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ABSTRACT: The inhibition effect of Bhumyamalakhi (Phyllanthus Niruri) on 6061 aluminium alloy
erosion-corrosion in simulated seawater was explored using potentiodynamic polarisation (PDP)
and electrochemical impedance spectroscopy (EIS) techniques. Experiments were performed
to examine the hydrodynamic effects on the behavior of the inhibitor. Conditions were optimized
to achieve maximum inhibition efficiency by varying the concentration of inhibitor (500 and
1000ppm), temperature (30 °C, 40 °C, 50 °C) and flowrate (4, 8, 12 L/min) of slurry. Surface
morphology was studied with Scanning Electron Microscopy (SEM) and Energy Dispersion X ray (EDX)
studies. The experimental findings indicated that an increase in flowrate and temperature decreased
the efficiency of inhibitor and an increase in inhibitor concentration caused an increase in inhibitor
efficiency. The inhibition efficiency of 80% and 53% was obtained at 30 °C and 50 °C at 4 L/min
for 1000 ppm of inhibitor. Surface morphology demonstrated the complete damage of the material
due to erosion corrosion and the surface became relatively smooth after the addition of the inhibitor.
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INTRODUCTION

Erosion-corrosion is a complex phenomenon that
involves the metal surface experiencing electrochemical
corrosion reactions in the presence of free-flowing liquid.
Solid particles present in the artificial slurry gradually
and mechanically remove material from the exposed
surface. Corrosion and erosion mutually reinforce one
another in this process, causing the target material to sustain
damage that is significantly larger overall than the combined
damage caused by the individual processes [1].

Corrosion is generally obstructed by the flow due
to the mass transport process. Since transport is the
factor that determines corrosion rate, a turbulent flow
speeds up the transfer of species to and from the metal
surface [2] Turbulent flow is equally responsible
for the detachment of otherwise passive film on the surface
of the metal. It may also disengage the corrosion
product that is deposited on the metal. All these
synergistically increase the rate of erosion-corrosion.
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Fig. 1: Experimental rig for erosion corrosion studies

Erosion-corrosion results in the early failure of flow
handling components. In industrial settings, all practical
piping systems function in turbulent flow conditions,
where erosion-corrosion also exists in addition to localised
corrosion [3]. The rate of overall erosion-corrosion may be
larger than the cumulative rates of each process operating
separately because of the link between the mechanical
erosion process and the electrochemical corrosion process
[4]. Past studies on a number of materials have shown that
rates of material loss can elevate when corrosion is aided
by mechanical wear. Early equipment failures in the
processing industry have been documented as a result
of mechanical-electrochemical interactions [5-11].

The use of aluminium and its alloys is widespread
in a number of sectors, including construction, electrical
power generation, automotive, and aerospace [12].
Aluminium is resistant to corrosion because of the strong
oxide film that is produced on its surface. However,
this protective oxide coating can be destroyed via
amalgamation or interaction with halogen, hot alkalis
acids, and even water attack [13]. Numerous studies have
examined electrochemical techniques under impingement
jet systems, wet erosion test rigs, mass loss measurements,
and erosion-corrosion damage to aluminium alloys [14-16].
In addition to the material variables, the influencing
components also include fluid-related parameters such as
flow velocity, impact angle, liquid phase corrosivity, flow
regime and content of solid particles [17].

The problems caused by erosion-corrosion motivate
researchers to develop some techniques to reduce its impact.
An efficient way to manage erosion-corrosion is the
addition of corrosion inhibitors [18]. Corrosion inhibitors
decrease the rate of material deterioration and shield metal
surfaces from corrosive attack [19]. Sand is frequently
created alongside industrial fluids, and since mechanical
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erosion also contributes to the deterioration process,
the process can be sped up by the availability of solid
particles in the environment [20]. In fluids with high flow
velocity and sand particles, the inhibitory activity may be
decreased due to difficulties in inhibitor adsorption or
damage to the generated inhibitor layer [21].

