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Chemical corrosion and bio-corrosion in water pipelines are the most common problem
in the industry worldwide which cause damage to expensive equipment and increase
the maintenance costs. In the current study, the nanocomposite composed of ZnO
and CuO nanoparticles was successfully synthesized using brown algae (Sargassum
muticum) extract and then dispersed in polyethylene oxide polymer. The synthesized
nanoparticles were exposed to gamma radiation to reduce their particle size. The
synthesized nanocomposites were characterized using UV-vis spectroscopy, Dynamic
light scattering (DLS), X-ray diffraction (XRD), Transmission electron microscopy (TEM),
and FTIR analysis, then, the anti-biofilm and anti-adherence efficacy of nanocomposite
were evaluated. The results revealed that gamma radiation reduced the particle size of
Zn0O and CuO nanoparticles to 15 and 20 nm, respectively. Also, the results showed a
significant reduction (P < 0.001) in biofilm formation and adherence of Proteus mirabilis
(P mirabilis), Pseudomonas aeruginosa (P aeruginosa), and Staphylococcus aureus
(S. aureus) to carbon mild steel coupon C1010. In addition, from all the tested strains,
P mirabilis caused the highest bio-corrosion rate 1.5 mpy on mild steel coupon and
nanocomposite prevented its adhesion as confirmed by Scanning electron microscope
(SEM). Furthermore, the nanocomposite at 150 ppm showed the highest anti-corrosion
activity 92.3% in 1 M HCI and exhibited mix-type inhibitor (cathodic and anodic). Finally,
the results concluded that the green synthesized nanocomposite had multi-function to
be used as anti-biofilm, bio-corrosion inhibitor, and anti-corrosion.

Keywords: green synthesis, CuO/ZnO nanocomposite polymer, anti-biofilm, anti-bio-corrosion, corrosion
inhibitor, electrochemical impedance spectroscopy
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INTRODUCTION

Carbon mild steel C1010 is a preferred construction material in
many industrial and domestic applications, including oil and gas
pipelines, due to its good mechanical and chemical properties
(Palazzo, 2016). Corrosion is a worldwide economic issue that
is responsible for huge loss especially in the industrial sector
(Little and Lee, 2014). The extensive damage of corrosion cost
Egypt in 2013 was about $98.25 billion USD (Paik and Melchers,
2014). There are different types of corrosive media at which
the pipelines may suffer like salts (chloride salts), humidity or
acids i.e., HCI causes a low pH system, which determines the
corrosion degree of steel (Saab et al., 2005). Microbiologically
Influenced Corrosion (MIC) is directly related to the presence
and adherence of the microbes on industrial pipes subsequent
metal deterioration and damage as a result of microbial activities
that modify local chemistry at metal surfaces caused biocorrosion
(Gu et al., 2019). Biofilm extracellular polysaccharide substance
has sticky properties that aid the adherence to metal surfaces and
protect bacterial elimination by biocides subsequently causing
corrosion (Aruliah and Ting, 2014). The mixed culture biofilm
type showed synergistic interaction. A biofilm formed by aerobic
Pseudomonas aeruginosa encourages the formation of a locally
oxygen free shelter that enhances the growth of sulfate-reducing
bacteria (SRB) in an open-air system (Gu et al., 2019). That
clarifies the high maintenance coast of open circuit water
pipelines systems. Also the biofilm settles on the inside of the
metal pipes causing clogging and reducing the pipe’s diameter
(Li et al., 2013; Vargas et al., 2017). To diminish the problem
of corrosion either chemical or microbial, corrosion inhibitors
are one of the common treatments. This includes cathodic,
anodic protection, and surface treatments (Wei et al., 2013;
Yeole et al., 2015). Many synthetic corrosion inhibitors are
based on particular organic polymers which are used to provide
long-lasting corrosion protection. Currently, the use of green
synthesized nanomaterial as corrosion inhibitors has attracted
the field of research as they can reduce or eliminate the use of
the hazardous chemical substance, their natural origin, low cost,
and efficiency (Sharma et al., 2008). The efficient green chemistry
methods employing natural reducing, capping stabilizing agents
to synthesized nanoparticles via Sargassum muticum brown algae
is used for the green synthesis of nanoparticles as it contains
various phenolic compounds, fucoidan, steroids, terpenoids, and
flavonoids which act as reducing and stabilizing agents. Biological
approach possesses non-toxic and cheap method compared
to chemical synthesis approach. Moreover, they express active
chemical groups (e.g., NH,, CO, and CHO) which are adsorbed
on the metal surface to stimulate protection (Wang et al.,
2006; Agarwal et al., 2017). The nanocomposites based on both
inorganic nanoparticles and polymer can be prepared by the
ex-situ approach. This method is carried out by dispersing
the nanoparticles into a polymer matrix (Mufoz-Bonilla and
Fernandez-Garcia, 2012). Nanocomposites were established
excellent antibacterial activity depending on the nanoparticle size
as this parameter changes the surface area that leads to better
interaction with bacterial cells (Wang et al., 2017). The present
study utilized the merits of nanotechnology for the development

of new corrosion and bio-corrosion inhibitors. Nanocomposite
polymer (ZnO, CuO, and polyethylene oxide) prepared in
eco-friendly. The nanocomposite was designed to have multi-
function (anti-biofilm, anti-adherence, and anti-corrosion/bio-
corrosion) to protect mild steel from bio-corrosion and corrosion
in acidic media.

