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Metallic implants are the artificial biomedical devices used to replace, repair or improve the functioning of damaged body organ or tissue. |
Corrosion of metallic component in the human body leads to the failure or improper functioning of the implant. This study focuses on the |
application of Swertia chirata extract synthesized iron oxide nanoparticles as corrosion inhibitor for stainless steel (SS) 316L in Hank’s
solution. Gravimetric method and electrochemical studied were used to analyze the corrosion inhibition property. SEM and AFM analyses |
confirmed the corrosion preventive effect of iron oxide nanoparticles on SS-316L surface. Further concentration dependent increase in |
inhibition efficiency was observed with maximum 80.3% corrosion inhibition at 100 ppm nanoparticles concentration from gravimetric |
analysis, which is well correlated with the electrochemical measurements. Therefore, iron oxide nanoparticles can be utilized as potent |
anticorrosive agent, which can protect the metal surface from further deterioration in harsh body environments. |
|
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INTRODUCTION

The advancement in healthcare technology and biological
needs has increased the use of implants. The materials to be
used as an implant is chosen on the basis of their biocompati-
bility and applicability [ 1]. Materials of metallic nature are highly
employed for such purpose as they are efficient in tension
loadings and are of high mechanical strength. Biomaterials or
implants are used as stents for replacement of dental structures,
knee and hip joints to name a few [2]. The SS-316L is used in
implant devices like as prosthetics, stents, catheters, dental
implants, plates for cranial or orthopedic fractures [3].

Corrosion is an important factor in selection and designing
of metals to be used for such in vivo applications. The bio-
implants are placed in various body parts and the type and
concentration of body fluid present in that part can act as a
corrosive environment [4]. The major problem associated with
corrosion include local pain, infection and swelling or lack of
adherence to the body tissue is corrosion. Many factors are
associated with corrosion process in human body like chloride
ions, pH or dissolved oxygen [5]. Loosening of implant or its

failure occurs in some cases due to the electrochemical process
occurring on the surface of material which leads to the leaching
of ions from implant surface to the surrounding tissues. For
the protection of metals and alloys from corrosion, inhibitors
based on plant extracts have been used extensively [6]. Hank’s
solution is composed of many dissolved ions like sodium,
potassium, calcium, chloride and bicarbonate that is present in
whole body tissues. The chloride ions are well known for their
aggressive behaviour towards metals. This oxygenated saline
which is rich in electrolyte at human body (pH 7.4 at 37 °C)
facilitate the corrosion process after the implantation of metals
in the body. The electrochemical reactions start at the tissue-
implant interface due to the presence of these ions thus making
the body environment harsh and prone to corrosion. Many
studies have been reported on corrosion testing of materials in
Hank’s solution [7-9].

Iron oxide NPs have some unique properties like good
stability in colloidal solutions, magnetic behaviour and
good biocompatibility, which makes them suitable for various
biomedical applications [10]. For the synthesis of nano-
materials, green methods are generally applied now-a-days
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because such methods offer various benefits like eco-friendly
and more compatible nanomaterials for biomedical and
pharmaceutical use [11]. To simulate the body fluid envi-
ronment, Hank’s solution has been used extensively to analyze
the process and rate of corrosion of various body implants
[12].

Swertia chirata belongs to the family Gentianaceae. It
comes under the group of annual or perennial plants used as
herb for their medicinal properties and grows at very high
altitudes where sub temperate conditions are found in
Himalayas. It contains various phytochemicals which includes
amarogentin, the most bitter tasted compound along with
swerchirin, swertiamarin, amarogentin and amaroswin [13].
This study focuses on the green synthesis of iron oxide nano-
particles from Swertia chirata and to investigate their anti-
corrosion properties on SS-316L.

EXPERIMENTAL

Plant extract preparation and iron oxide NPs synthesis:
Swertia chirata dried stem was collected from Jalandhar, India.
The identification and authentication were carried out by
Botanical Survey of India. The plant material was ground to
powder form. Then, 2 g powder was added in a flask containing
50 mL of double distilled water and boiled for 10 min. The
mixture was cooled and centrifuged at 10,000 rpm for 10 min.
The clear supernatant was used as plant extract for further studies.