Substantial attempts have been made to comprehend
the mechanical erosion behaviour of metals. The
complexity of tribological systems in the industry
has caused much of the research to be concentrated
on particular test equipment/parameters duplicating
certain field circumstances [22].

This study aims to investigate the influence of
hydrodynamics on Bhumyamalakhi when applied for
corrosion mitigation in 6061 aluminium alloy using
an impingement jet system integrated with electrochemical
measurements and surface characterisation.

EXPERIMENTAL SECTION
Experimental setup

The experimental apparatus included a reservoir tank,
a temperature controller, a flowrate controller, a pump,
a thermocouple, and valves. The rig was equipped with
an electrochemical cell. The electrochemical cell consisted
of a working electrode (6061 aluminium alloy), a reference
electrode (saturated calomel electrode), and an auxiliary
electrode (Pt). The potential was measured concerning
the saturated calomel electrode. The auxiliary electrode
helps to maintain a constant potential difference between the
working electrode and the reference electrode. The slurry
was pumped via a recirculating loop by a centrifugal pump,
leaving the 8 mm diameter nozzle to strike the specimen
in a perpendicular direction. The specimen was kept 5 mm
away from the nozzle [23]. A slurry impinging jet produced
by the recirculating liquid-solid impingement setup was
then used to test the specimen. Artificial saltwater was created
as per ASTM specifications (D1141-98) [24]. The working
electrode was positioned beneath the jet at a 90° angle.
The experimental setup is shown schematically in Fig 1.

Sample composition

The metal samples were extracted from a cylindrical
rod with a 12-mm diameter. The samples were cleansed
using acetone and dried with hot air after having their
surfaces polished with emery sheets up to 600 grit level.
The specimen's visible surface area was 1.11 cm?. In each

Research Article



Iran. J. Chem. Chem. Eng.

Table 1: The nominal compositions of 6061 aluminium alloy
( Elements Mg | Si | Fe | Cu | Cr Al ]

| Composition (%ewt) | 0.96 | 0.80 | 0.40 [ 0.27 | 0.21 | balance |

experiment, sand with an average particle size of
300 microns was added. Table 1 provides the working
electrode's chemical composition.

Inhibitor

Bhumyamalakhi (Phyllanthus niruri) is used in several
Ayurveda medicines to treat skin diseases, diabetes, and
other ailments. Several biologically active compounds
are present in Phyllanthus niruri [25]. Lighans, tannins,
alkaloids, flavonoids, coumarins, saponins, terpenes, and
phenylpropanoids have all been identified in the stem,
leaves, and roots of P. niruri and have been linked to the
biological activity of this plant. [26]. Numerous substances,
including phyllanthin, flavonoids, tannins, glycosinoids,
and hypophyllanthin, are present in the extracts and help
to reduce corrosion [27]. Compounds such as phenol,
flavonoid, saponin, alkaloid, and terpenoid are responsible
for antioxidant and antibacterial activity [28]. Compounds
containing phenolic OH group act as corrosion inhibitors
by adsorption on metal surfaces when exposed to
metal/solution interface [29]. Different organic compounds,
alkaloids, tannins, and pigments are found in natural goods
derived from plants, and the majority of them are recognized
to have corrosion-inhibiting properties [30].

Potentiodynamic polarisation (PDP) studies

Potentiodynamic polarization studies were carried out
using an electrochemical workstation (CH-600 D-Series
US, with beta software), using a 3-electrode setup as
discussed in section 2.1. OCP was determined by immersing
the metal for 600 seconds. The OCP is the electrode potential
measured concerning the reference electrode when there is
no current flowing through it. The electrode was polarised
at 500 mv and at a scan rate of 1 mV/s to produce
potentiodynamic polarisation curves.

Once each experiment is complete, the measured
cathodic and anodic Tafel constants were utilized to derive
the corrosion current density, (icorr,) Using Eq. (1) [32].

