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Abstract

Issues regarding corrosion have become a substantial source of expenditure for oil and gas industries.
Apart from that, oil spillages resulting from leakages in pipelines pose severe environmental
challenges, such as pollution and fire outbreaks. A36 LCS is commonly used for fabricating oil and
gas pipelines, due to its availability and cost. The aim of this study was to deposit Zn-MgO-xC, CC
on A36 LCS substrates, to improve their CRS in acidic media, through the ED route. AW corrosion
determination technique was used for determining the developed coatings CR. The CC surface
morphology and phase evolution were determined by OPM, SME and X-RD. The results showed
that all the developed CC offered lower CR values than that of the A36 LCS substrate, which was
5.4392 mm/y. Sample D4 (20 g Zn and 20 g MgO-C,) had the lowest CR value of 0.7199 mm/y,
corresponding to a coating E of 86% on the substrate. Finally, among the developed coatings, sample
E1l (Zn and 20 g MgO) gave the highest CR values of 2.1030 mm/y, with an E value of 61%. The
study showed that the CC were able to form protective barriers on the substrate in the corrosive media.

Keywords: CC, NP, substrates and corrosion.

Introduction®
A36 LCS has a low carbon content in the range from 0.25 to 0.29. It is employed in
several engineering applications, because of its good mechanical strength, great

* The abbreviations and symbols definitions lists are in page 311.
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availability and low cost [1-5]. It has been reported that the majority of the oil pipeline
networks for petroleum products transportation in Nigeria are made of LCS [6-7].
However, due to the chemical nature of the fluids transported by these pipelines, and
to the environment that surrounds their installation, the chances of corrosion are high.
A36 LCS has been reported to severely corrode in highly acidic, salty, and alkaline
environments, making it a subject of interest for most material experts [7-10]. Related
to the issues of substantial sources of expenditure for the oil and gas industries,
especially in Nigeria, which is the leading oil producer in Africa, there are reports that
they are being affected by consistent supply disruptions, due to oil spillages [8].
Although many of the spillages are due to pipeline vandalism, their majority results
from corrosion in most of the pipelines sections [6-7]. The effects of these spillages,
such as environmental pollution, loss of human lives and properties damage, cannot
be overemphasized [6-8]. This is why experts are in continuous search for
technological advancements in this area, which will reduce the corrosion trend of A36
LCS, among other materials.

Several methods have been developed and reported for LCS corrosion control and
prevention in different media. Among these methods, metal surface modifications, in
the form of CC, have been reported as effective [9-10].

CC applications are one of the surface modifications in practice, and, in recent times,
they have been effectively used for enhancing LCS external and structural integrity
[9-11]. However, a CC must stick to the substrate, so that it may reach maximum E%.
The coating must also have good throw power and edge coverage [10, 12]. There are
different methods employed in surface coating technology. Laser, plasma, electroless
and SG coatings, hot dipping and electrolytic deposition, etc., have been reported as
successful surface modification methods [9]. However, studies have also shown that
coating by the ED route is cost-effective, easy to use, and offers high deposition rate
[12-13]. The coating produced by the ED process is more homogenous, and has less
defects than those produced by other processes. ED is an Ec process employed for
materials surface modifications. During ED, the coating(s) layer(s) are deposited on a
substrate, through Ec reactions occurring at the electrode/electrolyte interface [14].
Such layers are deposited on the substrate material, in order to improve its CRS,
electrical, magnetic, mechanical, thermal and aesthetic properties. The ED process
can be performed using DC or PC. In the DC method, electrical current is
continuously applied, while, in the PC technique, it is swiftly alternated between two
different current values. Parameters, such as bath temperature, agitation, contents,
concentration, pH, I and deposition time, play vital roles in ensuring good coating
deposits on the substrates [13-14].