Ferric chloride of high purity was purchased from Loba
Chemical. The synthesis of nanoparticles was done by previ-
ously reported method [14,15]. Briefly, I mL of 10 mM ferric
chloride solution was added to 1 mL of plant extract (1:1 ratio).
The mixture was allowed to stand for 10 min and then centri-
fuged at 10,000 rpm for 10 min. The obtained NPs were washed
thrice with ethanol and dried at room temperature, 25 °C. The
synthesized NPs were used for further studies [14-16].

Anticorrosive studies

Preparation of working sample of SS-316L and weight
loss measurements: The elemental composition of used SS-
316L was Fe (65.73%), Cr (17.54%),Mn (1.26%), Mo (2.43%),
C (0.6%), P (0.018%), Ni (12.36%), S (0.017%) and Si (0.
58%). For the preparation of working electrode, SS-316L 316L
specimen of 10 mm diameter and area 1 cm?, were immersed
in epoxy resin. Working electrode surface was abraded by using
emery paper of 100, 320, 600, 800, 1000 and 1200 grades.
The coupons of SS-316L of area 1 cm* were used for gravi-
metric method. The synthesized NPs were dispersed in the
Hank’s solution to obtain different working concentrations,
10, 25, 50, 75 and 100 ppm.

Weight loss tests were performed with 10 ppm, 25 ppm,
50 ppm, 75 ppm and 100 ppm of ron oxide NPs in Hank's solu-
tion at room temperature for 120 h. For the weight loss experi-
ment SS-316L samples having an area of 1 cm” were used.
The SS-316L samples were weighed and immersed in the test
solution in the absence and presence of NPs for 120 h. After
120 h, the SS-316L samples were taken out from the test solu-
tion, rinsed with acetone, dried under nitrogen flow and weighed
according to ASTM G 31 [17].

Adsorption study

Scanning electron microscopy: Scanning electron micro-
scope (SEM, JEOL) was used for taking the surface micrograph
of SS-316L. SEM images were captured for polished steel
and steel samples immersed in corrosive media in the absence
and presence of NPs.

Atomic force microscopic study: AFM was used for the
surface investigation of SS-316L for the AFM study, the surface
of SS-316L was cleaned using ultrapure water followed by
acetone. Abraded SS-316L, SS-316L immersed in Hank’s
solution and SS-316L immersed in Hank’s solution containing
100 ppm of iron oxide NPs were characterized using AFM.

Electrochemical measurements: Auto lab electrochemical
workstation (Metrohm) with three-electrode electrochemical
cell were used for electrochemical impedance spectroscopy and
potentiodynamic polarization. The obtained Tafel polarization
curves were recorded between -200 to +200 mV versus Ag/AgCl
(3 M KCl) with scanning rate of 0.1 mV/s. The electrochemical
measurements were conducted at 10 mV amplitude and 100 kHz
to 0.01 Hz frequency [18-21]. The data obtained was calculated
using CHI 760C electrochemical work station software.

RESULTS AND DISCUSSION

Weight loss measurements: Corrosion inhibition effic-
iency of iron oxide NPs was calculated for the surface of SS-
316L in the presence of Hank’s solution as corrosive medium.
Corrosion rate of SS-316L in corrosive media containing
different concentration of iron oxide NPs were calculated using
eqn. 1:

_ KxW

C, =
R Axtxp

ey

where, Cr is corrosion rate (mm year'), w is weight loss of
SS-316L, t signifies the immersion time (h) of SS-316L, p is
the density (7.86 g cm™) of the SS-316L as per the literature
of ASTM and k is the corrosion constant (8.76 x 10%).