MATERIALS AND METHODS

Brown algae (Sargassum muticum) were kindly provided from
the Algal Laboratory of Ain Shams University which was
collected from the Hurghada coast along the Red Sea, Egypt,
and identified according to Aleem (1993). Zinc nitrate (Zn
(NO3),-6H,0); copper sulfate (CuSOy4. 5H,0) and Polyethylene
oxide 5,000,000 Mwt linear formula (-CH,CH,O-) n were
purchased from Sigma-Aldrich. Cobalt-60 gamma irradiation
was performed at the National Center for Radiation Research and
Technology, Atomic Energy Authority-Egypt.

Green Synthesis of Nanocomposite

The brown algae sample was air dried for 3 days then ground
to powder. Three grams of the dried powder was dissolved
in 300 mL deionized water (dH,O) and stirred at 120°C for
30 min. The extract was filtered using Whatman paper No.1 and
preserved at 5°C for 24 h. Exactly 70 mL of brown algae extract
was added to 30 mL/0.1 mM metal salt solution (Zn (NOj3),
and CuSOy) then the mixture was heated for 3 h with vigorous
stirring. The color change was evident for the formation of
nanoparticles. The prepared ZnO and CuO NPs were irradiated
at 50 kGy and 100 kGy, respectively (dose rate of 1.73 kGy/h), to
improve the particle size. For ex-situ nanocomposite formation,
polyethylene oxide 5,000,000 Mwt, 0.8% wt. was dissolved in
100 mL of dH,O with vigorous stirring for 30 min. Afterward,
equal volumes of the irradiated nanoparticles were dispersed
with vigorous stirring at 70°C for 4h then the formation of
nanocomposite was characterized (Hanemann and Szabo, 2010;
Tripathi et al., 2017).

Physical Characterization

UV-Visible Spectroscopy (UV-vis)

The primary characterization of the nanoparticles was done
using UV-visible spectroscopy (JASCO-Japan-model V- 560) at
a resolution of 1 nm. Nanoparticles exhibit unique and tunable
optical properties on the account of their surface Plasmon
resonance (SPR) dependent on shape, size and size distribution
of the nanoparticles. The reduction of metal ions was monitored
by determining UV-visible spectra solutions from 200 to 800 nm.

Dynamic Light Scattering (DLS)

Average particle size and Nano-sized distribution were
determined by DLS (PSS-NICOMP 380- ZLS, USA). Before
measurements, the samples were diluted 10 times with deionized
water. Exactly, 250 pL of the suspension was added to a
disposable cuvette. Five measurements were performed using 12
runs of 10 s at a temperature of 25°C for 2 min.
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Fourier-Transform Infrared Spectroscopy (FTIR)

For FTIR, the tested sample was diluted with potassium bromide
in the ratio of 1:100 and after drying (room temperature)
compressed to form a disc. The disks were later subjected to FTIR
spectroscopy. These measurements were recorded on a JA SCO
FT-IR-3600 and the spectrum was collected at a resolution of 4
cm~! in wavenumber region of 400 cm~! to 4,000 cm~!. FT-IR
measurements were done in order to obtain evidence about the
chemical group.

X-Ray Diffraction Patterns (XRD)

X-ray diffraction patterns of the nanocomposite was studied
using XRD-diffractometer with Cu target. The XRD runs drive
axis over Theta-2Theta with a scan range 10-90 Theta at a Scan
speed 8.0000 (deg/min) sampling pitch 0.02 (deg).

High-Resolution Transmission Electron Microscopy
(TEM)

A high-resolution transmission electron microscopy image of
the nanocomposite was directed at an accelerated voltage of 200
KV electron microscopes (JEM2100 LaB6, Japan). The dense
sample was dispersed in ethanol solution via an ultrasonicate and
then dropped on a copper grid coated with carbon film prior
to introducing the samples in the TEM column, the grid was
vacuum dried for 15 min.

Isolation, Purification, and Identification of Bacterial
Isolates

Water was collected from different water pipelines. The
water samples were taken using a sterile plastic bottle and
then immediately transported to a laboratory for further
investigation according to Eaton et al. (2005). The collected
samples were inoculated in a selective medium, following the
recommendations for field biological sampling, bacteria were
isolated using standard methods. The media were used nutrient
agar (Oxoid) as general media, MacConkey agar (Oxoid. No.
3) for Gram-negative bacteria, mannitol salt agar (Oxoid)
for Staphylococcus aureus and cetrimide agar (Oxoid) for
Pseudomonas aeruginosa. The plates were incubated aerobically
at 35°C for 24 h. Presumptive pure colonies were subjected to
specific preliminary and confirmatory biochemical tests. The
obtained isolates were preserved using 15% glycerol and stored
at 4°C for future use (Basu et al., 2015).