Furthermore, various organic and inorganic materials have been deposited on LCS
surfaces. Zn is highly demanded for this purpose, due its useful sacrificial features, and
formation of protective barriers between the substrate and the corrosive environment.
Nevertheless, Zn still decomposes in service, especially with high temperatures and in
acidic media [10-11]. This is why Zn coatings have been further modified with other
organic materials, such as ceramics, metallic oxides and polymers, etc. These materials are
dispersed in aqueous solutions of Zn salts, and used at their nanoscales, in order to obtain
excellent coatings with incredible mechanical and CRS properties. Zn-ZnO-SiO> nano CC
development on a MS substrate by ED means was reported by Rezaee N. et al. [15]. Using
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PDP technique, they have studied the coatings corrosion behaviour in a 3.65% NaCl
medium. The developed coatings improved MS CRS properties over those of the
uncoated substrate. In a separate study by Odetola P. et al., TiO2 NP were co-deposited
with Zn on a sulphate bath (pH 4.5), using the ED technique [11]. The coatings
corrosion behavior was assessed by Ec polarization, impedance and AL methods. TiO>
incorporation in the coating led to an improvement in the CC CRS property, as
compared to the pure Zn coatings. In their study, Lei T. et al. have developed nano
crystalline Zn3(POs)2 coatings on a MS surface, using ZnO NP. PDP and Ec impedance
studies were carried out in a 3.5% NaCl solution. The results showed that the developed
CC yielded a greater 0, and had higher CRS than that of the MS substrate [16]. Also, in
a research by Jinxia M. et al., low temperature Zn3(PO4)2 conversion coatings were
formed on a MS substrate [17]. In that study, PDP was used to evaluate the phosphated
samples corrosion behaviour in a 3.5 wt% NaCl solution. The results showed that the
phosphate coating CRS was significantly enhanced.

In a study reported by [18], an MgO coating was deposited, by anodic ED, on an Mg
alloy, for its corrosion protection, in a 6 M KOH solution. PDP measurements showed
that MgO protective coatings improved Mg alloy CRS properties, compared to the bare
metallic Mg.

Zn coatings with a blend of biopolymers and metallic oxide NP deposited on MS
substrates have never been reported in any study. Presently, there are few studies on
bio-C ED, despite its potential [19], which forms the basis of the present research.
The most abundant and readily available biopolymer, currently in use for material
properties modification, is C [20-26]. It has been widely used in areas, such as
electrically conductive coatings, heavy metals removal and adsorbent materials,
because of its renewable, mechanical and CRS properties, and environmentally
friendly characteristics [20-23]. C, particles have been successfully co-deposited, in
separate, on Ni, Cu, Ag and In O3 [20-25].

The aim of this study was to deposit Zn-MgO-xC, fibres on A36 LCS substrates in
acidic media, for their improved structural and CRS properties, through DC ED route.
AL technique was used to determine the deposited coatings CR values. The CC
surface morphologies and phase evolution were determined by SME and X-RD,
respectively. C, fibres were extracted from Hibiscus cannabinus, and mixed in
different proportions with MgO NP. MgO has excellent thermal and CRS properties
[27-28]. Also, C, fibres possess incredible mechanical and CRS properties [20-26].
The combined qualities of these NP were expected to improve the substrate (which is
commonly applied in pipeline installations in the Nigerian oil and gas industries) CRS
properties.

Experimental methods

The experimental techniques adopted in this study are in line with procedures outlined in
highly rated journals and standard codes. The employed materials and chemicals included:
a 30 x 20 x 4 mm Zn bar (MW = 65.38; purity = 99.9%; mp = 420 °C; and bp = 907 °C);
200 g MgO nanoparticles (MgO = 99.5%, CaO = 0.3%, Cl1=0.02%, Na =0.02%
and SO4 = 0.16%; particle size = 20 to 80 nm; mp = 2800 °C; bp = 3600 °C); analytical
grade ZnCl, (MW = 136.29 and purity = 98%); glycine; and thiourea. All chemicals
were sourced from a chemical vendor in Ibadan, Nigeria. Also, about 150 g N¢ fibers
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(crystallinity index = 74%; size = 10 to 50 nm; and C content = 95%) were sourced from
the Agricultural Research Institute in Nigeria. 20 g each of MgO NP were mixed with
different proportions (from 5 g to 20 g) of C, fibres, with 10% acidic ionic liquid,
using a homogenizer [15-16]. This mixture formed the NP blend that was employed
in the study. The substrate, A36 LCS (0.24 to 0.30% carbon) was purchased from a
steel distributor in Agbara, Lagos State, Nigeria.