=B _ 1 PBaBc
Leorr = Ret Rt 2.303 (Ba—Bc) ®

Where f is the coefficient of Stern-Geary, fa, and fc
are the anodic and cathodic Tafel constants. Eq. (2) is then
used to get the overall corrosion rate.
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Where 3270 is a constant with the unit of corrosion
rate, M is the atomic mass of aluminium (M=27), p is
the corroding material density of aluminium of 2.7 g/cm,
Z is the electrons transferred per metal atom (n=3) [33].

Inhibition efficiency was calculated from the Eq. (3) [34].

IE (%) — COTT‘ lcorr.inh (3)
lecorr.bl
Where icortr and icorr inn denotes corrosion current

density in the absence and in the presence of inhibitor

Electrochemical Impedance Studies (EIS)

This is a potent technique for analyzing the precise
corrosion inhibition behaviors of organic inhibitors and
their protective mechanisms [35]. EIS was carried out
with AC signals at the open circuit potential and in the
frequency range 100 kHz to 0.01 Hz. ZSimpWin 3.2
software was used to analyze the data.

Both experiments were carried out by varying the
concentration of inhibitor (500 ppm and 1000 ppm) at
three different temperatures (30, 40 and 50 °C) at the
flowrate of 4, 8, and 12 L/min

Surface morphology studies

Surface morphology studies using analytical scanning
electron microscopy (JEOL JSM-6380L) were carried out
both with and without the inhibitor. Elemental mapping
was done by EDX analysis.

RESULTS AND DISCUSSION
Effect of flowrate

The experimental results obtained from the
potentiodynamic polarization studies on 6061 aluminium
alloy in artificial seawater slurry are shown in Fig. 2.

Fig. 2 shows the cathodic and anodic polarisation
curves recorded for erosion-corrosion of 6061 aluminium
alloy after immersion in artificial seawater slurry at 30 °C.
Various electrochemical parameters obtained from PDP
studies are depicted in Table 2.

In the above plot, anodic curves represent metal
dissolution and a cathodic curve represents a reduction of
oxygen in a neutral medium. The shape of the curve remains
almost unaltered after the addition of the inhibitor. There is not
much variation in the values of anodic and cathodic slopes
for uninhibited and inhibited solutions. This suggested that
the added inhibitor slowed down the rate of corrosion
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Table 2: Electrochemical parameters from PDP measurements
for corrosion of 6061 aluminium alloy in the presence and
absence of 500 ppm of Bhumyamalakhi at different temperatures
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Table 3: Inhibition efficiency from PDP measurements for
corrosion of 6061 aluminium alloy in the presence and absence
of 500 ppm of Bhumyamalakhi at different temperatures

s Flowrate | Ecorr (MV) | Ecor (MV) N éa Flowrate | icor (MA/CM?) icorr (MA/CM?) N
Temp (K V -Be (V. Temp (K IE%
emp ()1 min) | (Blank) | s00ppm) | P2 (V/d€C) | e (Videc) emp ()| (L min) (Blank) (500 ppm) °
4 -640 727 0.47 0.38 4 1.45 0.27 81.37
303 8 672 -432 0.50 0.47 303 8 2.03 0.44 78.32
12 -363 -439 0.52 0.45 12 2.65 0.71 73.20
4 713 -381 0.48 0.57 4 1.85 0.57 69.18
313 8 -639 -347 0.63 0.49 313 8 2.50 2.41 36.00
12 -691 651 0.52 0.21 12 3.78 2.64 30.15
4 -703 -285 0.59 0.44 4 3.38 1.58 53.25
323 8 -602 614 0.41 0.40 323 8 3.61 2.45 32.13
\_ 12 -715 513 0.48 0.45 ) \_ 12 4.14 3.18 23.18/
a Sand particles
4 L min blank Sand parﬁc]es
10 8 L min " blank
09 ] 12 L min” blank
0.8 4Lmin::with inh / _ -
oe o P s *$M Higher flowrate
o E S 6061Aluminum alloy > 6061 Aluminum alloy
0.3
& o1 Fig. 3: Impact on the film formed over the alloy at higher flowrates
2 ]
= g?_
-0.2 . - -
= 03 T _,// a mark on the surface, harming both the passive film as well
-0.4 e . . .
02 :> as material surface. Corrosion might get accelerated
:g;:: “\ " by the disappearance of the passive coating since there is
e . T T . . . no longer a barrier to stop mass transfer over the surface.
7 -6 5 -4 3 -2 1 . . ..
log i The formation of numerous micro-galvanic sites as a result