The analytical profile index (API) 20E
Supplementary Material test was performed in accordance
with the manufacturer’s protocol (BioMeriéux, Marcy I’Etoile,
France). An API 20E strip was used to identify Gram-negative
rods. Identification of Staphylococcus aureus species as well as
to other species grouped under the general term of coagulase-
negative Staphylococci. The API Staph code 20500 consists of
a gallery containing the dehydrated substrate in their bottom
for 19 different biochemical tests and one microtube as a
negative control with no substrate. By using the API index
(Specific index), the obtained number corresponds to the type of
organisms (BioMérieux Co.) referring to the Analytical Profile
Index or using the identification software.

Biofilm Detection

Tissue culture plate assay (TCP) is considered as the standard test
for the detection of biofilm formation. All strains were screened
for their ability to form a biofilm, as described by TCP, which
was done according to Mathur et al. (2006). For detecting strong
biofilm producing strains, fresh pure cultures were inoculated in
respective media (BHI Broth with 2% sucrose) and incubated
for 24h at 37°C. Then, 96 wells flat bottom microtiter culture
plates were filled with 200 pL (4.0 x 108 cells/mL) BHI broth
and incubated for 48 h at 37°C diluted cultures individually.

Nanocomposite Anti-bacterial and Minimum
Inhibition Concentration

The determination of the antibacterial activity nanocomposite
was performed according to Ruparelia et al. (2008). The pure
cultures of biofilm producer bacterial strains were used. The
examined nanoparticles were tested in vitro for its antimicrobial
activities against strains by the agar well diffusion technique.
The determination of minimum inhibition concentration (MIC)
of nanocomposite against bacterial strains using resazurin
stain as an indicator for bacterial growth inhibition of tested
nanocomposite materials according to Sarker et al. (2007).

Anti-biofilm

To evaluate the anti-biofilm efficacy of nanocomposite;
individual wells were filled with 180 wL (4.0 x 108 cells/mL)
BHI broth. Following that, 10 wL of nanocomposite (35 j1g/mL)
was inoculated in each well and incubated at 37°C for 48h.
Finally, the plates were determined with a micro-ELISA auto
reader at wavelength 620 nm. Each experiment was performed
in triplicates. The average of OD values of the sterile medium
(blank) was calculated and subtracted from all test values. The
results were interpreted according to Stepanovic et al. (2007).

Hydrophobicity Assay

The bacterial adhesion to hydrocarbon (BATH) assay was
performed according to Nakao et al. (2012). Exactly 1 mL of
toluene was added to 1mL of bacterial culture (6.4 x 108
cells/mL) with and without nanocomposite and vortexed for
2min. The OD of the aqueous phase was measured after
vortex and the percentage hydrophobicity was calculated using
the formula:

OD600 after vortex
OD600 before vortex

Hydrophobicity = [1 - X 100] (1)

Bio-Corrosion Studies and SEM Surface Analysis

In this experiment Carbon mild steel C1010 coupons were used
to determine the bio-corrosive impact of the strongest biofilm
producer strains.

Coupons Preparation

Carbon mild steel C1010 coupons with chemical composition: (C
= 0.10%, Mn = 0.45%, P = 0.04% max, S = 0.05% max) was
purchased from Nippon Yakin Kogyo Co., Ltd., Japan. Coupons
sizes (1 x 1cm and 5 mm thickness) were polished with 0.3 pm
diamond paste to get a smooth mirror finish. Coupons were
subsequently washed with plentiful water and finally rinsed with
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70% ethanol (Wadood et al., 2015). Register each coupon weight
as the initial weight. The prepared coupons were used for bio-
corrosion evaluation and surface analysis using (weight loss
method and SEM).

Weight Loss Method

According to Aruliah and Ting (2014), twelve 250 mL conical
flasks were prepared. Each flask contains a 100 mL sterile test
water sample which was previously sterilized by autoclaving
and inserted three peace of prepared coupons. Then inoculated
with 1ml (8.0 x 107) of the tested strains which previously
isolated from its water source. Each 7 days coupon was picked
to examine its weight loss measurements. Average corrosion rate
(mm/y). The control flask with 1% of nutrient liquid (Oxoide)
without bacterial inoculation. At the end of bio-corrosion time,
examine the strongest bio-corrosive strains that were selected and
subjected to SEM analysis metal surface changes. The coupons
were weighted at 7, 14, and 21 d to determine the weight loss
and corrosion rate caused by each isolate. Bio-corrosion rate of
the coupons was calculated in mils per year (mpy) following the
equation proposed by ASTM standard as follows:

W*K

Corrosion Rate (CR) = m

)
where: W = weight loss (g), K = Constant, D = density of the
metal, g/cm?, A = exposed area of coupon, cm?, and ¢ = exposed
time/days. The average weight loss and standard deviations (SD)
were calculated via the SPSS virgin 20 statistical program (Batista
et al., 2000; Moen et al., 2015).

The biofilm formation and inhibition on the C1010 carbon
mild steel coupon were performed. Polished sterile coupons
were immersed overnight in pure culture (4.0 X 108 cell/mL)
with and without treatment with nanocomposite and incubated
for different time intervals 18, 28, and 48h). The biofilm on
the coupon surface was fixed using 3% glutaraldehyde in a
phosphate-buffered solution overnight and washed with ethanol

serially (25, 50, 75, 95% concentration) for SEM examination
(Rajasekar et al., 2007).

