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Nanofibers with inorganic nanoparticles are novel hybrid nanocomposites that have great potential in
various areas. In the present study, cellulose acetate nanofibers (CA-Nf) loaded with biogenic silver
nanoparticles were prepared and characterized. In situ synthesis of silver nanoparticles was
accomplished using a bacteria free solution as a reducing agent. Nanofibers incorporated with silver
nanoparticles were fabricated using the electrospinning technique. Upright microscopy and SEM
micrographs depicted that the CA-Nf coatings consist of dense and compact entangled nanofibers that
completely cover the copper surface. Corrosion measurements were performed by potentiodynamic
polarization measurements and electrochemical impedance spectroscopy (EIS) techniques on the bare
copper and CA-Nf and CA-Nf_5% AgNp coated copper surfaces in artificial seawater (ASW) and
Escherichia coli ATCC 13883 inoculated solutions. Weight loss and electrochemical corrosion test results

revealed that the CA-Nf-coated copper had greater corrosion resistance than bare copper. The
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Accepted 27th October 2020 additional electrospun CA-Nf_5% AgNp coating also had greater antibacterial behavior toward model

biofilm bacterium Pseudomonas aeruginosa than uncoated copper specimens. Therefore, this nanofiber

DOI: 10.1039/d0ra07641d with AgNps was demonstrated as an efficient anticorrosive material in both corrosive and biocorrosive
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1. Introduction

Different kinds of microorganisms such as bacteria, microalgae
or yeast attach to the surface of the metallic materials and form
slime known as biofilm. In natural environments, especially
which contain water, biofilms are widespread containing
microbial communities and EPS (extracellular polymeric
substance).! It is widely accepted that the presence of biofilm
accelerates the deterioration of these materials®*® and this
process may occur in a wide range of pipelines and is termed as
Microbiologically Influenced Corrosion (MIC).** In particular,
the copper used in drinking water systems as a plumbing
material due to its relatively low price and durability.®

One of the approaches to protect the metal surface from
environmental corrosion is generally achieved by anti-corrosion
coatings.”® Common coatings include heavy metals for control
of steel, aluminum alloys and galvanized steel corrosion arises
health and environmental concerns.” New alternative coatings
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being explored such as sol-gel and cationic plasma deposition
includes inorganic and organic inhibitors.'>** Especially, poly-
mer coatings contain polycaprolactone (PCL), poly-lactic acid
(PLA), cellulose acetate (CA) and poly-lactic-glycolic acid (PLGA)
have been used for corrosion preventions.®

Electrospinning is a simple and highly versatile method to
produce ultrafine fibers from polymers and non-polymers with
average diameters in sub-micrometer down to nanometer
range."”* Produced fibers which have a three-dimensional (3D)
open network structure show several attractive characteristics
such as high surface area to mass or volume ratio, and huge
possibilities for surface functionalization by incorporating
metal nanoparticles into the fibers.® Recently, polymer nano-
fiber can be used as a filter, wound dressing materials, tissue
scaffolds, sensors, etc.*®

Cellulose acetate has been extensively investigated for its low
cost and easy processability. Moreover, the production of nano-
scale cellulose acetate fibers have properties like biocompatible,
non-toxic and biodegradable thus making them ideal candi-
dates for environmental applications.”” Due to their unique
optical, electrical, and catalytic properties, metal nanoparticles
embedded nanofibers have attracted a great deal of attention.*®
When chemical and physical procedures used for synthesis of
nanoparticles, hazardous by-products were produced. More-
over, these procedures contains contamination from precursor
chemicals, and use of toxic solvent." For this reason, there is an
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increasing need to develop low-cost, nontoxic, and environ-
mentally benign procedures for synthesis of nanoparticles. For
this reason, the biological approach for synthesis of nano-
particles becomes important.**** Biological resources including
plants, plants extracts, bacteria, algae, fungi and yeast can be
used for the synthesis of nanoparticles.*

Here, we introduce the application electrospun cellulose
acetate nanofibers decorated with biogenic silver nanoparticles
for microbial corrosion protection.

2. Experimental

2.1. Materials

Cellulose Acetate (CA) (acetyl content 39.8%, M,, = 30 000),
dichloromethane (DCM, = 99% GC), methanol (MetOH, = 99%
GC), silver nitrate (AgNO;), LB broth (Luria-Bertani), Nutrient
Broth (NB), LB Agar were purchased from Sigma Aldrich (Ger-
many). Millipore Ultrapure Water System used for the deionized
water. All the materials used without any purification.