The value of corrosion inhibition efficiency (IE) and surface
coverage (0) of iron oxide NPs was calculated using eqns. 2
and 3:

IE (%) = Sr=Cr 100 )
Cr
c% —Ci
e — R R
T 3)

where, the corrosion rate of immersed SS-316L in corrosive
media and in iron oxide NPs solution was mentioned by Cx
and Ck, respectively. As the concentration of iron oxide NPs
increases, the value of corrosion rate decreases thus leading
to an increase in corrosion inhibition efficiency. The decrease
in the of value of corrosion rate is due to adsorption of iron
oxide NPs on the surface of SS-316L. Maximum 80.30 %
corrosion inhibition efficiency was recorded using 100 ppm
iron oxide NPs. The values for main parameters are mentioned
in Table-1.
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Adsorption isotherm study: Langmuir adsorption isoth-
erm was used for explaining the adsorption behaviour of iron
oxide NPs on SS-316L surface. The concentration of iron oxide
NPs used and the value of surface coverage which iron oxide
NPs provided to SS-316L were the main component of this
study. Graph between C/0 and C was recorded as shown in
Fig. 1.

c_ 1

0 Kads
where, K. is used for equilibrium adsorption constant. The
linear correlation coefficients (0.9969) was almost equal to 1,

which confirmed that the adsorption of iron oxide NPs obey
Langmuir adsorption isotherm and the data is shown in Table-1.
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Fig. 1. Adsorption isotherm of iron oxide NPs on the SS-316L surface

Surface investigation

Scanning electron microscope: The surface morphology
of SS-316L in Hank’s solution was analyzed using SEM images
of abraded SS-316L, SS-316L sample immersed in Hank’s solu-
tion and SS-316L sample immersed in Hank’s solution with
100 ppm of iron oxide NPs are shown in Fig. 2a-c, respectively.
It is clear from the SEM analysis that the SS-316L sample
immersed in Hank’s solution has rough and corroded surface
while the surface of SS-316L sample immersed in iron oxide
NPs containing Hank’s solution appeared smooth due to
corrosion inhibition activity of iron oxide NPs [22-24].

Atomic force microscopic study: The AFM images of
polished and clean, SS-316L immersed in Hank’s solution and
Hank’s solution with 100 ppm of iron oxide NPs are shown in
Fig. 3a-c, respectively. The surface roughness value for SS-
316L sample, which is polished and SS-316L sample immersed
in Hank’s solution were 29 nm and 880 nm, respectively.
Increase in surface roughness of after immersion in corrosive
media indicated the level of corrosion as the abraded SS-316L
samples surface loses smoothness as a result of corrosion
[25]. SS-316L samples immersed in Hank’s solution with
100 ppm of iron oxide NPs possessed comparatively lower
423 nm surface roughness as a result of corrosion inhibitory
activity of NPs. More detailed AFM analysis revealed that the
iron oxide NPs tend to aggregate over the surface of SS-316L.
The cluster size increases up to 150-200 nm. The clustering is
helpful for corrosion inhibition properties as the materials try
to stick to the SS-316L surface. This is due to neutral zeta
potential of the iron oxide NPs that help NPs to aggregate and

TABLE-1
WEIGHT LOSS MEASUREMENTS FOR SS-316L IN HANK’S SOLUTION WITHOUT
AND WITH DIFFERENT CONCENTRATIONS OF NPs

. Corrosion rate, Inhibition Surface
SO (E) Cg (mm y™) efficiency (%) coverage (0) E1

Hank’s solution 0.00066 - - -
Hank’s solution + 10 ppm iron oxide NPs 0.00053 19.69 0.1969 50.78
Hank’s solution + 25 ppm iron oxide NPs 0.00040 39.30 0.3930 63.61
Hank’s solution + 50 ppm iron oxide NPs 0.00026 60.61 0.6061 82.49
Hank’s solution + 75 ppm iron oxide NPs 0.00020 69.69 0.6969 107.61
Hank’s solution + 100 ppm iron oxide NPs 0.00013 80.30 0.8030 124.53

Fig. 2. SEM images of (a) polished SS-316L surface, (b) SS-316L immersed in Hank’s solution and (c) SS-316L immersed in Hank’s
solution with 100 ppm of NPs
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Fig. 3. AFM images of (a) polished SS-316L surface, (b) SS-316L immersed in Hank’s solution (c) SS-316L immersed in Hank’s solution

with 100 ppm of NPs

the phytochemicals present on the surface of iron oxide NPs
that have binding to SS-316L surface [26,27].