Electrochemical Impedance Measurements (EIS)
Volta lab 80 (PGZ 402) potential with Volta master 4 software
was used to carry out the potential-dynamic polarization
and electrochemical impedance spectroscopy (EIS), at
25°C as a frequency response analyzer in a conventional
three-electrode cell system. Mild steel specimens were
acted as a working electrode (WE). A platinum electrode
and saturated calomel electrode (SCE) acted as a counter
electrode (CE) and a reference electrode (RE), respectively.
The potential/current curves were obtained by sweeping the
electrode potential at 2 mVs™! from E initial = —1,000 mV
to E final = —200mV. EIS curves were obtained by
employing frequency range was extended from 10 Kpy,
to 10 Mpy,. Impedance tests were done in 1M HCI with
and without nanocomposite inhibitor. Potential-dynamic
polarization measurements were conducted with the same
equipment used for impedance measurement leaving the
frequency response analyzer out of consideration. Data
were collected and analyzed using Corr-View, Corr-Ware,
Z-plot software.

RESULTS AND DISCUSSION

Nanocomposite Characterization

The particle size of the formed nanocomposite using a one-
step green method was in the range of 20-25nm, measured
by DLS as Figure 1a and TEM-images (Figure 1b) showed that
the nanocomposite is clear, spherical in shape nanoparticles
and was with the obtained DLS results. Control of the size
and structure of the resultant nanoparticles can be related to
the connections among bio-compounds and metal atoms (Azizi
et al.,, 2013). The nanocomposite particle size as characterized

Peak #1: Mean Diam.= 20.0 nm, S.Dev.= 1.9 nm (9.5%) Num= 100.0 %
Peak #2: Mean Diam.= 146.6 nm, S.Dev.= 0.0 nm (0.0%) Num= 0.0 %
NUMBER-WT NICOMP DISTRIBUTION
100
80
60
40
20
0
10 20 50 100 200 500 1k

FIGURE 1 | (a) Particle size distribution graph of CuO/ZnO nanocomposite polymer. (b) The TEM image of CuO/ZnO nanocomposite polymer.
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FIGURE 2 | (A) X-ray diffraction pattern of CuO/ZnO nanocomposite polymer. (B) UV-vis wavelength spectrum of CuO/ZnO nanocomposite polymer.
(C) Fourier-transform infrared spectrum of CuO/ZnO nanocomposite polymer.
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by UV-vis spectroscopy was found in the range of 250-
450nm (Figure 2B). CuO and ZnO nanoparticles displayed
an absorption band in the range of 300-360 nm. The sharp
absorption in the wavelength at 334nm clarified the basic
band absorption of ZnO/CuO crystals because of the electron
transitions from the valence band to the conduction band
(O2p-3d) associated with the surface plasmon resonance
phenomena. In a nanostructure’s aspect, the electronic states
become completely discrete, as per atoms and molecules
(Banik and Basumallick, 2017).

The XRD analysis of nanocomposite as shown in Figure 2A.
The diffraction pattern has a high peak at 30, 34, 35, 40, 47,
and 54°. The XRD patterns confirmed that ZnO and CuO
nanostructures were crystallized and the prominent peak (101)
for pure ZnO and (111) for pure CuO was selected as preferential
orientation along the c-axis. These observations proved that; the
basic crystal structure still the same, although a minor change
in intensity is detected (Azmy et al., 2014). The nanocomposite
presented high peak at 31, 34, 35, 47, 56, and 67°, ZnO peaks
appeared at 31.7, 34.4, 36.2, 47.5, 56.5, 62.8, 67.9, and 69.05°. The
CuO peak at 30-50° (Qamar et al., 2015). As shown in Figure 2C.
The wavenumber of 432.05 cm™! is assigned to the Zn-O bond
similar to the value reported by Chitra and Annadurai (2013).
The wavenumber of 524.64 and 594.06 cm-1 are assigned to the
Cu-O bond according to Karthik et al. (2011). Peaks attributed
to algae extract were also presented such as; «, B-unsaturated
ketone C=0 band at (1,730 cm™'), olefinic carbons (1,625
cm™ ), primary and secondary alcohol (1,103 and 1,033 cm™ )
as well as the peaks around 3,000 and 1,400 cm™! attributable
to aliphatic C-H stretching and bending modes, respectively
(Abboud et al., 2014).

Isolation, Purification, and Identification of

Bacteria

Out of 108 bacterial isolates from water pipelines 12 different
phenotypic bacterial isolates were selected (four Gram positives
and eight Gram negatives) based on their powerful biofilm
production. Culturing on MacConkey, cetrimide agar, mannitol
salt agar, and applying API revealed obtaining of two strains
Proteus mirabilis (P. mirabilis), six strains Pseudomonas
aeruginosa (P. aeruginosa), and four strains Staphylococcus
aureus (S. aureus).