Bath contents and deposition

A36 LCS samples, with the chemical composition shown in Fig. 1, were polished with emery
papers up to 600 grits, in order to erase any existing impurities in them, and to provide mirror-
like scale free defects. They were then cut into sections of 50 x 20 x 2 mm, degreased in
trichloroethylene, rinsed in water, and activated by immersing them in a 10% HCl solution, for
10 s. The bath contents were made of analytical grade chemicals and distilled water: ZnCl,
glycine, thiourea, MgO NP and C, fibres (100, 10, 10, 20 and 5 to 20 g/L, respectively).
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Figure 1. C, molecular structure.
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NP composition and applied voltage are shown in Table 1.

Table 1. NP composition.

Voltage

Experiment no. NP blend V) Sample ID
1 20 g MgO-5 g C, 0.3 Dl
2 20 g MgO-10 g Cq 0.3 D2
3 20 g MgO-15 g C, 0.3 D3
4 20 g Mg0-20 g C, 0.3 D4
Control 2 20 g MgO 0.3 El
Control 1 a-r substrate A

The pretreated substrate and the 99.9% Zn bar were prepared as cathode and anode, respectively.
The immersion depth and distance between the anode and cathode were kept constant. The bath
solution was heated and maintained at 40 °C, in order to admix and allow for the particles
dissolution. It was then continuously stirred with a mechanical stirrer, up to 1000 rpm, so as to
achieve electrolytes uniformity. The deposition was carried out with NP varying concentrations,
of 5.5 pH, at a set potential of 0.3 V and a constant I of 2.0 A/cm?, for 20 min. After deposition,
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the samples were rinsed in distilled water, for 5 s, and then dried at air. The most distinguished
step in this study was to admix Zn with various quantities of 20 MgO-xC, particulates, to form
thin CC on the substrates. The NP coordination with metal ions was produced by the anodic Ec
oxidation, which enabled them to be deposited on the electrode. The deposition mechanism was
attained by the incorporation of 20 MgO-xC, composites weight fractions in the Zn?* basic
electrolyte [9-11].

CR analysis of the developed CC and substrate

The corrosion behavior of the developed CC and substrate was studied by the AL
technique. This was done at room temperature, in a 1 M HCl medium. The adopted
procedures were in line with ASTM G1-03 (standard practice for preparing, cleaning
and evaluating corrosion test specimens) and ASTM G31-72 (standard practice for
laboratory immersion corrosion testing of metals). Coupons measuring 1 x 1 cm were
weighed with a high precision Mettler Toledo analytical balance, before and after
immersion in the corrosion medium, for 720, 1440, 2160 and 2880 h. The coupons
were then removed, rinsed with water and acetone, and dried. The difference in
weight was taken and recorded. Equation 1 was then used to calculate the samples CR
(mm/year).

_ 8.76x10* AW
PAT

CR (D

where p = sample density (g¢/mm?), A = exposed area (cm?) and T = exposure time (h).

E(%)=(1—CCRRC)><100 . )
C
0=01- gRC). (3)

According to [5-7, 29], equations 2 and 3 were used to compute E% values and the
developed coatings 6. CRc and CR are the corrosion rates with and without the
coatings (i.e. the substrate), respectively.

Samples characterization

The developed coatings and substrate microstructures were obtained via an OPM,
with a 10X magnification. This was done after the corrosion analysis. Also, a
TESCAN SME, at a magnification of 1000X, was used to determine the developed
coatings and substrate surface and internal morphologies, in terms of grains
refinement and uniformity. The samples phase evolution and crystallographic
parameters were measured with an X-RD, and their phase presence and quantification
were determined by matching them via an X’PERT high-score software equipped
with a PDF4/ICDD database (Table 1).
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Results and discussion

Characterization of the developed CC

Fig. 2 shows the SEM/EDS spectra of the a-r A36 LCS substrate. It is seen that carbon
content (0.26%) falls within the acceptable values for steel. The spectra were also
devoid of any coating deposits, as they were expected to appear, after the actual ED.

" Spectrum 61
w% o

C
Fe
Cu

Spectrum 61
+

20um
Figure 2. SEM/EDS spectra of the a-r A36 LCS.