UV visible study: The UV-visible spectra of 100 ppm iron
oxide NPs dissolved in Hank’s solution, before and after immer-
sion of SS-316L specimen is shown in Fig. 4. The solution in
which SS-316L samples were not immersed show higher peak
absorbance spectra with respect to the solution in which SS-
316L samples were immersed in which there is shift in the value
of adsorption maxima. The shift or lower adsorption spectra of
SS-316L sample immersed in iron oxide NPs containing solution
indicated the adsorption of NPs present in the solution on SS-
316L surface and the formation of bonds with the Fe** particles
from SS-316L surface and the NPs [28]. Therefore, when SS-
316L specimen is immersed in the iron oxide NPs containing
Hank’s solution, some of the NPs from the solution get adsorbed
on the SS-316L surface by the process of protonation of heteroatoms
of NP’s surface and their electrostatic interactions with the SS-
316L surface and it is proposed that the NPs get adsorbed on the
SS-316L surface and make complexes with the surface atoms of
substrate surface thus by forming a protective layer to slow down
the corrosion process and act as good corrosion inhibitors [28].

0.20
—— Before immersion of SS-316 L in 100 ppm
0.187 of iron oxide in Hank’s solution
0.167 —— After immersion of SS-316 L in 100 ppm
’50 14 of iron oxide in Hank’s solution

0.00—— T T T T
210 220 230 240 250 260

Wavelength (nm)

Fig. 4. UV-visible spectra of 100 ppm iron oxide NPs before and after
immersion of SS-316L specimen in Hank’s solution
Electrochemical study

Potentiodynamic polarization: The working electrode
of SS-316L were immersed in Hank’s solution with 10, 25,

50, 75 and 100 ppm of the iron oxide NPs solution. There was
decrease in current densities with increase in iron oxide NPs
concentration from 10 to 100 ppm. The value of corrosion
inhibition efficiency was calculated using eqn. 5:
IE (%) = Lo ~ Lo %100

0 (3)

corr
where 2 and .., were used for corrosion current density of
Hank’s solution and iron oxide NPs suspension as inhibitor.
The polarization curve is shown in Fig. 5a. As the amount of
iron oxide NPs increases in the corrosive media, the value of
corrosion current density decreases, which designate the increase
in corrosion inhibition efficiency [29-31]. The value of Ecor
was found to be between 30-35 mV. It has been reported earlier
that if the maximum shift in the value of corrosion potential
(Ecorr) from the corrosive solution is within the range of 85 mV
the inhibition is of mixed (anodic or cathodic inhibition) type.
Iron oxide NPs have shown mixed type of inhibition behaviour
[32-34]. The 78.98% corrosion inhibition efficiency was recorded
at concentration of 100 ppm iron oxide NPs in Hank’s solution
as mentioned in Table-2.

Electrochemical impedance spectroscopy: Working
electrode of SS-316L samples was immersed in Hank’s solution
containing 10 to 100 ppm iron oxide NPs. Nyquist plot revealed
that there is increase in the value of charge transfer resistance
with increase in concentration of iron oxide NPs (Fig. 5b)
[35-37]. This designated increase in the corrosion inhibition
efficiency with increase in concentration of iron oxide NPs.
Corrosion inhibition efficiency were calculated using eqn.
6:

o
IE (%) = MX 100 (6)
ct
where, R and R% designates charge transfer resistance of

different concentrations of iron oxide NPs and Hank’s solution,
respectively. A maximum 76.83 % corrosion inhibition
efficiency was obtained as clear from Table-3. Layer formation
was evident from increase in the R value with increases in iron
oxide NPs concentration. The Bode plot shown in Fig. 6a,
support the concept of iron oxide NPs adsorption on the SS-
316L surface [38]. This process leads to efficient anti-corrosive
property of iron oxide NPs. The phase angles graph is shown
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Fig. 5. Electrochemical studies on SS-316L surface with iron oxide NPs (a) Tafel plot with different concentrations of iron oxide NPs (b)