Antimicrobial Activity of Nanocomposite
The antimicrobial activity of polymer composites based on CuO
and ZnO nanoparticles have been much less studied than those
based on silver (Palza, 2015). The prepared nanocomposite
showed high antibacterial activity against the S. aureusl, P.
mirabilis1, and P. aeruginosa2 than the rest of the bacterial strain
as shown in Figure 3, this behavior of nanocomposite is related
to synergism phenomena (Bogdanovic¢ et al., 2015). Moreover,
the capability of polymers for long-term ion release extends the
antibacterial activity of the nanocomposite. The Cu ions are able
to kill bacteria cell, the copper surfaces also exhibit lethal effects
through direct contact against bacteria (Fatundez et al., 2004).
The ZnO NPs antibacterial activity during interaction with water,
metal oxides produces reactive oxygen species (ROS) that are
bacteria killer (Bikiaris and Triantafyllidis, 2013). The majority
of bacterial strains were affected with minimum inhibition
concentration of 7 ug/mL and only two isolates P. mirabilis1 and
P. aeruginosa3, 5 with 35 ug/mL of nanocomposite (Figure 3).

20
18
16
14
124f
10

Inhibition Zone (mm)
o N & O @

P. mirabilis 1
P. mirabilis 2
S. aureus 1

S. aureus 2

S. aureus 4

P. aeruginosa 1
P. aeruginosa 2
P. aeruginosa 3

FIGURE 3 | Inhibition zone (mm) and minimum inhibition concentration (MIC) wg/ml of CuO/ZnO nanocomposite polymer against Proteus mirabilis (P mirabilis),
Pseudomonas aeruginosa (P. aeruginosa), and Staphylococcus aureus (S. aureus).

Bacterial strains | MIC
P. mirabillis 1 35 pg/mL
P. mirabillis 2 17 pg/mL
8. aureus 1 17 pg/mL
S. aureus 2 17 pg/mL
S. aureus 3 17 pg/mL
S. aureus 4 17 pg/mL
P. aeruginosa 1 | 17 pg/mL
P. aeruginosa 2 | 17 pg/mL
P. aeruginosa 3 | 35 pg/mL
P. aeruginosa 4 | 17 pg/mL
P. aeruginosa 5 | 35 pg/mL
; = = P. aeruginosa 6 | 17 pg/mL
- -
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Biocorrosion Index of Bacteria

The data clarify that the highest biofilm and bio-corrosion rate
occurred by P. mirabilis, P. aeruginosa, and S. aureus strains,
respectively. P. mirabilisl caused the highest bio-corrosion of
the mild steel coupon with a rate of 1.535 mmpy which can
be attributed to its ability to maintain enhanced local ion
concentrations and/or by creating differential aeration area on
the surface (Little and Lee, 2007). This finding was confirmed
by SEM analysis for the mild steel coupon by observing the
pores on its surface compared to the control (Figures4A,B,
5). Also, it was observed that P. mirabilis.1 formed a biofilm
layer which was detected by SEM (Figure 6). The areas under
the biofilm can become oxygen depleted which increases the
potential variation between the two sites, and subsequently
causing the rapid corrosion of the coupon (Little et al., 1991;
Jia et al., 2019).

The results in Figure 7 revealed that there was a significant
reduction (P < 0.001) in the biofilm formation with all tested
strains after treatment with nanocomposite. Joshi et al. (2017)
reported the reduction in the biofilm formation in Salmonella
typhi can be attributed to the interaction between the bacterial
cells and gold ion irradiated polycarbonate nanocomposite.

These results can be explained by the interference of the
nanocomposite with the cell surface charge and reducing the
extra-polysaccharide production, which is a very important
phenomenon for biofilm development (Smith et al., 2010). Also,
the polymer chain presented on the nanocomposite surface could
create a tightly packed, highly hydrated brush in the aqueous
environment that could repel the bacterial attachment causing
biofilm eradication and it is a representative anti-corrosion
coating (Chitra and Annadurai, 2013).

The efficiency of the nanocomposite may be referred to the
passage of nanoparticles through the bacterial cell membrane
then damaging the vital bacterial enzymes which eventually
causes its death. Additionally, it was reported that the released
copper ions can inhibit P. aeruginosa, E. coli and S. aureus
biofilms (Nan et al., 2015; Sun et al., 2015; Lou et al., 2016).

Polymer hydrophobicity plays a crucial role in the adhesion of
the bacterial cells and solid surfaces (Rosenberg and Rosenberg,
1985). The ability of bacteria to adhere strongly to hydrocarbons
correlates to its attachment to the abiotic surface (Wang et al.,
2015). So, the more hydrophobic bacteria are the stronger
biofilm and the more bio-corrosive to the surface adhered
on. The current study revealed that Gram-negative bacteria
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FIGURE 4 | (A) Weight loss (WI) of C1010 mild steel coupons incubated with Proteus mirabilis (P mirabilis), Pseudomonas aeruginosa (P aeruginosa), and
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Coupon with Proteus. mirabilis (f) Control; Coupon without bacteria.

FIGURE 5 | Bio-corrosion of different bacterial strains after 21 days (a,c) Coupon with Pseudomonas aeruginosa, (b,d) Coupon with Staphylococcus aureus (e)
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P. aeruginosa and P. mirabilis are more hydrophobic when
compared to Gram-positive bacteria S. aureus. The tested
nanocomposite presented significant anti-hydrophobicity effects
against P. aeruginosa, P. mirabilis and S. aureus as presented in
Table 1. This can be explained by the release of outer membrane
vesicles in Gram-negative bacteria causing a significant increase
in cell surface hydrophobicity and enhanced biofilm formation
(Baumgarten et al., 2012).