Fig. 3 shows the SEM/EDS spectra of the developed Zn-MgO-xC, particles coatings.
The spectra were taken prior to the corrosion study. All the coatings had good
adherence, proper uniformity, and were free from porosity. The coatings also
displayed good edge protection and throw power, which promoted and enhanced their
structural integrity and performance [10, 29]. However, samples D4 showed better
coatings attributes. This may be attributed to the NP blends increased concentration
in the bath, as they were more dispersed and deposited on the substrate [12-13].

B Spectrum 15
w% o

Figure 3. SEM/EDS spectra of the developed Zn-MgO-xC, CC.

Fig. 4 denotes the SEM/EDS spectra of the control sample 2, coated with the Zn-MGO
blend only.

The structure reveals a good coating adherence, edge protection and throw power, but
with less fine grains, compared with the Zn-MgO-xC, coatings.
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Figure 4. SEM / EDS spectra of the developed Zn-MgO CC.

Again, XRD spectra of Zn-MgO-xC, coatings, as shown in Fig. 5, presented evidence
of phase evolutions, indicating crystallized Zn, C II and periclase (which is a form of
MgO) peaks. The crystallized C II occurred at the 20° diffraction peak and 002

crystallographic plane.
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Figure 5. XRD spectra of the developed CC.

Studies have shown that the crystallized forms of C appear as alpha or beta (C I and
C10) [24].

Periclase is also seen as one of the phases evolved in the XRD spectra, occurring mainly
at the 43° diffraction peak, with 200 crystallographic planes. Zn had the most active
phase, with more peaks than the others, and this is due to the fact that its based anode
was employed in the study. The phase presence in the coatings was further affirmed by
EDS spectra. All coatings developed from the Zn-MgO-xC, particles had Zn, Mg, C
and a small percentage of O and H in their compositions. C, O and H contents may have
come from the Cyparticles used [28]. Samples E1 (control samples 2), only coated with
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MgO nanoparticles, were mainly composed of Zn and Mg. XRD spectra (Fig. 5) also
confirmed the phase presence in the samples. It can be seen that MgO (periclase) and
Zn were the most evolved phases in the coatings.

CC corrosion study
Corrosion data results for the substrate and developed coatings are presented in Tables

2 and 3.

Table 2. Corrosion data of the substrate and developed coatings.

Time 720 h 1440 h 2160 h 2880 h Aver.
Sample AW CR AW CR AW CR AW CR CR
ID (4] (mm/y) (4] (mm/y) ((4) (mm/y) ® (mm/y)  (mmly)

D1 0.1192  1.8437 0.2280 1.7701 0.3201  1.6535 0.4141 1.6034 1.7177
D2 0.0921  1.4213 0.1700  1.3214 0.2521  1.2994 0.3261  1.2645 1.3267
D3 0.0551 0.8515 0.1061  0.8241 0.1550 0.7981 0.1891  0.7341 0.8020
D4 0.0511  0.7860 0.0941  0.7310 0.1350  0.6984 0.1712  0.6641 0.7199
E1l 0.1400  2.1752 0.2750  2.1288 0.3981  2.0591 0.5291  2.0490 2.1030
A 0.4330 6.7124 0.8650  6.7022 0.8660  4.4740 0.9983  3.8681 5.4392

Table 3. Coatings E% and 6.

Samples 0 E%
D1 0.68 68
D2 0.76 76
D3 0.85 85
D4 0.86 86
El 0.61 61

It can be seen that CR values decreased for all samples, as the coupons exposure time
in the corrosive media increased. CR values also decreased with the increase in the
NP blends concentration in the coating bath. The CR values are functions of the
corresponding AW, which was higher for all samples as the exposure time was
increased (Fig. 6).
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Figure 6. AW rate for all samples after exposure in the corrosive media.
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The a-r samples AW started decreasing after 1440 h of exposure, but later increased
after 2160 h of exposure. This may not be unconnected with the substrate passivation
tendencies [1-7]. All the developed CC, as seen from the tables, offered lower CR
values than those of the a-r samples. This is due to the fact that the coatings reduced
the ions penetration from the corrosive media into the LCS sites active positions.
Again, the results showed that sample D4 (20 g Zn and 20 g MgO-C,) had the lowest
average CR value of 0.7199 mm/y, while the a-r samples had an average CR value
0f'5.4392 mm/y. The coatings offered 6 of 0.86 and E of 86% to the substrate. Among
the developed coatings, the highest CR value of 2.1030 mm/y, with 6 of 0.61 and E
of 61%, was obtained by sample E1 (20 g Zn and MgQO), which served as one of the
control samples (see Table 3). The corrosion mechanism in this study was generally
accompanied by HER, resulting in the substrate dissolution [29]. The samples anodic
dissolution in the media depended on the cathodic reactions shown in equation (4).