Fig. 2: PDP plots for variation in flowrate in the absence and
presence of 500ppm inhibitor at 30 °C.

without altering the mechanism. It brought down the corrosion
by merely blocking the available adsorption sites. Values
of inhibition efficiency under different experimental
conditions are tabulated in Table 3.

Inhibition efficiency decreased with an increase in the
flowrate of the slurry. This is much anticipated under
turbulent conditions. Because of the greater rate of
flowrate, the passive layer may break down and create
more active sites. Added inhibitor may not be sufficient to
bring down the expected inhibition efficiency. Further, due
to the high flowrate the inhibitor film may also get
detached thereby decreasing the inhibition efficiency.
Temperature may also contribute similarly. [36]

Effect of sand in Artificial seawater slurry

The interaction between the sand, the inhibitor film, and
the target metal is illustrated in Fig. 3. Each particle leaves
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of numerous particles striking the material will also enhance
surface roughness (as shown in the SEM picture in Fig. 9).
All of these effects accelerate corrosion process [37].

The removal of the adsorption coating brought on by
fluid flow and solid particle impact lowered the
corrosion inhibitors' effectiveness under erosion-
corrosion circumstances [38].

The energy of the deteriorated particles and the attack'’s
intensity, which increases with energy, determine how
corrosive wear occurs. The energy of eroding particles is
strongly related to the energy of impacting particles [39].
The flowrate of the inhibitor-containing solution on the
metal may have two different impacts. (i) With an increase
in flowrate, the fluid increases the concentration of
inhibitor molecules near the substrate, which helps to
increase efficiency. (ii) In a similar vein, higher flowrates
may also hasten the mass transfer of corrosive species
to the metal and/or increase the Kinetic energy of
the slurry's particles, both of which could fail the inhibitor
film layer [40].
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Fig. 4: Nyquist plot obtained at various flowrates after the
addition of 500 ppm inhibitor at 30° C

The corrosion rate increased with the flow velocity
when the inhibitor film completely covered the metal
surface. This is caused by a partial erosion of the inhibitor
layer [41]. The development of corrosion products may
also be impacted by the inhibitor, which would
further affect the corrosion processes [42]. The inhibitor
physically prevents the sand impactor from working
by adhering to the metal surface. As a result, erosion
damage would be reduced. The solid particles also absorb
the inhibitor, which lowers the speed and impact energy
of the sand when it strikes the metal surface [43].

Electrochemical Impedance Studies

Electrochemical impedance analysis was carried out on
6061 aluminium alloy. Fig. 4 shows the result of
electrochemical impedance studies at 30° C under various
flowrate s after adding 500 ppm of the inhibitor.

The Nyquist plot illustrates the presence of three
semicircles at all flowrates. All are characterized by a high-
frequency capacitive loop followed by, an intermediate-
frequency inductive loop which in turn is followed by
a secondary capacitive loop and a tail at the end. The shape
of the Nyquist plot obtained agrees very well with those
reported for 6061 aluminium alloy under similar
experimental conditions.

As far as frequency segmentation goes, there are three
zones. The behaviour of the solution According to reported
literature [44] high frequency capacitive loop stands for
charge transfer resistance. As very much evident from
Fig. 4, with an increase in the flowrate of slurry containing 500
ppm of inhibitor, the diameter of the semicircle decreased.
Decrease in the diameter of the Nyquist plot is accompanied
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Fig. 5 (a) Simulated circuit (b) Corrosion process as explained
by the simulated model

by the decrease in the inhibition efficiency. In the intermediate
frequency region, there is a small inductive loop, which could
be attributed to the formation of the stable protective layer.
However, with increased turbulence the productive layer
will be broken and the corrosion rate increases, this is indicated
by the presence of a secondary capacitive loop at low frequency.