2.2. Preparation of biogenic silver nanoparticles

Lysinibacillus sp. NOSK cell-free extract was used for the nano-
particle production. Single clone of the bacterium was inocu-
lated in sterile Nutrient Broth (NB) at 30 °C for 48 h on a rotary
shaker (E 20/60, Biosan Latvia) at 100 rpm. After the incubation
period, the cellfree extract recovered by centrifugation
(4000 rpm, 10 min at room temperature) and was used for
further experiment. For the biosynthesis of AgNps, 10 ml of the
cell-free extract was added to 90 ml of 1 mM AgNO; solution in
a 100 ml Erlenmeyer flask (pH 8), which was incubated at 37 °C
on the orbital shaker set at 150 rpm in the dark. After 24 hours,
the solution color turned into dark brown which indicated the
formation of AgNps.

2.3. Preparation of electrospun nanofibers

First, the aqueous CA solution was prepared by using 7.5% (w/v,
with respect to solvent) concentration in a mixed solution DCM/
MetOH (4/1, v/v) for to prepare neat non-porous CA nanofibers.
For the CA nanofibers decorated with biogenic AgNps, the
nanoparticles (1%, 3% and 5% wt to polymer) were disperse in
a mixture of DCM/MetOH (4/1, v/v) by sonication and then CA
powder was added to the suspension. Then, suspension stirred
overnight, prepared solutions were loaded syringes and began
electrospinning process. The electrospinning setup (Nanoweb
350, Turkey) used in this study consisted of a syringe and needle
(ID = 0.6 mm), an aluminum collecting plate, and a high voltage
supply. A syringe pump connected to the syringe controlled the
flow rate. The CA solutions were electrospun at a positive
voltage of 10-15 kV, a working distance of 10-12 cm (the
distance between the needle tip and the collecting plate), and
a solution flow rate of 0.5 ml h™". All electrospinning proce-
dures were carried out at room temperature and at 20% relative
humidity. The collected nanofibers/nanowebs were dried over
night at room temperature under the fume hood.
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2.4. Copper surface coatings with electrospun nanofibers

In our study, copper was chosen as a model metal due to its
wide-spread relevance in a broad range of industrial applica-
tions and water related environments, and the ease with which
CA-Nf could be directly electrospinning over Cu surfaces.

ST-42 steel discs were used as a substratum for copper
coatings. Before electrodeposition, discs rinsed with sterile
distilled water and air dried. After that, copper coating was
electrodeposited using chronoamperometry from a bath con-
taining CuSO,-7H,0; (7.5¢ 17') and 1 ml concentrated H,SOy,
for 200 s, using an applied potential range of 0 to —0.8 V (vs. Ag/
AgCl).>* After Cu coatings, CA polymer was electrospun directly
onto a 0.78 cm? surface of the working electrode with different
times (5 min, 15 min and 30 min). The thickness of the coating
nanofibers measured by upright microscope (Euromex bscope,
The Nederlands). All measurement was taken from at least 10
points and given with standard deviation values.

2.5. Characterization of nanoparticles and electrospun
nanofibers

2.5.1. UV-visible spectroscopic analysis. The absorption
spectrum of the sample taken at 24 h of incubation was recor-
ded by UV-vis spectrophotometer (Shimadzu UV1200, Japan) at
a resolution of 1 nm in a wavelength range between 300 and
750 nm.

2.5.2. FTIR. CA-Nf and CA-Nf with AgNps analyzed to find
out the presence of functional groups via ATR-FTIR spectros-
copy. The spectra were recorded by ATR-FTIR (Shimadzu,
IRAffinity-1S model, with a DLATGS detector, diamond plate,
Japan), in transmittance mode within the range of 400-
4000 em™" with 64 scans at a resolution of 4 cm™".

2.5.3. Size distribution and zeta potential analysis. The
average particle size distribution of AgNps in colloidal solution
was determined by using Zeta Sizer Nano Series (Malvern
Instruments, ZEN 3600) at 25 °C with disposable sizing cuvette.