2H{ ) 426 6 Hygyorrensneressssesssssessssssness @).4)

(aq)

Hence, the anodic reaction involved the samples dissolution, in order to balance the
charge, as shown in equation (5), with the overall reactions in equation (6).

Fe,, < Fe(aq) F 26 e (5).(5)

Fe+2H" < Fe™ 4+ Hyuoooooeeeeeeeeeeeeeeeee e, 119

Once the samples came in contact with the corrosive media, the ions migrated from the
metal surface to the bulk of the solution, which resulted in corrosion. However, this
migration was blocked by the protective Zn-MgO-xC, and Zn-MgO coatings on the
substrates, thereby hindering a further reaction between the samples and the corrosive
media. This effect significantly lowered the substrates samples CR. The coatings E% may
be traceable to chemical affinities of its reactive atoms, such as Zn, Mg, O and C, with
the LCS surface, thus preventing the attack by CI [20, 29].

Fig. 7 shows the substrate (A) and the developed CC OPM images. They were taken
after the samples were exposed to the corrosive media.

Figure 7. OPM images of all samples after exposure in the corrosive media.
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It can be seen in the images that the a-r sample suffered massive corrosion caused by
the attack from the corrosive media. The corrosive products formed on the LCS
surface were more numerous than those seen on the developed coatings surfaces. In
fact, few pitting corrosion spots were seen on the developed coatings surfaces,
especially on sample D4 (20 g Zn and 20 g MgO-C,). This may be connected with the
fact that the sample showed better coating adherence, throw power and edge coverage,
as revealed from SEM spectra. Studies have shown that coatings with adequate throw
power, adherence and edge coverage offer wonderful performances during service
[12].

Conclusion

Zn-MgO-C, CC were successfully deposited on the A36 LCS substrates by ED
route. The coatings showed good uniformity, coating adherence, edge coverage
and throw power. This is the reason why they had lower CR values than those
from the substrate employed in the study. Sample D4 (20 g Zn and 20 g MgO-
Cu) had the lowest CR value of 0.7199 mm/y, corresponding to an E of 86% on
the substrate. The study has shown that the coatings were able to block ions
migration from the substrate to the corrosive media, thereby hindering a further
reaction that would have resulted in uncontrolled metal dissolution. This effect
significantly lowered CR values and improved CRS properties of the substrate
commonly applied for pipeline installations in the Nigerian oil and gas
industries.
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Abbreviations

a-r: as-received

bp: boiling point

C: cellulose

CaO: calcium oxide

CC: composite coatings

C.: nanocellulose

CR: corrosion rate

CRS: corrosion resistance

DC: direct current

E%: protection efficiency

Ec: electrochemical

ED: electrodeposition

EDS: energy dispersive spectroscopy
HCI: hydrochloric acid

HER: hydrogen evolution reaction
I: current density

In203: indium oxide

KOH: potassium hydroxide

LCS: low carbon steel

MgO: magnesium oxide

mp: melting point

MS: mild steel

MW: molecular weight

NaCl: sodium chloride

NP: nanoparticles

OPM: optical microscopy

PC: pulse current

PDP: potentiodynamic polarization
SEM: scanning electron microscopy
SG: sol-gel

SiQz: silicon dioxide

SOy: sulphate ion

TiO;: titanium dioxide

X-RD: x-ray diffractometry
Zn-MgO-xC,: zinc-magnesium oxide-nano cellulose
Zn3(POy4)2: zinc phosphate

ZnO: zinc oxide

Symbols definition
AW: weight loss
0: surface coverage
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