Spectrum 2
software.

The morphology of MAG fillers was evaluated using a Zeiss
Sigma scanning electron microscope (SEM). Prior to the observa-
tion, 5 mg of the MAG samples were dissolved in 10 mL of hexane,
drop casted on a clean silicon wafer and finally dried at room
temperature. The dried samples were rinsed in hexane and air-
dried before placing it in Zeiss Supra 40 SEM. Transmission elec-
tron microscope (TEM) was used to further assess the topography,
lateral size and the number of layers of the MAG sheets. TEM
analysis was carried out by placing a drop of MAG/methanol
dispersion on to a carbon-coated 200 mesh copper grid.

The dispersion of the MAG fillers in epoxy was qualitatively
assessed using TEM analysis. The MAGE and epoxy samples were
first cut into sections (70 nm thick) with an ultramicrotome (RMC
Powertome XL). The TEM images of the cross-section were acquired
using a JEOL JEM-2100 LaB6. Thermogravimetric analysis (TGA, Q
400; T.A instruments, New castle, DE) was used to study thermal
stability of the epoxy and MAGE coatings in a nitrogen atmosphere.
TGA analysis was carried out in the temperature range of
29 °C—720 °C and with a ramp rate of 10 °C/min. Raman spectra
was used to analyze graphite and MAG samples using ffTA
Foram x3 module (Foster + Freeman Ltd, Evesham, UK) with a lens
magnification of 5x, a laser excitation wavelength of 638 nm,
incident power of 10 mW and in the spectral range of
400—-3700 cm™ . The wettability of the MAGE and epoxy coatings
was evaluated by a contact angle goniometer (Model 500, ramé-
hart Instrument Co.). The water droplets were analyzed by DROP-
image Advanced v 2.4 software to estimate the water contact
angle. The nanoindentation experiments were carried out using an
MTS Nanoindenter® XP with a load and displacement resolution of
0.05 pN and 0.01 nm, respectively. A standard diamond Berkovich
indenter with a half angle of 65.35° and tip radius of 150 nm was
used. Multiple indentations were performed at the rate of 5 mN/s

up to a maximum load of 75 mN, held for 15 s and then decreased to
zero at the same rate.

To observe the biofilm on the surface of coated samples, a fix-
ation protocol described in our earlier study was used prior to the
SEM examination [5]. Energy dispersive spectroscopy (EDS) (Ox-
ford Aztec Energy advanced system) analysis was used to obtain
chemical composition of the biofilm and associated corrosion
products. The corrosion products were characterized using an
Ultima-Plus X-ray diffractometer (XRD, Rigaku, Japan) and the data
were analyzed using the Jade 7.5 software.

2.5. Incubation of sulfate reducing bacteria

The growth procedures described in our earlier studies [6] were
used to preculture Desulfovibrio alaskensis G20 in sterilized Lactate
C medium consisting of the following constituents (g/L): sodium
lactate, 6.8; sodium sulfate, 4.5; sodium citrate, 0.3; dehydrated
calcium chloride, 0.06; ammonium chloride, 1.0; magnesium sul-
fate, 2.0; potassium phosphate monobasic, 0.5 and yeast extract).*8
The media was sterilized in an autoclave at 121 °C for 30 min.
Cultures were grown in 150 mL sealed serum bottles containing
100 mL of the sterilized L-C media and N,—O; headspace (9:1 v/v).
D. alaskensis cultures were incubated at 30 °C and with an agitation
speed of 125 rpm for 48 h using an orbital platform shaker.

2.6. Corrosion tests and microbiologically influenced corrosion
experiments

All corrosion experiments were carried out in a three-electrode
corrosion cells using the Lactate C medium containing Desulfovibrio
alaskensis G20 as the electrolyte (biotic) and 3.5% NaCl as the
electrolyte (abiotic). Silver/silver chloride/saturated KCl (Ag/AgCl)
was used as the reference electrode, and graphite plate as counter
electrode. Standard microbiology practices and sterile techniques
discussed in our earlier study [6] were used to carry out the MIC
experiments for 40 days.

2.7. The electrochemical measurements and calculations

A Gamry Reference 600 potentiostat was used to carry out the
linear polarization resistance (LPR) tests and EIS experiments after
achieving a stable open circuit potential (OCP). LPR tests were run
in triplicates with an applied voltage of +10 mV (vs. OCP) and at a
scan rate of 0.125 mV/s. The slope of the current-versus-voltage
curve was used to calculate the polarization resistance (Rp). The
Rp was then used in the Stern-Geary equation to determine the
corrosion current (icorr) USing equation (1), and corrosion rate using
equation (2).