2.5.4. Transmission electron microscopy. The shape of
silver nanoparticles and electrospun cellulose acetate nano-
fibers decorated with biogenic silver nanoparticles determined
using transmission electron microscopy (TEM). For silver
nanoparticles measurement, AgNps colloidal solution drop
onto TEM grids and performed. Electrospun cellulose acetate
nanofibers decorated with biogenic silver nanoparticles; the
nanocomposite solutions were directly electrospun on TEM
grids. TEM measurements taken at an accelerating voltage
(100-200 kV) (FEI HR-TEM).

2.5.5. Scanning mission electron microscopy with energy-
dispersive X-ray spectroscopy. The elemental analysis of mate-
rials, morphology of nanofibers and corresponding diameters
was investigated using a scanning electron microscope (SEM)
with energy-dispersive X-ray spectroscopy (EDX) analysis (Tes-
can GAIA 3 FIB-SEM microscope, Czech Republic). The average
diameter of the fibers was determined by analyzing SEM images
with Image] (NIH, USA) image analysis software.

2.5.6. Contact angle. The wettability of bare nanofiber and
nanofiber with AgNps coatings on copper surfaces were evalu-
ated with contact angle measurements. A calibrated micro-

This journal is © The Royal Society of Chemistry 2020
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syringe was used to place a drop of ultrapure water on the bare
copper surface, copper surface coated with nanofiber and
nanofiber with different concentration of AgNps. Then, the
images were taken by a camera attached to an optical micro-
scope (Biolin Scientific, Attension Theta Modal, Sweden) that
records the drop-substrate interface and gives an angle between
the surface and water droplet.

2.5.7. Inductively coupled mass spectrometry (ICP-MS).
The CA-Nf decorated with AgNps electrospun mats were
randomly cut, weighted approximately 10 mg, digested by HNO;
then analyzed using an inductively coupled mass spectrometry
(ICP-MS, Thermo iCAP RQ, USA).

2.5.8. Antimicrobial activity of AgNps against biofilm
model bacterium. Bacterium namely, Pseudomonas aeruginosa
(ATTC 27853) which is a model biofilm bacterium usually
caused microbial corrosion was provided from American Type
Culture Collection (ATCC), USA. The culture of bacterium was
grown in LB at 37 °C for overnight incubation on the orbital
shaker at 100 rpm for 24 h. These cultures were maintained in
LB agar plate by continuous sub-culturing from time to time.

The antimicrobial activity of biosynthesized AgNps deter-
mined by colony forming unit (CFU) method. In CFU method,
powder form of CA polymer and the different concentrations of
AgNps (1%, 3% and 5% AgNps with respect to CA content) and
10 mg CA-Nf 5% AgNps were added to sterile LB broth and
inoculated separately with freshly grown Pseudomonas aerugi-
nosa (ATTC 27853). After incubation period, the inoculum was
diluted and spread uniformly onto the individual plates. All the
plates incubated at 37 °C and at the end of inoculation time,
bacterium was counted.

2.5.9. Weight loss measurements. The weight loss was
determined at 25 °C by weighing the cleaned samples before
and after the copper disk in the ASW with the absence and
presence of bacterium and AgNps. After corrosion test time, the
cleaning procedure consisted of wiping the discs with a paper
tissue and washing with distilled water and acetone, followed by
oven drying at 80 °C.

The corrosion rate was calculated from the weight loss data
as following:

Veorr = 87600 x AmlpAt 1)

where Veor, ¢ p, A, and Am represent the corrosion rate
(mmy "), immersion time (h), copper density (g cm ), exposed
area (cm”) and weight loss (g), respectively.

2.5.10. Electrochemical studies. Electrochemical analysis
was conducted at room temperature in ASW which contained
(217") 26.29 g NaCl, 0.74 g KCl, 0.99 g CaCl,, 6.09 g MgCl,-6H,0
and 3.94 g MgSO,-7H,0 and adjust the pH to 7.8 and store at
4 °C. 1 g 17" concentration of glucose added to the media as
carbon and energy sources. Six different corrosion analysis set
up used in this study were:

(a) Cu electrodes placed in artificial seawater under sterile
conditions (Cu),

(b) Cu electrodes placed in artificial seawater in the presence
of Escherichia coli (ATTC 13883) (Cu_E. coli)

This journal is © The Royal Society of Chemistry 2020
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(c) Cu electrode coated with CA nanofiber in artificial
seawater under sterile conditions (Cu_CA-Nf)

(d) Cu electrode coated with CA nanofiber in the presence of
Escherichia coli (Cu_CA-Nf_E. coli)

(e) Cu electrode coated with CA nanofiber contains biogenic
5% AgNp in artificial seawater under sterile conditions (Cu_5%
AgNps-CA-Nf)

(f) Cu electrode coated with CA nanofiber contains biogenic
5% AgNp in the presence of Escherichia coli (Cu_5% AgNps-CA-
Nf_E. coli).