A significant diffusive tail is observed at 12 L/min
flowrate. A distinctive diffusive tail was not observed
at 4 and 8 L/min. At all the studied flowrates a high
frequency offered a lower resistance than a low-frequency
capacitive loop. However, a fall in corrosion resistance
was detected at elevated flowrate s.

The simulated equivalent circuit is shown in Fig. 5.
It is generally known that a homogeneous, faultless coating
on a metal typically has a high impedance value, which
can be depicted by a straightforward Randle's cell
with a single semicircle on the Nyquist plot or by a single
time constant. In a perfect scenario with a uniform coating,
the oxide layer's capacitance will meld with the coatings,
making it difficult to tell them apart as separate capacitive
parts. There will be more than one time constant and distinct
semicircle as opposed to just one, though, if the coating
on the substrate develops defects and becomes porous [45].

The results from EIS studies were simulated using
ZSimpWin 3.2 software, and the following circuits were
obtained. The equivalent circuit in Fig. 5 (8) — (C1-R1) represents
the non-stable porous corrosion product layer. (Q-
R2) represents the densely packed corrosion product layer.
Instead of using double-layer capacitance, Constant Phase
Element (CPE) was employed to fit the experimental
results better [46]. In (C2-R3) C2is the double-layer
capacitance, and R3is the charge transfer resistance.
Warburg impedance in the circuit relates to the diffusion
of the ions through the pores. Some insoluble corrosion
products may be separated from the aluminium surface due
to shear stresses through hydrodynamic conditions, further
increasing the corrosion rate. An inductive loop that
appears in the low-frequency band demonstrates these
occurrences.
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Fig. 6: Increase in corrosion rate after the addition of 500 ppm
inhibitor with the increase in temperature

To analyse data for rough solid electrodes, the CPE is
frequently utilised [47]. The impedance, Z, of the CPE is
determined by Eq. (4).

1

Zepp = —— 4

Yol

Where, Y, signifies the CPE constant, w is the angular
frequency, j represents the imaginary number (i.e. i2=—1),
and n is the exponent (phase shift) which measures surface
in-homogeneity [48].

The corrosion product layer and inhibitor film are
substantially impacted by the flow velocity and the
presence of sand particles. These particles can produce
considerable local pressures when they come into contact
with a metal surface, and the high-velocity sand can
dissolve the corrosion product layer. Additionally, the flow
and sand particles that come into contact with the metal
surface may remove some inhibitor molecules from it [32].

Effect of temperature

Understanding the inhibitive mechanism of the process
of corrosion depends critically on temperature.
Experiments were conducted at 30 — 50 °C in inhibited
solutions with 500 ppm and 1000 ppm concentrations of
Bhumyamalakhi, and the corrosion rate was assessed to
determine the impact of temperature.

Even at 1000 ppm inhibitor concentration of
Bhumyamalakhi similar results were observed. With
the increase in temperature, the rate of corrosion accelerated.
This indicated that, as the temperature rises, the inhibitor
efficiency decreases, as illustrated in Fig. 6. When the
temperature rises, owing to a reduction in surface coverage,
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Fig. 7: Variation of inhibition efficiency with flowrate (a) 500 ppm
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the surface of the aluminium alloy is exposed to
the corrosive environment. It causes the inhibitor molecule
to desorb from the surface. This can be because
the adsorption mechanism loses strength at higher
temperatures [49].

It can be observed from Fig. 7 that there is a decrease
in the anti-corrosion efficiency with the increase in the
flowrate. Though the % IE (Inhibition Efficiency)
was greater at a higher inhibitor concentration, the trend
almost remained the same. This can be caused by
the excessive addition of inhibitors to the medium, and
the corrosion rate will be negatively impacted by that
particular concentration of Bhumyamalakhi.