. Babc 1 B
icorr =—2C _x ——— = — 1
" Ba+6c) 23Ry Ry M
where Ba and Pc are the anodic and cathodic Tafel constants,
respectively and were obtained from Tafel analysis; and B is the
Stern-Geary coefficient.

K.EWicorr

qA (2)

Corrosion rate (mpy) =
where EW and d are the equivalent weight (25.12 g/equivalent) and
density (7.9 g/cm?) of mild steel respectively, A is the exposed
sample area in cm? and K is the conversion factor (1.288 x 10° milli-
inches (A-cm-year)) to obtain the corrosion rate in mpy. The EIS
tests were carried out in the frequency range of 100 kHz to 10 mHz
with signal amplitude perturbation of 10 mV. The impedance data
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were analyzed using Gamry Echem analyst software.

2.8. Molecular dynamic (MD) simulations

We used a Forcite module in the Materials Studio 2018 program
to carry out MD simulations and probe the structural basis for the
stability of MAG. The Condensed phase Optimized Molecular Po-
tentials for Atomistic Simulation Studies (COMPASS) forcefield
technology was used to conduct geometric optimization of MAG
obtained via Diels-Alder reaction.

3. Results and discussion
3.1. Synthesis and characterization of MAG

Fig. 1a and b depicts the facile route used to synthesize MAGE
coating. The graphite along with maleic anhydride was ball milled
to promote the Diels-Alder [4 + 2] cycloaddition reaction. The ball
milling enabled an in-situ exfoliation of graphene nanoplatelets
(conjugated diene) from the graphite, broke the edges of the carbon
rings to yield active sites for anchoring maleic acid functional
groups (dienophile), and ultimately bonded the 4 wt-electrons of the
conjugated diene with 2 m-electrons of the dienophile.

The MAG samples were characterized using SEM, TEM, PXRD,
FT-IR and Raman. The SEM tests were used to compare the surface
topography of pristine graphite with MAG. The graphite sheet
shows a smooth surface without any corrugation (Fig. 2a). In
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contrast, the MAG exhibit a rough texture (Fig. 2b) in the form of
wrinkles and corrugations, primarily due to stacking of exfoliated
graphene sheets (Fig. 2b inset). The higher resolution TEM tests
were used to assess the lateral size (Fig. 2¢) and thickness of MAG
nanofillers (Fig. 2d). The lateral size of MAG sheets ranged from
0.6 um to 1.5 um (Fig. 2c) and the average thickness was 3.95 nm
(Fig. 2d). These dimensions are smaller compared to the lateral size
of graphite flakes (500 pum). The visible and clear rings in selected
area electron diffraction pattern (inset of Fig. 2c¢) confirm the
presence of crystalline multilayered graphene. These results imply
that the graphitic planes were reduced to multilayered graphene
sheets during the ball milling process.

Fig. 2e reveal the powder X-ray diffraction pattern of the MAG
particles. The spacing between graphene layers (~1.72 A,
20 = 26.7°) in MAG matches with the parent graphite, which cor-
roborates the multilayered morphology of exfoliated graphene. The
intensity of these reflections is lower than that of pristine graphene,
reflecting the smaller dimensions of the ball-milled MAG particles.
A phase with a smaller distance between the graphene planes
(1.62 A, 206 = 28.4°) in MAG confirms the hydrogen bonding be-
tween the carboxy-groups formed during hydrolysis [28].

The functional groups in MAG were identified using FT-IR
spectroscopy (Fig. 2f). The strong absorption at ~1700 cm™! is a
characteristic of the stretching C=0 vibration which occurs below
the characteristic value of the anhydride (1758 cm™!). This result
points to the hydrolysis of the anhydride ring. The moderate band
at 1758 cm~! refers to the remaining anhydride moieties. The
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Fig. 2. Characterization of Maleic anhydride functionalized graphene (MAG). SEM micrographs for (a) pristine graphite and (b) MAG. The inset SEM image shows stacked sheets
of graphene in MAG. Scale bar: 500 nm. TEM micrographs of (c) MAG and its corresponding electron diffraction pattern (inset) (d) the cross-section of MAG. (e) Powdered X-ray
diffraction pattern shows a characteristic peak of graphite at 20 = 26.50 for (002) plane having a d-spacing of 3.37 A and another characteristic peak at 20 = 540 for (004) plane
having d-spacing of 1.69 A. (f) The full FTIR spectra of MAG shows a strong band at 1570 cm-1 which is characteristic for C=C bond stretching at the edge of graphene.(g) Raman
spectra for MAG showing higher D band intensity compared graphite confirming the higher degree of functionalization. (A colour version of this figure can be viewed online.)