In the setups which contain bacterium (b, d and f), bacte-
rium cultured at 30 £ 1 °C on a rotary shaker at 100 rpm for 24 h
(New Brunswick Scientific Innova 4230) in a N. Broth medium
used for enrichment culture, which contained peptone from
meat 5.0 g, meat extract 3.0 g, sodium chloride 6.0 g in 1 1
deionized water. After 24 h incubation, cultured bacterium was
centrifuged at 5000 rpm and cell number in the bacterial
solution was determined based on the standard calibration with
the assumption that an ODgo nm value of 1.0 is equivalent to
10° cells per ml. Exponential phase bacteria were used for all
experiments to ensure reproducibility.

EIS studies were conducted using CH Instruments Inc., USA
(Model CHI-608E) with a traditional three-electrode cell was
used, with platinum as the counter electrode, an Ag/AgCl (3 M
KCl) as the reference electrode and copper disc (0.78 cm?
exposed area) as the working electrode. First, working electrode
polished with abrasive paper (400, 600, 800 and 1200 grade) and
then cleaned with ethyl alcohol. At the end, in order to sterilize
the samples, all the samples exposed to ultraviolet (UV) light for
30 min. The ZSimpwin and EISSA data-analysis software were
used to fit the EIS data. Corrosion experiments were performed
in duplicates.

3. Results and discussion

The first characterization analysis of the biosynthesized AgNps
performed by using UV-vis spectroscopy. Fig. 1a shows the UV-
vis absorption spectra recorded from aqueous AgNO; - the cell

Fig. 1 (a) UV-vis absorption spectrum recorded from aqueous
AgNO3 — the cell free extract of the Lysinibacillus sp. NOSK culture
medium after 24 h time of reaction, inset shows the color the reaction
mixture (b and c) SEM images of the AgNps (d and e) TEM images of the
AgNps (f) DLS analysis of the AgNps.

RSC Adv, 2020, 10, 39901-39908 | 39903
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CA-Nf_5min_coatings

Fig. 2 SEM micrographs of pristine CA-Nf, Inset shows the photo of
the pristine CA-Nf after electrospinning process.

free extract of the Lysinibacillus sp. NOSK medium after 24 hour
incubation. The characteristic surface plasmon resonance (SPR)
peak of the mixture was between 420 to 430 nm, demonstrating
the presence of AgNps. In addition, inset photograph showed
the characteristic dark brown color of the AgNps. Fig. 1b and ¢
showed the morphology of the AgNps taken from SEM analysis.
Moreover, TEM study revealed that the silver nanoparticles are
spherical in shape (Fig. 1d and e). Fig. 1d showed the average
particle size approximately 42 + 8.54 nm. The zeta potential
value is a measure of dispersion stability. Absolute zeta poten-
tials >30 mV is considered sufficient to ensure colloidal stability
of dispersions. In this study, zeta potential of the AgNps is
—23.1 + 1.97 shows the incipient instability.*®

The representative SEM images of electrospun CA fibers
obtained from 7.5% (w/v) polymer solutions are shown in Fig. 2.
The SEM imaging showed that the electrospun CA nanofibers
were bead free and smooth morphology having average fiber
diameter (AFD) of 865 + 87 nm. Inset shows the photograph of
nanofibrous web.

Fig. 3a and b shows the SEM image and EDAX analysis of the
bare copper disc respectively. Different times such as 5 min,
15 min and 30 min were used for the Cu discs coatings. Fig. 3¢
shows the SEM images of Cu disc after 5 minutes nanofiber
coatings. In this micrograph, a few nanofibers observed but Cu
surface was still seen. This result confirmed with thickness
measurement taken from upright microscope and the coating
time was not enough (Fig. 3d). When coating time increase to
15 min, whole Cu disc surface coated with CA nanofiber
successfully (Fig. 3e) and the coating thickness was 445.23 +
59.88 um (Fig. 3f). After 30 minutes of coating, thickness was
increased to 709.43 £+ 86.15 pm (Fig. 3h) but when the whole
surface was coated, the jet of the nanofiber passed to irregular
form and polymer began to freeze. At the end of this results, 15
minutes coating time is chosen for the Cu coatings with CA
nanofibers.