Energy dispersion spectrum (EDS) is the most popular
technique used for examining and analyzing the elemental
surface component of corrosion-related samples (Little and
Lee, 2007). In Figure 8 (EDS), was applied to determine the
composition of mild steel coupon coating. A visible difference
between the EDS of the coating with and without nanocomposite.
The mild steel coupon surface revealed only C and O peaks.
While the coupons treated with the nanocomposite showed C,
Zn, O, and Cu peaks. The development of some primary Zn/Cu

single crystals in the areas coated by the nanocomposite. This
result was in balance with previous studies (PraveenKumar et al.,
2012; Aigbodion and Fayomi, 2016).

Potential Dynamic Polarization
As showed in Figure 9 the polarization curves were shifted
directly to lower current densities and the corrosion rate of steel
was decreased significantly with increasing the concentration of
nanocomposite. This means that the hydrogen evolution and
dissolution reactions of the tested mild steel electrode reactions
are inhibited. The Tafel slope can be obtained by the Tafel
extrapolation method as reported previously (Lgaz et al., 2017).
The nanocomposite polymer significantly boosted the
anti-corrosive performance of such coatings on mild steel
surfaces, as shown in Table 2. This table presents the calculated
corrosion inhibition efficiency (IE%), the corrosion rate (CR)
and the current density (icorr) Were characteristically derived
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FIGURE 6 | SEM images of coupons surface after treated with CuO/ZnO nanocomposite polymer for 18 h (a), 28h (b), 48 h (c), and coupons surface after
embedded in the strongest bio-corrosive strain Proteus mirabilis1 for 18 h (a1), 28h (b1), 48h (c1), and (d), control.

from potential-dynamic polarization curves. The inhibition
efficiency was significantly high and increased by increasing
the nanocomposite concentration. The incorporation of
nanoparticles in the polymeric thin layer can significantly
progress their barrier performance by diminishing the
penetrability and twisting the diffusion path for corrosive
species such as oxygen and chloride anions (Cl™) (Cherpinski
et al., 2018). Previous studies demonstrated that; incorporation
of nanoparticles (e.g., polyaniline/ ferrite, ZnO, Fe,0s3, hallo site
clay, and other nanoparticles) into conventional polymer thin
layer also significantly increases the anti-corrosive performance
(Bian et al., 2013; Pacheco-Torgal et al., 2013).

It was notable that in the presence of the nanocomposite
the values of icorr are greatly decreased. As demonstrated in
Table 2, the value of icor in the case of the nanocomposite
is less (icorr = 0.0233 pA cm™2) than the blank (HCI)

(icorr = 0.3035 A cm™2) indicating high corrosion protection
properties. The decrease in the corrosion current indicated
the establishment of protective films on metal surfaces. The
inhibition efficiencies (IE%) can be calculated from icorr
as follows:

IE% =1— ((icorr)/(igorr))xloo (3)
where i, and icr are the uninhibited and the
inhibited  corrosion  current  densities,  respectively.
The addition of the nanocomposite to 1M HCI
solution led to a slight alteration in the values
of Ecr in the negative direction in contrast to
the result obtained in the absence of the inhibitor

(Ozcan et al., 2008).
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FIGURE 7 | Proteus mirabilis (P mirabilis), Pseudomonas aeruginosa (P aeruginosa), and Staphylococcus aureus (S. aureus) biofilm formation and anti-biofilm effect
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TABLE 1 | Bacterial strains hydrophobicity and CuO/ZnO nanocomposite polymer anti-hydrophobicity.

Bacterial strains Hydrophobicity (%) Anti-hydrophobicity in presence of nanocomposite polymer (%)
Staphylococcus aureus 1 40.53 22.23
Staphylococcus aureus 2 36.47 0.697
Staphylococcus aureus 3 90.47 3.13
Staphylococcus aureus 4 92.43 10.13
Proteus mirabilis 1 66.43 15.37
Proteus mirabilis 2 30.27 12.23
Pseudomonas aeruginosa 1 89.4 33.47
Pseudomonas aeruginosa 2 91.23 25.3
Pseudomonas aeruginosa 3 47.38 20.33
Pseudomonas aeruginosa 4 70.33 25.2
Pseudomonas aeruginosa 5 75.67 20.43
Pseudomonas aeruginosa 6 90.4 32.15

The alteration in corrosion potential values was in range
£85Mv thus indicates that nanocomposite plays a mixed
type corrosion inhibitor toward the negative direction can
be attributed to the strong influence of the nanocomposite
on the oxygen cathodic reduction. It can be concluded
that nanocomposite played as a mixed-type corrosion
inhibitor (Figure9) where anodic and cathodic reactions
were diminished by obstructing the active sites on the steel
surface (Elnaggar et al., 2015).