590 G. Chilkoor et al. / Carbon 159 (2020) 586—597

absorption band at ~3098 cm~! characterizes C (sp?)-H stretching
vibrations and points out that certain maleic-anhydride-acylated
OH groups are available at the oxidized edges of MAG. We did
not observe any signs of multiple reflection characteristics that are
typical to maleic anhydride [29]. The C (sp?)-H stretching bands
pattern for maleic anhydride is significantly different compared to
MAG. A series of bands observed at 1200-1285 cm™! (different
compared to maleic anhydride) signifies the presence of C—O
bonds.

Raman spectra in Fig. 2g confirms the presence of graphene in
MAG. As expected, the graphite samples display the typical lower
intensity D band (1326 cm™!) along with a G band (1570 cm™ " and
2D band (2680 cm™!). A strong D band intensity at 2670 cm ™' for
MAG suggests it is characterized by enhanced edge defects. The Ip/
I ratio [14] for MAG (1.21) is 3.2-fold higher than pristine graphite
(Ip/Ig = 0.37), suggesting the formation of covalent bond and non-
covalent complexation [16]. The functionalization of graphene
edges occurs via covalent functionalization (cycloaddition) while
that of the basal plane favors noncovalent complexation [16]. The
MD simulation tests presented in the supporting information
confirm that the cycloaddition reaction occurs at the armchair
edges versus the basal graphitic plane (Figs. S1-3) [27].

3.2. Characterization of MAGE coating

As shown in Fig. 1b, the MAG adducts were mixed with the
amine hardener prior to its incorporation in the epoxy resin. An
interfacial reaction between the nitrogen atom in the amine group
(of the amine hardener) and carbonyl group (of the MAG) promoted
the formation of the imides (N—C=0 and C—N groups) [30]. The
curing process enabled a cross linking reaction between the imide-
functionalized MAG containing amine groups and epoxide groups
of epoxy resin. As reported in ref [31], the IR analysis does not
necessarily capture the undetectable levels of the imide grafts,
especially due to the low levels of MAG (0.25 wt %) used to modify
the epoxy. However, a study by Zabihi Omid et al. confirmed that
MAG reacts with amine groups to form the imides group [31]. Such
imide groups increase the hydrophobicity of polymers coating [32].
We have observed that MAG nanofillers enhanced hydrophobicity
of epoxy coating, inferring the formation of the imide groups
[32,33]. As discussed in the latter sections, the hydrophobic MAGE
coating was characterized by enhanced MIC resistance.

TEM images shows homogenously distributed aggregates of
MAG in the epoxy matrix with a lateral size of 0.5 pm—3 pm
(Fig. 3a). The absence of voids indicates its favorable interaction
with epoxy. The SAED in the inset of Fig. 3a confirms the presence
of multilayered graphene in the MAG aggregates. The SEM images
in Fig. 3b and c shows the surface and morphological characteristics
of the epoxy-MS and MAGE-MS substrate respectively. The inset
images in Fig. 3b and c shows the optical images of the cross section
of epoxy-MS and MAGE-MS. It is evident from the cross-sectional
images that the MAG is well-layered in MAGE-MS. These results
confirm that the ball milling process yielded functionalized gra-
phene edges and forms MAG adducts that disperse in the epoxy
matrix without forming agglomerates [27]. This finding is note-
worthy considering the previously reported agglomeration issues
when graphene fillers were dispersed in base polymer matrix [34].

To assess if the MAG nanofillers enhance the thermal stability of
epoxy coatings, we compared the results of the TGA analysis for the
MAGE and epoxy at 120 °C to 700 °C (Fig. 3d). The upper ceiling for
this temperature range is three-fold higher than the boiling point of
epoxy coatings (177 °C). As such this TGA analysis reveals the true
contributions of the MAG nanofillers to exceptional performance of
MAGE coatings. As shown in Fig. 3d, the MAGE is thermally stable
compared to neat epoxy, evident from the lower weight loss at

400—-550 °C and higher char yield (15%) at 700 °C. Both MAGE and
epoxy remained stable below 120 °C. However, unlike epoxy
coatings, the MAGE exhibited an initial weight loss at 100 °C and
400 °C due to the thermal decomposition of the functional groups,
corroborating the presence of the edge functional groups in MAGE
[27].