Nyquist plot with different concentrations of iron oxide NPs

TABLE-2
POLARIZATION PARAMETERS FOR SS-316L IN HANK’S SOLUTION WITHOUT AND WITH DIFFERENT CONCENTRATIONS OF Ns

Corrosion current density,

Corrosion inhibition

Concentration irore (A cm?) x 107 efficiency (%)
Hank’s solution 8.71
Hank’s solution + 10 ppm iron oxide NPs 7.10 18.48
Hank’s solution + 25 ppm iron oxide NPs 6.85 21.35
Hank’s solution + 50 ppm iron oxide NPs 5.11 41.33
Hank’s solution + 75 ppm iron oxide NPs 3.84 55.91
Hank’s solution + 100 ppm iron oxide NPs 1.83 78.98

in Fig. 6b and it can be observed that the values obtained in
the presence of inhibitors has shown the process of charge
transfer resistance which started on the interface between
electrode and electrolyte [39]. The phase angle values has
shown that with increase in iron oxide NPs concentration, there
was good inhibition due to the adsorption of particles on the

surface of SS-316L and a protective film was formed as indi-
cated by the data. The increment in the values of phase angle
in the presence of NPs can be attribute to a decrease in the
capacitance at the surface of SS-316L which makes the SS-
316L surface less prone to dissolution in the presence of corrosive
media [40]. Moreover, for the representation of reaction at
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Fig. 6. (a) Bode plot with different concentrations of iron oxide NPs and (b) Phase angle plot with different concentrations of iron oxide NPs
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TABLE-3
ELECTROCHEMICAL IMPEDANCE PARAMETERS FOR SS-316L IN HANK’S SOLUTION
WITHOUT AND WITH DIFFERENT CONCENTRATIONS OF NPs

Concentration Charge transfer resistance (Q cm™) Corrosion inhibition efficiency (%)

Hank’s solution 13588.78 -

Hank’s solution + 10 ppm iron oxide NPs 16567.93 17.98

Hank’s solution + 25 ppm iron oxide NPs 16884.19 19.51

Hank’s solution + 50 ppm iron oxide NPs 22880.33 40.60

Hank’s solution + 75 ppm iron oxide NPs 30479.31 55.41

Hank’s solution + 100 ppm iron oxide NPs 58668.96 76.83
electrode and electrolyte interface, an equivalent circuit was
also fitted with ZSimpWimp V3.20 which is shown in Fig. 7.
The proposed mechanism for the corrosion inhibition behaviour 100000 .
of iron oxide NPs on SS-316L surface is shown in Fig. 8. m

The findings of electrochemical impedance and potentio- .
dynamic polarization collectively proved the corrosion inhi- 80000 -
bitor efficacy of NPs. The real time kinetics was obtained by ~ ~ 126m 2
measuring PDP as it gives wide range polarization where E 60000 15.8m .
possibility of occurrence of irreversible change during the < ome n
process of measurement was present while the data of EIS Y : ‘V‘
was taken at OCP which helps in getting the measured values "' 40000 = zm | AN
for interfacial resistance occurring at the interface of electrode i, 3;;;: " :
and electrolyte [41,42]. The results obtained from EIS was in : 50.1m ! v
good agreement with the PDP. The PDP measurements provide 200003 ,_5.1m —— AN
real time kinetics of the electrochemical processes (polarization \26m ) v
at wide range of potential with a possible irreversible change o Fsom . . . .
occurring due to the measuring process) and EIS data was 20000 40000 60000 80000 100000 120000
usually obtained at the OCP and provide measured values of Z (ohm cm’)
the overall interfacial resistance at the electrode-electrolyte i ) ) o ) )
. Fig. 7. Electrochemical curve fitting with circuit of 100 ppm iron oxide
interface [43,44]. NPs
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Fig. 8. Proposed mechanism of inhibition of iron oxide NPs on the surface of SS-316L
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Conclusion

The anticorrosion studies, gravimetric analysis, electro-
chemical test and surface investigation studies proved the
corrosion inhibition efficiency of Swertia chirata extract
prepared iron oxide NPs against SS-316L in Hank’ solution.
The increase in the concentration of NPs was found to have
improvement in corrosion inhibition efficiency. The NPs follow
Langmuir adsorption isotherm that indicated monolayer
formation on the surface of SS-316L. Furthermore, the
potentiodynamic polarization studies proved that the NPs show
mixed type of corrosion inhibition in Hank’s solution. The
surface studies conducted using SEM and AFM confirmed the
corrosion inhibition behaviour of nano-particles. Therefore, iron
oxide NPs has potential to act as corrosion inhibitor for SS-
316L used for biomedical purpose, SS-316L in Hank’s solution
mimicking in vivo condition.
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