The electrochemical corrosion parameters such as, corrosion
potential (Ecorr), corrosion current density (Icorr), anodic (Ba),
and cathodic (Bc) Tafel lines slopes were calculated from Tafel
line fitted to the Sterne Geary equation using Gamry Echem
Analyst software and the obtained results were depicted in
the fraction of surface coverage (6) and the inhibition activity

percentage (%) according to Iy values, are calculated from the
following equations:

(4)

where, i° and i are the corrosion current densities of tested

steel prior to and after the addition of the tested nanocomposite
corrosion inhibitors, respectively, indicate that the i values are
significantly lower in the presence of the corrosion inhibitors
compared to uninhibited solution. The corrosion current density
decreases, upon incremental addition of the nanocomposite
inhibitors (25-150 ppm) and with increasing the number of
carbon atoms in the hydrophobic chain (Abd-Elaal et al., 2017).
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FIGURE 8 | Energy dispersion spectrum analysis for C1010 coupon (A) treated with CuO/ZnO nanocomposite polymer and (B) untreated.

Electrochemical Impedance Spectroscopy
EIS measurements are used to confirm the above-mentioned
electrochemical behavior and to study the characteristic
capacitive properties at the mild steel/solution interface. Also,
Figures 10, 11 represents the Nyquist and Bode plots of the
nanocomposite tested sample in 1M HCI in the absence and
presence of different concentrations. From the EIS investigation
could analyze all the diagrams obtained based on an equivalent
circuit shown in Figure 10. Rs is the solution resistance, Ret
is the charge transfer resistance, and CPE is the constant
phase element.

As shown in Figure 10 increasing the diameter of the
semicircle in the Nyquist plots leads to the higher corrosion
resistance of the surface layer. According to the Nyquist plot
for carbon mild steel in 1 M HCI, blank, containing different
concentrations of nanocomposite inhibitor (25-150 ppm) and
the data in Table 3 list the impedance parameters of the Nyquist
plots in different concentrations shows that, at a concentration
of 150 ppm, the percentages of inhibition efficiency are highest
when the charge transfer potential, Ry, was decreased also in
good agreement. In these spectra, the variation of impedance
responses of mild steel after the addition of the nanocomposite
in 1M HCI solution is remarkable. The Randles CPE circuit
was known as the equivalent circuit in our study (Figure 10).
The increased protection indicated the significant contribution
of the nanocomposite in maximizing the corrosion resistance
of mild steel in 1M HCL Also, the width of the capacitive
loop (represented as semicircles) was increased by increasing the
concentration of the nanocomposite (de Melo et al., 2013).

The polymer film behaved like a barrier against the attack
of the corrosive environment. The corresponding fitting results

are listed in Table 3, where the addition of nanocomposite
increased the R values proportional to the concentration. The
values Cg exhibited a declining tendency with increasing of
the nanocomposite concentration. The results can be explained
on the basis of the gradual replacement of water molecules by
adsorption of the nanocomposite at the steel/solution interface
and the establishment of a protective thin film of nanocomposite
on the steel surface. The inhibition efficiency (IE%) can be
calculated from the following equation:

IE% = 1 — (Rlq)/(R2¢¢) x 100 (5)
Where, Rl and R2 are the charge transfer resistances in the
absence and presence of the nanocomposite, respectively.

The data presented in Table 3, reveal that Ret values increased,
while Cqg decreased, as the concentration of nanocomposite
increase. The increasing Ret values with the concentration, lead to
reducing the exposed surface area of the mild steel electrode due
to the formation of the adsorption protective thin layer film at the
mild steel/solution interface. The Cq values decrease compared
to the untreated solution (1 M HCI) and further decrease with
the increasing the nanocomposite inhibitor concentration. This
can be described to the gradual substitution of the adsorbed
water molecules at a mild steel surface by the synthesized
nanocomposite particles, leading to the generation of a protective
thin layer film on the mild steel surface, which resists the mass
and charge transfers (Tao et al., 2012).

Bode plots of all the different nanocomposite concentration
in 1 M HCI were shown in Figure 11. it gives the simultaneous
measurement of modulus of impedance and phase angle with
respect to frequency. The barrier property of a surface coating
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FIGURE 9 | (A) Polarization curves of concentrations CuO/ZnO nanocomposite polymer inhibitor for carbon steel in 1 M HCI at 25°C. (B) The polarization resistance

can be investigated by the impedance magnitude in the low-
frequency region with 100 and 150 ppm showed the high
magnitude of impedances in this region which implies high pore
resistance toward the electrolyte diffusion. It indicated that the
presence of the nanocomposite polymer also increases the barrier
protecting the ability for thin layer film.

The most interesting result is 150 ppm because value
only decreases about 10 times from the beginning to the end

ICorr. Rate (uncoated specimen) — ICorr. Rate (coated specimen)

of nanocomposite and reach the maximum at the 150 ppm. It
can be concluded that the higher the R, the lower the steel
corrosion rate and more efficient is the nanocomposite inhibitor.
The EIS data matched with the data of Tafel techniques. The
protection efficiency (92.31%) increased with increasing the
concentration of the nanocomposite, the protection efficiency of
the nanocomposite was calculated according to Medyalene et al.
as follows; (Medyalene et al., 1995).