The FTIR spectrum of Cu, CA-Nf, CA-Nf with 1%, 3% and 5%
AgNps shown in Fig. 4a. For CA-Nf, strong characteristic
adsorption peaks at 1745 (vc—o), 1375 (vc-cn,), and 1235 cm ™!

39904 | RSC Adv, 2020, 10, 39901-39908
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CA-Nf_30min_coatings
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Fig.3 (a) SEM image with (b) EDX analysis of bare Cu disk, SEM images
of the Cu disk coatings CA-Nf after (c) 5 min (e) 15 min (g) 30 min
coatings (d, f and h) photos of the coating thickness analysis.

(¥c-o-c) corresponding to the vibrations of the acetate group. In
addition, the wide stretching band at 3500 cm ™" correspond to
hydroxyl groups (vo-u) of CA polymer. After incorporation of
increased concentration of biogenic AgNps, the hydroxyl
vibration peak at 3500 cm ™" slightly decreases.?® Fig. 4b shows
images of polymer solutions with different concentrations of
AgNps. The solution without AgNps is CA solution was color-
less. As expected, dark brown color was increased while
increased the concentration of AgNps. Fig. 4c shows the elec-
trospun CA-Nf with AgNps nanofibrous mats. The dark brown
nanofibers were obtained after electrospinning process and the
color was darker from CA-Nf_1% AgNP to CA-Nf_5% AgNP. The
amount of AgNps in the CA-Nf with %, 3% and 5% AgNps were
determined by ICP and shows in Fig. 4d. The results from the
ICP analysis disclosed the Ag contents of all electrospun
nanofibers samples as follows: 0.34 + 0.7, 1.93 £+ 0.4 and 2.48 +
0.2 wt% for CA, CA-Nf with 1%, 3% and 5% AgNps. There was
a strong correlation between Ag contents against the concen-
trations of electrospin polymer solutions. Because of the high-
est Ag content, CA-Nf 5% AgNP was chosen for the anti-
microbial corrosion coatings for electrochemical analysis. Due
to hydrophilic to hydrophobic transformation using electro-
spinning, cellulose acetate (CA) polymer used frequently for the
filtration studies. Fig. 4e shows the results of a water contact

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) FT-IR spectrum (b) color changes in the polymer form (c)
color changes in the nanofiber form (d) ICP analysis (e) Contact angle
measurements of Cu, CA-Nf, CA-Nf with 1%, 3% and 5% respectively.

angle test on the CA-Nf vs. CA-Nf with AgNps (1%, 3% and 5%).
It is known that hydrophobic surface shows a high-water
contact angle (# > 90°).>” Copper surface shows the lowest
contact angle which is 13.23 indicating the surface to be
hydrophilic. After, CA-Nf coatings on the Cu surface, contact
angle increased to 130.28 suggesting nature of nanofiber mat.
Moreover, when increase the AgNps concentrations, electro-
spun mats with AgNps increase the contact angles and CA-
Nf 5% AgNps showed the highest contact angle 146.47 thus

of CA-Nf with different concentration of AgNp TEM analysis of CA-Nf_5%AgNp

SEM and EDX anal

Fig.5 SEM and EDX analysis of CA-Nf with different concentration of
AgNps and TEM analysis of CA-Nf_5% AgNps.
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being super-hydrophobic in nature. Han et al. shows that elec-
trospun CA nanofibers floating on water and stand stable for 17
weeks.*®

SEM images of the prepared CA nanofibers containing
different concentration of AgNps indicate that fibers were
uniform in size. Silver nanoparticles are randomly distributed
on CA nanofiber. The elemental composition of the CA-Nf 5%
AgNP, determined by EDX analysis, confirmed the presence of
Ag. Fig. 5 also shows the TEM images of the structure and
distributing of the AgNps (5% wt) in the CA nanofibers. As seen
in Fig. 5, AgNps were seen as black spherical spots in TEM
images of the fiber samples and distributed in and on the
nanofiber.