Nanoindentation testing confirmed that the MAG nanofillers
increased the mechanical properties (hardness and modulus) of the
epoxy coatings (Fig. 3e). The analysis using the Oliver and Pharr
method revealed that at maximum load the average values of
modulus and hardness of the MAGE coating were 3.93 GPa and
148 GPa, and that of epoxy were 3.83 GPa and 138 GPa. These re-
sults show that MAGE registered an increase of at least 6.3% in both
the modulus and hardness values.

Contact angle measurements for epoxy-MS and MAGE-MS
confirm that MAG fillers enhanced the hydrophobicity of epoxy
coatings (Fig. 3f). Hydrophobic surfaces are typically characterized
by water contact angle values greater than 90° [4]. The water
contact angle for MAGE-MS (90° + 2) was 10° and 19° higher
compared to epoxy-MS (80 + 2°) and bare MS (71 + 2°), respec-
tively. The enhanced hydrophobicity is due to the formation of
imide group during the reaction between MAG and epoxy [9].

3.3. High performance MAGE coatings for protecting mild steel
exposed to SRB biofilms

We assess the MIC resistance of MAGE coatings on mild steel
exposed to biogenic sulfide corrosion effects of Desulfovibrio alas-
kensis G20. The performance of MAGE-MS was first compared with
bare mild steel. As shown in Fig. 4a, the MAGE-MS stayed intact
even after 40 days of continuous exposure to SRB-G20 while the
bare mild steel exhibited distinct signs of corrosion. The SEM im-
ages of the exposed bare mild steel (Fig. 4b) showed clusters of rod-
shaped SRB-G20 cells and their biofilm, while MAGE-MS did not
show any signs of biofilm attachment. The MIC resistance of MAGE
coatings was quantitatively established using both the potentio-
dynamic polarization tests and EIS analysis. Fig. 4c show the
potentiodynamic polarization curves of the bare mild steel and
MAGE-MS after 40 days of exposure to SRB-G20. Based on the Tafel
fit, the corrosion current densities (icorr) and corrosion rates (mpy)
for MAGE-MS (135 x 10- pA cm™2; 55 x 10~® mpy) were three
orders of magnitude lower compared to uncoated MS (302x
1073 pA cm~2; 123 x 103 mpy) (Fig. 4c; Table S1). The corrosion
potential (Ecorr = 400 mV), the intercept of the anodic and cathodic
regions of the plot (Fig. 4c) was also more positive for MAGE-MS
compared to bare mild steel. The higher the positive value of E¢orr
the lower is the corrosion susceptibility. These series of results
confirm that MAGE coatings inhibit iron dissolution from the mild
steel surfaces exposed to SRB-G20.

After quantitatively elucidating corrosion rates, the EIS tech-
niques were used to investigate the microbial corrosion protection
mechanisms of MAGE coating (Fig. 4d). As shown in the Bode
impedance plots and phase angle plots, MAGE-MS exhibits higher
charge transfer resistance and phase angle compared to uncoated
MS. This finding provides a first line of evidence to establish barrier
properties of MAGE coatings. The absolute impedance modulus at
low frequency of 0.01 Hz (|Z|o.014z) Was five orders of magnitude
higher for MAGE coatings compared to the uncoated MS. The ab-
solute impedance is the square root of the sum of squares of real
impedance (Z;) and imaginary impedance (Z;) (Equation (3))
[35,36]. The phase angle at the higher frequency for MAGE-MS
was —60° while the uncoated MS exhibited a phase angle of 0° af-
ter exposure for 40 days (Fig. 4d).
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Fig. 3. Characterization of maleic anhydride functionalized graphene -epoxy composite (MAGE). (a) TEM image show dispersion of MAG in epoxy matrix. Inset confirms
graphene layers in MAGE as represented by the electron diffraction pattern with a 2 d value of 5.83 [1/nm] which corresponds to a d-spacing of 0.34 nm. SEM images of coated
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MAGE compared to epoxy (at maximum load). The inset shows the three nanoindentation marks on the epoxy and MAGE samples (f) Contact angle measurements shows that MAG
nanofillers yield hydrophobic MAGE coatings. (A colour version of this figure can be viewed online.)

Zinod = \V Z% + Zi2 (3)

The EIS results suggest that the protective mechanism of MAGE
coating is due to its resistive and capacitive behavior.

3.4. MAG nanofillers enhance barrier properties of epoxy coating
exposed to SRB

To assess the contribution of MAG nanofillers to the exceptional
barrier property of MAGE coating, we compared the MIC resistance
of MAGE coating with its commercial counterpart namely epoxy
coatings. We evaluate the temporal performance of the two coat-
ings for nearly 40 days of continuous exposure to the biogenic
sulfate reducing conditions. To enable a fair comparison, both the
coatings were obtained at an identical thickness of 30 um. The
following results generated from the two different techniques
establish the superior MIC resistance of MAGE coating compared to
commercial epoxy coatings.