X100

PE% =

(6)

ICorr. Rate (uncoated specimen)

of immersion. The important changes in the shape of the Bode
plot are respected to a function of exposure and the extended
durability of the materials as demonstrated by the maintenance
of high Z-values at low frequency at 1 M HCL. As in Figure 11A
showed Rt values increased with the increasing concentration

Adsorption Isotherm

Adsorption isotherms are models used to represent the
relationship between the amount of adsorbate (molecules)
adsorbed by a given amount of adsorbent (steel surface) at a
constant temperature. Many adsorption isotherms have been
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TABLE 2 | Potential-dynamic polarization parameters for corrosion of carbon steel in 1 M HCI in the absence and presence of different concentrations of CuO/ZnO

nanocomposite polymer inhibitor at 25°C.

Inhibitor Conc. ppm —Ecorr —lcorr Rp Ya —Bc Corr rate [} IE%
(MVvs.SCE) (MAm2?)  (2.cm?) (mVdec™') (mVdec')  (mm/Y)
Blank HCI - 539.5 0.3035 79.68 107.6 1351 3.549 - -
CuO/ZnO Nanocomposite polymer 25 539.5 0.1654 239.77 137.6 121.5 1.935 0.455 455
40 514.9 0.1363 297.46 1251 1471 1.594 0.551 55.1
50 551.3 0.1035 471.52 124.4 115.6 1.210 0.659 65.9
75 513.7 0.0622 752.13 127.7 191.5 0.7272 0.795 79.5
100 532.5 0.0324 1340.36 122.3 190.2 0.3787 0.893 89.3
150 496.3 0.0233 1817.24 174.4 183.7 0.2726 0.923 92.3
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FIGURE 10 | Nyquist plot for carbon steel (C1010) in 1 M HCI containing different concentrations of CuO/ZnO nanocomposite polymer and Randle’s equivalent circuit.
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derived to explain the relationship between the surface coverage
0 and the pressure of the adsorbed molecules (Moudgil, 2010).
As shown in Figure 12, the values of AG, calculated according
to Langmuir isotherm, were negative and are w-10.95 KJ/mol at
303 K and —12.58 KJ/mol. These values indicated the adsorption
of nanocomposite to be spontaneous and occur as physically.
Generally, values of AG up to —20 KJ/mol signifies physical
adsorption while values more than —40 KJ/mol signifies chemical
adsorption (Ikpi et al., 2012). The adsorption isotherm explained
the anti-corrosion effect of the synthesized nanocomposite where
the adsorption on the metal surface blocks the active sites or
forms a protective barrier on mild steel surfaces. Khamis et al.
had reported that the anti-corrosion effect of algae extracts has
strong adsorption on the metal surface (Khamis et al., 2016).
From the calculated degree of surface coverage, it was possible
to study different adsorption isotherms. Langmuir Isotherm
Equation (7) which presented the best correlation coefficient
in order to determine the adsorption characteristics of the

nanocomposite as a corrosion inhibitor as shown in Figure 12.
C/6 = 1/Kads + C (7)

where: 0 is degree of surface coverage, C is the inhibitor
concentration and kads is the equilibrium constant of the
adsorption process.

The correlation coefficient obtained for the straight line was
0.9969 with an angular coefficient of 1.2037, suggesting the
formation of a protective monolayer on the metal surface with
a fixed number of adsorption sites. The angular coefficient is
higher than 1. This deviation of Langmuir behavior suggests that
the adsorbed molecules can occupy more than one active site
(Ripper et al., 2016).

CONCLUSION

In the present study, eco-friendly and low cost synthesized
ZnO/CuO nanocomposite polymer was successfully obtained.
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TABLE 3 | EIS parameters for corrosion of carbon steel in 1 M HCl in the absence and presence of different concentrations of the synthesized CuO/ZnO nanocomposite
polymer inhibitor at 25°C.

Inhibitor Conc. (ppm) Rg (2.cm?) Cql (WF/cm?) Rt (2.cm?) IE%
Blank - 1.319 158.1 87.89 -
Cu0/ZnO Nanocomposite polymer 25 1.653 54.23 243.3 63.88
40 1.938 40.65 291.5 69.85
50 1.694 34.49 348.4 74.744
75 2.591 28.26 433.9 79.702
100 2.785 18.56 711.7 87.651
150 3.017 11.41 1448 93.930
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FIGURE 11 | (A) Bode and Phase angle plot of various concentrations CuO/ ZnO nanocomposite inhibitor for carbon steel (C1010) in 1M HCI, (B) Plot capacity of
the double layer (Cdl) and the charge transfer resistance values (Rct) various concentrations CuO/ZnO nanocomposite inhibitor.
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FIGURE 12 | Langmuir adsorption graphs for metal dissolution in 1 M HCI with various concentrations of CuO/ZnO nanocomposite polymer.
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The nanocomposite possessed anticorrosion potential in
IM HCL The protective performance and corrosion
inhibition efficiency was 92.31%. The experimental data
fitted the Langmuir adsorption isotherm. EDX- analysis
confirmed that metal nanocomposite polymer was adsorbed
onto the metal surface and formed a protective layer that
inhibited the corrosion. Nanocomposite showed a potent

inhibitor of biofilm formation moreover antibacterial
for both Gram-positive and Gram-negative bacteria.
Also, it had an anti-hydrophobicity effect on bio-

corrosive bacteria which enhanced protection efficacy as
biocorrosion inhibition.
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