The antimicrobial activity of the CA powder, biogenic AgNps
(1%, 3% and 5% wt) and developed nanofibers with 5% wt
AgNps tested against Gram-negative, biofilm forming bacte-
rium P. aeruginosa. Cellulose acetate powder form do not have
antibacterial activity so their NF were not compared. Fig. 6a
indicates the representative photographs of plates with the
counts of bacterium after 24 h incubation time and Fig. 6b
shows the growth incubation percent of the materials. As seen
in the plates and counts, pure CA don't have antimicrobial
activity. On the contrary, AgNps with increased concentrations
show efficient antibacterial activity against P. aeruginosa. For
1% AgNps, the growth inhibition rate is 25% =+ 0.5 while
increased the AgNps concentration to 3% AgNps, the growth
inhibition rate increased to 80% =+ 1.4. Among, CA-Nf with
AgNps samples, the CA-Nf 5% AgNps has shown highest
effective antimicrobial activity with 100% =+ 0.1 growth inhibi-
tion rate. Moreover, chosen the coating materials within CA-Nf
with different AgNps which is CA-Nf_5% shows 70% =+ 0.8
growth inhibition rate. The antimicrobial activity of the CA-
Nf 5% decreased compare to antimicrobial activity of 5%
AgNps that correlates with ICP results. In antimicrobial anal-
ysis, certain weight of (10 mg) were cut and used. Due to
irregular electrospinning jet, nanofiber mats which contains
less AgNps compare to powder form of AgNps in polymer show
heterogeneity. For this reason, antimicrobial activity difference
between mats and powder form is quite different.

Pseudomonas aeruginosa ATCC 27853 a

1%AgNp CA-Nf_%5AgNp
@ 100 - a
5 90
T 8
S 70 -
£ . 60
28 50
§ 40 -
£ 30 -
2 20 -
5 10
0

1%AgNp 3%AgNp 5%AgNp CA-Nf_%5AgNp

Fig. 6 Antimicrobial activity of CA powder, different concentration of
AgNps and CA-Nf_5% AgNps against P. aeruginosa (a) plate count
photos (b) growth inhibition rate.
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Fig. 7 Cu, Cu coated CA-Nf and Cu coated CA-Nf with 5% AgNps in
the ASW and ASW inoculated with E. coli (a) corrosion rates values
(mm y~) (b) photographs of the Cu discs weight loss analysis and (c)
pH changes.

Fig. 7 shows corrosion rates values (mm y ') for the Cu, Cu
coated CA-Nf and Cu coated CA-Nf with 5% AgNps in the ASW
and ASW inoculated with E. coli for 7 days. Also, Fig. 7 shows
photographs of the Cu discs weight loss analysis in ASW and
ASW inoculated with bacterium. It obviously shows that the
corrosion rates decrease with the presence of CA-Nf coatings in
both ASW and ASW inoculated with bacterium. The observed
decreased corrosion rates are associated with larger surface

Fig. 8 SEM images of the Cu, Cu coated CA-Nf and Cu coated CA-Nf
with 5% AgNps after corrosion experiments.
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coverage area of the CA-Nf on the copper surface. Meanwhile,
when bacterium inoculation in ASW, the increase of protection
efficiency can be achieved with AgNps due to strong antimi-
crobial activity with the increased coverage area of nanofiber.
pH is an important factor in corrosion mechanisms. For this
reason, the pH of all test solutions was measured prior to and
after exposure. Normally, pH of the ASW is 7.8. Copper discs in
ASW after 7 days, pH decreased to 7.59. However, pH values of
the ASW with Cu_CA-Nf and Cu_CA-Nf with AgNps change
really small such as 7.72 and 7.71 respectively. In microbial
corrosion, bacterium generally decreased the pH values and
caused corrosion.** In this study, bacterium decreased the pH
value 7.8 to 5.15. On the contrary, after Cu coatings with CA-Nf,
electrospun nanofiber protects the surface and the pH
increased to 6.74. The similar pH results (pH 6.26) was taken
from CNf_5% AgNps.

The corrosion morphologies of all coupons are shown in
Fig. 8. After 7 days immersion in ASW and ASW inoculated with
E. coli, bare copper surface (Cu, Cu_E. coli) show a surface with
pits and cracks. The copper surface with nanofiber coatings
exhibit different surface properties from that of the bare Cu
surface. CA-Nf coatings were still stand rough and uneven that
coated all over the surface.