The nobler open circuit potential values of MAGE-MS (Fig. 5a)
compared to epoxy-MS indicate that the MAG nanofillers at a low
loading rate (0.25 wt%) have effectively improved the MIC resis-
tance of epoxy coatings. As shown in Fig. 5a, the MAGE-MS display a
nobler potential compared to epoxy-MS throughout the 40 days of
SRB biofilm experiments. The peak value of the OCP for MAGE-MS
(—200 mV vs. Ag/AgCl; obtained on day 40) was more positive
compared to the least value of the OCP for epoxy MS (—655 mV vs.
Ag/AgCl; observed on Day 1).

We used the non-destructive LPR technique for discerning the

instantaneous corrosion kinetics at the MS/coating/biofilm/elec-
trolyte interface. The MAGE-MS displays (Fig. 5b) lower corrosion
rate compared to epoxy-MS throughout the temporal scale. For
example, the corrosion rates of MAGE-MS on day 40 (2.62 x 10~*
mpy) was 22 times lower compared to epoxy-MS (5.76 x 1073
mpy). These findings imply that the uniformly dispersed MAG
fillers with high surface area-per-unit-volume eliminating poten-
tial voids in epoxy coating and enhanced its barrier properties.

3.5. Microbial corrosion product analysis

To characterize the SRB-G20 biofilm and corrosion products on
the epoxy-MS and MAGE-MS, we used SEM, EDS and XRD to carry
out their postmortem analysis after 40 days of the exposure. The
lower and higher magnification SEM images (Fig. 6a, c¢) for epoxy-
MS show existence of dense rod-shaped SRB-G20 cells along with
the corrosion products (FeS) which appear as the white deposits
(Fig. 6a). In contrast, the MAGE-MS surfaces (Fig. 6b, d) did not
develop any detectable levels of SRB-G20 biofilm and corrosion
products. We highlight that the hydrophobic MAGE coatings
discouraged attachment of SRB-G20 with a hydrophilic cell mem-
brane [37—40]. Hydrophobic coatings reduce the contact area be-
tween the biological electrolyte and the coated surface.

To assess the nature of the biofilm-corrosion matrix, we ob-
tained an EDS map for the region identified in the SEM images
(Fig. 6e and f). The epoxy-MS surface (Fig. 6e) was characterized by
higher levels of Fe (42.4%) compared to MAGE-MS (0.9%) (Fig. 6f).
This result suggest that the MAG fillers minimize the diffusion of
Fe?* ions on to the metal surface. This result also matches with the
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lower R. and higher capacitance values for the epoxy-MS from the
EIS analysis, which is attributed to lower resistance to diffusion of
corrosive ions. The sulfur peaks in EDS analysis indicates presence
of biogenic hydrogen sulfide which dissociate to release protons
(reaction 1) and increase the cathodic reduction kinetics or diffuse
through the coating and react with Fe® to form iron sulfide

(Equation (2)) [41].
H,St + 2e” — Hy + 2HS (1)

Fe?* + H,S — FeS + 2H* (2)

3.6. Protective mechanisms of MAGE coatings

The MIC protection mechanisms of MAGE coatings in microbial
environments were investigated using electrochemical impedance
spectroscopy. Fig. 7a—c and Figs. S4a and b shows the Bode
impedance and phase angle plots during the immersion period of
40 days. A time dependent variation of Bode plot captures the effect
of SRB-G20 biofilm formation on the MIC resistance of the MAGE
coating. In a Bode plot, the impedance value at the low frequency (|
Zlo.o1 Hz) region gives a semi quantitative estimation of coating’s
barrier performance. MAGE-MS exhibited higher |Z|p 01 g values
compared to epoxy-MS throughout the exposure times. The |
Zloo1 1z on day 1 for MAGE-MS (1.725 x 10'°) was 10-fold higher
compared to epoxy-MS (4.118 x 10°) (Fig. 7a). On day 20 (Fig. 7b)
and day 40 (Fig. 7c), the |Z|o.01 yz values for MAGE-MS was at least
two-orders of magnitude lower compared to compared to epoxy-
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as conductive coating. (A colour version of this figure can be viewed online.)

MS.