To further investigate the anticorrosion protection provided
by CA-Nf and CA-Nf 5% AgNps, we discussed the electro-
chemical behavior of the coatings using potentiodynamic
polarization and EIS. Fig. 9a and b shows the Tafel polarization
curves of the bare Cu, Cu coated with CA-Nf and Cu coated with
CA-Nf 5% AgNps in the (a) ASW and (b) ASW inoculated with
bacteria. The values of corrosion kinetic parameters like
corrosion current density (I.orr), corrosion rate and corrosion
potential (E.,) were calculated from polarization curves (Table
S1}). Copper surface coated with bare CA-Nf and CA-Nf loaded

ki A e g 0, A cmrs)

Fig. 9 Abiotic and biotic corrosion set ups potentiodynamic polari-
zation curves (a and b), Nyquist plots (c and d) and Bode plots (e—j).
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with AgNps has lower Io. (19.02 #+ 0.2 pA cm ™2, 14.55 & 1.4 pA
cm?, respectively) compare to uncoated Cu (42.5 + 0.45 pA
ecm?). The reduced I is attributed to the presence of CA
nanofibers on the Cu surface, which block the ions at the
electrode. In ASW inoculated with bacterium, I . value was
109.9 4 4.8 uA cm 2 due to bacterial effect. However, bare CA-Nf
and CA-Nf loaded with AgNps act as a barrier and reduce
solution infiltration into the substrate and decrease the I.o.
value; 5.42 + 0.4 pA cm 2 and 25.97 + 2.46 A cm > respec-
tively. Apparently, bare CA-Nf coating and CA-Nf coating with
5% AgNps held the lowest I.,,, and the lowest corrosion rates as
shown in Table S1,} which indicate the best corrosion resis-
tance. Similarly, Bakhsheshi-Rad et al*® reports that, poly-L-
lactic acid (PLLA-akermanite (AKT)-doxycycline (DOXY) nano-
fiber coating enhance the corrosion resistance magnesium
alloys.

Typical electrochemical impedance spectroscopy results of
bare Cu, Cu coated with CA-Nf and Cu coated with CA-Nf_5%
AgNps in the Fig. 9¢c ASW and Fig. 9d ASW inoculated with
bacteria are shown as Nyquist plots. In addition, insets show
the clear view of plots. In the circuit, Ry is the resistance of
solution, R, is pore resistance and R is the resistance of
charge transfer. Qcpg and Qq; are the CPE parameters for the
inhomogeneous layer and the double layer. A constant phase
element (CPE) is used due to the microscopic roughness of
a surface. R, is corrosion rate of the corrosion process
occurring at the interface of coating and metal. When the R
value increased the electron, transfer is more difficult which
makes the corrosion reaction more difficult to occur, meaning
a lower corrosion rate.’*** CA-Nf shows excellent corrosion
resistance can be inferred by the value of R in the (653.5 Q
cm?) which was ~18 fold higher than copper surface (R.; 36.07
Q cm?) in the biotic experiments. Similar results taken from
biotic experiments. Same situation like abiotic experiments,
R value of the Cu inoculated with E. coli was lower than (232.8
Q cm?) Cu_CA-Nf inoculated with E. coli (1062 Q em?) indi-
cated that the hydrophobic CA nanofibrous coatings could
present a superior application prospect in anti-corrosive
protection. Furthermore, equivalent circuit, R (QR) (QR) two
time constants for abiotic and bacterium inoculated solutions
represents the formation of a double layer; an outer layer of
the oxide film/heterogeneous biofilm/nanofiber/nanofiber/
nanofiber with AgNps and inner layer of the copper coat-
ings®* (Fig. S1t). In addition, Nyquist fitted plots according to
the equivalent circuit shows in Fig. S2.F

4. Conclusions

Novel anticorrosion CA-Nf with biogenic AgNps coatings were
successfully prepared on copper surfaces. Approximately 445
pm thin and dense nanofiber coatings with and without AgNps
were clearly confirmed from the SEM, TEM imaging and EDX
analysis. According to the present study, potentiodynamic
polarization and electrochemical impedance parameters for
microbial corrosion of copper in ASW in abiotic and biotic
environments indicated that, electrospun CA nanofiber

This journal is © The Royal Society of Chemistry 2020
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effectively protected the copper both abiotic and biotic marine
environments.
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