Bode phase angle plots was further analyzed to understand the
barrier coating performance of MAGE-MS. Bode phase angle plots
reveal that MAGE-MS maintained a single broad phase angle curve
extending from medium frequency range (10°—10% Hz) to high
frequency range (10°—10° Hz) throughout the exposure time sug-
gesting a robust coating (Fig. 7a,b,c). Generally, the onset of coat-
ings failure would show distinct phase angle maxima evolving
additional peaks with exposure time. The epoxy-MS showed a
single broader phase angle plot on day 1 which later evolved into
three narrowed phase angle maxima starting from day 10 revealing
the onset of coating degradation. Starting day 30, the phase angle
for epoxy-MS showed a an additional phase angle maxima peak in
the high frequency range suggesting diffusion of ion transport
(HS™) through the epoxy coating. The phase angle plots revealed
that MAGE nanofiller strengthened the barrier capability of epoxy
coating.

To further discern the mechanism of corrosion protection
offered by the MAG nanofillers, the Bode data were analyzed with
an electrical equivalent circuit (EEC) (Figs. S5a—c) fitting method.
The EEC circuit for both epoxy-MS and MAGE-MS consisted of
electrolyte resistance (Rg), constant phase elements representing
the coating capacitance (Qc), the coating resistance to the electro-
lyte (R¢), the constant phase element (CPE) double layer between
the steel/electrolyte (Qq;) and the Faradaic charge transfer resis-
tance (R¢) across the steel/electrolyte interface. The epoxy-MS
included additional elements of diffusion resistance (Rgiff), CPE
diffusion element (Qgiff) and a finite Warburg resistance (W). We
used CPE to account for the heterogeneities offered by the biofilm

and corrosion products on the coated steel surface [42]. The
capacitance (C.) was determined based on the value of Q. using
equation (4) based on the parallel resistance method [6,45]. Similar
equation was used to calculate the double layer capacitance (Cq)
using values of Qg.

Ce=Re /" Q" (4)

where n represents the exponent in the constant phase element.

A qualitative analysis of EEC gave information on different
electrochemical processes occurring at the steel/coating/electrolyte
interface. The behavior of MAGE-MS adhered to a two-time con-
stant resistance (R)-capacitance (C) circuit (as shown in Fig. S5a)
throughout the exposure time. However, the circuit elements for
epoxy-MS varied for different exposure times (Figs. S5b and c)
indicating gradual deterioration of the coating. The EEC for epoxy-
MS evolved from the two-time circuit on day 1 (Fig. S5a) to three-
time constant circuit on day 10 and 20 (Fig. S5b). For day 30 and 40,
the EEC included a Warburg diffusion element (Fig. S5¢) account for
the diffusion of corrosive ion (HS™ and H™) through pores of the
epoxy coating.

Next, we compared the total corrosion resistance
(Reorr = Re + Ret) of MAGE-MS and epoxy-MS obtained from the EEC
fitting analysis (Fig. 7d). The R. values indicate resistance against
ionically conducting pathways in the coating while the R is the
resistance against charge transfer occurring at metal interface.
Higher values of Reor implies lower susceptibility to corrosion. The
MAGE-MS consistently showed higher Reo compared to the
epoxy-MS throughout the 40 days of exposure. For example, on day
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Fig. 7. Electrochemical impedance spectroscopy establishes superior microbial corrosion resistance mechanism of MAGE coatings. Bode plots for the epoxy and MAGE coated
carbon steel coupons on (a) day 1 (b) day 20 and (c) day 40 using an applied sinusoidal AC potential of 10 mV and in the scanning frequency of 0.01—10> Hz. The Bode phase angle
plot for epoxy-MS showed significant variation in time constants after 10 days of exposure to SRB-G20. However, MAGE-MS showed two-time constants throughout the exposure
period. Temporal data shows lower capacitance and higher corrosion resistance values for MAGE-MS compared to epoxy-MS indicating lower water diffusion through the coating
and higher faradaic resistance at metal-coating interface. (d) Corrosion resistance (Rcor). (e) Coating capacitance and (f) Double layer capacitance (Cq;).Proposed corrosion protection
mechanism for MAG nanofillers in epoxy coating. (g) Epoxy-MS and (h) MAGE-MS. Epoxy coating develop porosity during curing. The MAG nanofiller disperses uniformly in the
epoxy matrix filling the defects such as voids and cracks which occurs during the curing process. Additionally, the high aspect ratio of MAG nanofillers reduces the use of filler to a

low loading of <1 wt%. (A colour version of this figure can be viewed online.)

1, the Reorr for MAGE-MS was 410% higher compared to epoxy-MS;
on day 10, 20 and 30, the Reo values for MAGE-MS maintained at
least two orders of magnitude higher corrosion resistance; and
finally on day 40, the Reo for MAGE-MS was four orders of
magnitude higher (Fig. 7d). The goodness of fit for the values ob-
tained from EEC fit shows Chi-square (X?) in the range of
1.25 x 1072 t0 8.8 x 10~% The Reo,r values were further utilized to
calculate the coating protection efficiency (using equation (5)) of
MAGE-MS and epoxy-MS. The coating protection efficiency of
MAGE-MS was 99.9% while the epoxy-MS registered only 91.1%.

. R —R
Coating protetcion efficiency = (Reorr coated = Reor pare) X100

Rcorr,coated
(5)

Next, we compared the temporal values of C. and Cq; for the
MAGE and epoxy coatings (Fig. 7e and f). These parameters repre-
sent the water uptake and thus their ability to allow permeate
electrolytes onto the underlying steel surface [6,42]. A higher
coating capacitance is typically characterized by higher volume
fraction of water and higher diffusion kinetics [43,44]. Equation (6)
allows the visualization of coating capacitance (Cc) as a function of
the exposed coating area (A), coating thickness (d), dielectric con-
stant of the medium (¢) the and free space permittivity (eo).

C.— ee:j;A (6)

The C. offered by epoxy-MS was an order of magnitude higher
compared to MAGE-MS (Fig. 7e and f). Further, the temporal profile
of C. for epoxy-MS exhibited significant variations (e.g., 0.9 nF/cm?
on day 1-15 nF/cm? on day 10) (Fig. 7e). In contrast, MAGE-MS
displayed a consistent C profile (0.01 nF/cm? on day 1 to 0.15 nF/
cm? on day 40) (Fig. 7e). At end of the experiment on day 40, the C,
of MAGE- MS was 98% lower compared to epoxy-MS, implying that
MAGE constitutes a barrier against potential corrosive metabolites
(HS™ and H'). The Cq of MAGE-MS was also two orders of
magnitude lower throughout the experiment. Unlike epoxy-MS,
the MAGE-MS displayed a consistent temporal profile for Cg
(Fig. 7f). These results confirm that the interconnected network of
MAG fillers remained in the exposed epoxy matrix remained in tact
[8,9].

Fig. 8b depicts an overview of the protection mechanisms
offered by MAGE. Briefly, SRB adheres to the epoxy on steel and
forms a biofilm (Fig. 8a). The microenvironment in the biofilm al-
lows SRB to thrive and produce biogenic metabolites (HS~ and H)
that attack the underlying steel substrates. These metabolites
typically diffuse through the micropores and defects such as cracks
of the epoxy and reaches the steel surface. In case of MAGE, the
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Fig. 8. Proposed corrosion protection mechanism for MAG nanofillers in epoxy
coating. (a) Epoxy-MS and (b) MAGE-MS. Epoxy coating develop porosity during
curing. The MAG nanofiller disperses uniformly in the epoxy matrix filling the defects
such as voids and cracks which occurs during the curing process. Additionally, the high
aspect ratio of MAG nanofillers reduces the use of filler to a low loading of <1 wt%. (A
colour version of this figure can be viewed online.)

MAG molecules interconnect within the epoxy and form a barrier
against corrosive metabolites. The high aspect ratio of MAG fillers
yielded a higher epoxy-MAG interfacial area to create a tortuous
pathway to retard diffusion of corrosive ions and prevent them
from reaching the steel surface.

3.6.1. Barrier properties of MAGE in aggressive abiotic conditions
(3.5% Na(Cl)

To further corroborate the barrier properties of MAG nanofillers,
we assessed corrosion resistance of MAGE on mild steel in 3.5%
NaCl compared to epoxy coating. The thickness of both the coatings
was limited to 30 um. These tests established that MAGE out-
performs epoxy coating under abiotic conditions, as shown below:
(i) the OCP for MAGE-MS (—-327 mV vs. Ag/AgCl) was nobler
compared to epoxy-MS (—479 mV vs. Ag/AgCl) (Fig. 9a); (ii) the
corrosion rates of MAGE-MS (0.01 mpy) was 28- fold lower
compared to epoxy-MS (0.28 mpy) (Table 1); (iii) the charge
transfer resistance of MAGE-MS was two orders of magnitude
higher compared to epoxy MS (obtained by fitting an EEC to the
Bode plot; Fig. 9b and c, Table 2). The overall corrosion resistance of
MAGE-MS was 10-fold higher compared to epoxy-MS.; and finally
(iv) the coating capacitance (C.) of the MAGE, which represents
ionic pathways in coatings, was two-orders of magnitude lower
compared to epoxy-MS (Table 2). These results confirm that MAGE
coatings offer excellent corrosion resistance to mild steel in abiotic
conditions as well as in aggressive microbial environments.

3.6.2. Outstanding performance of MAG nanofillers vs.
unfunctionalized graphene fillers

We carried out additional PDP and EIS tests to assess corrosion
resistance offered by maleic-anhydride-graphene adducts (vs
unfunctionalized graphene nanoplatelets) to epoxy coatings on
mild steel. We assessed and compared corrosion resistance of the
MAGE-MS with graphene-epoxy (GE)-MS in three diverse envi-
ronments, including planktonic form of SRB-G20, sessile form of
SRB-G20 (Fig. S6; Table S2-S5) and 3.5% NaCl (Fig. S7;
Tables S6—S7). The maleic-anhydride-graphene nanofillers out-
performed unfunctionalized graphene nanoplatelets in the
following manner: (i) in planktonic SRB-G20 cells, the corrosion
rates of MAGE-MS (37 x 10~® mpy) were four orders of magnitude
lower compared to GE-MS (119x 103 mpy); (ii) in the sessile SRB-
G20 cells, the corrosion rates for MAGE-MS (4.8 x 10~ mpy) were
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Fig. 9. Superior performance of MAGE coatings compared to epoxy coatings exposed
to 3.5% NaCl. The thickness of epoxy and MAGE coatings was ~30 pm. (a) Potentio-
dynamic polarization plots for epoxy-MS and MAGE-MS in a potential range of
+250 mV from open-circuit voltage; and (b) Bode magnitude plots for epoxy-MS and
MAGE-MS. Electrochemical impedance spectroscopy was carried out using a sinusoidal
AC potential of 10 mV and in the frequency range of 0.01-10°> Hz. (c) Electrical
equivalent circuit used to fit the Bode plot consisted of two pairs of resistance (R) and
capacitance (C) elements connected in parallel. The first RC circuit consists of coating
resistance (Reoat) and a constant phase element to model coating capacitance (Qcoat)-
The second RC circuit consists of charge transfer resistance (R¢t) and constant phase
element to model double layer capacitance (Qq).

Table 1
PDP parameters for epoxy-MS and MAGE-MS in 3.5% NaCl in 3.5% NaCl after
achieving steady-state OCP conditions (t = 50 min).

Sample Ecorr (MV) icorr (NA-cm™—2) Corrosion rate (mpy)
Epoxy-MS —479 693 0.28
MAGE-MS -327 32 0.01

80% lower compared to GE-MS (2.5 x 10~4 mpy) and (iii) in abiotic
3.5% NaCl, the corrosion rates of MAGE-MS (0.01 mpy) was 19-fold
lower compared to GE-MS (0.19 mpy).

4. Conclusions

This work demonstrates use of maleic-anhydride-
functionalized-graphene nanofillers for enhancing corrosion
resistance of polymer coatings under abiotic conditions as well as in
aggressive microbial conditions. We demonstrate a viable route to
mechanochemically exfoliate graphite into graphene particles and
functionalize their edges with maleic anhydride. Based on TEM,
nanoindentation and electrochemical tests, the current study es-
tablishes following benefits of the MAGE coatings: the carbonyl and
hydroxyl groups in the MAG adducts enable their dispersion in
epoxy matrix, addressing typical dispersion challenges with
unfunctionalized graphene platelets; the MAG nanofillers enhance
the tensile and hardness property of epoxy coatings; and impor-
tantly, the imide groups in MAGE offers superb barrier properties
against intercalating corrosive species into epoxy coating. All of
these benefits clearly evident from the outstanding ability of MAG
nanofillers in epoxy coating to effectively resist corrosion of mild
steel under both abiotic and biotic conditions. The proposed
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Table 2

EIS parameters for epoxy-MS and MAGE-MS in 3.5% NaCl obtained after achieving steady-state OCP conditions (t = 50 min).

Sample Reoat (Q cm?) Cc (Fem ~2) Ret (Q cm?) Cai (Fem —2) corr = Re + Re (Q cm?)
Epoxy-MS 1.38 x 10° 1.27 x 10797 1.71 x 10* 3.81 x 10°% 1.55 x 10°
MAGE-MS 6.63 x 10° 2.56 x 10799 8.39 x 106 3.72 x 1077 9.05 x 10°

method is beneficial as it uses inexpensive graphite materials, mild
processing conditions (ball milling) and obviates the need for harsh
chemicals used in the typical solution-based exfoliation methods.
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