The corrosion inhibition efficiency did not
significantly increase at temperatures beyond 50°C,
however, because the corrosion rate likewise increased
as the temperature rose. Temperature-dependent variations
in the percentage of inhibition in the presence of this
inhibitor imply that physical adsorption was the primary
mechanism of inhibition because the amount of adsorbed
inhibitor reduces as temperature rises [50]. This result
also showed that the adhesion of inhibitor molecules
to the aluminium alloy's surface was an exothermic process.
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Fig. 8: Corrosion rate of 6061 aluminium alloy at various
flowrates and concentrations

Effect of inhibitor concentration

The corrosion rate decreased when the inhibitor
concentration was raised from 500 ppm to 1000 ppm,
as depicted in Fig. 8. But the trend of corrosion rate variation
conceming the flowrate remained the same. The corrosion rate
of 6061 aluminium alloy depends on the concentration
of inhibitors. For Bhumyamalakhi, when the concentration
changed, the inhibition performance changed significantly.

According to the findings in Fig. 8, corrosion current
density (icorr) falls with increase in concentration of the inhibitor.
This type of behaviour could be explained by a strong
interaction between inhibitor molecules and the alloy
surface. This suggested that inhibitor molecules have
adhered to the alloy surface and are creating a barrier on the
surface of the mild steel [51]. Adsorbate inhibitor molecules
align parallel to the metal surface at inhibitor concentrations
lower than 1000 ppm, which reduces the number of active
surface sites [52]. The amount of inhibitor molecules that
can adsorb on the metal surface increases with increasing
inhibitor concentration, up to a concentration of 1000 ppm.
On the other hand, as inhibitor concentration increased,
inhibitor molecules were more strongly attracted to one
another. Additionally, the molecules tended to adsorb onto
the metal surface as inhibitor concentration reached a critical
point because of the electrostatic repelling effect perpendicularly.
Each adsorbate inhibitor molecule with perpendicular
adsorption at a greater concentration would occupy
a smaller surface area than with parallel adsorption, leading
to a considerable increase in corrosion rate [27].

Inhibitor molecules repel one another more powerfully
when inhibitor concentration rises. The electrostatic
repellent property of the molecules then caused them to
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tend to adsorb perpendicularly onto the metal surface.
In contrast to a paralleled alignment, each inhibitor
molecule would occupy a reduced surface area in this
scenario. The inhibitor's ability to work with corrosion
products created on the surface of the metal is a likely
explanation. More so than the inhibitor layer itself,
the corrosion product molecules can persist on the metal
surface, which lessens the influence of sand on the surface.

Scanning electron microscopy

SEM investigated the morphology of the alloy surface
before and after impingement. Fig 9 (a) and (b). Material
has undergone substantial degradation after impingement
as visible in Fig 9(b) The craters and protruding lips
on the surface are most likely the result of multiple
overlapping collisions. In comparison to the samples given
to lower velocities, the specimen subjected to the highest
velocity exhibits greater plastic deformation. It also
exhibits the greatest density and depth of impact craters
and surface lips. A portion of the kinetic energy of
the particles that are taken up by the sample surface during
the impingement process result in plastic deformation,
which eventually creates a coating that hardens with use.

It is discovered that more deformation caused by the sand
particles' enhanced flowrate and kinetic energy results
in deeper cuts and fissures on the surface as well as greater
material loss. The particle damaged the material surface
by slamming against it perpendicularly at 90 degrees, creating
asmall pothole. Due to the variation in particle size, when the
following particle is hit on the pit, it may appear in two places.
As seen in Fig. 9, when the particle diameter was greater than
the pit, the erosion-corrosion process produced microcracks
as a result of the sharp edges of the abrasive particles.
Chloride ions entering the sample caused corrosion products
to develop inside the microcracks, causing tensile strains that
enlarged the fissures. Particles fell vertically into the pit when
their diameter was less than that of the pit. Particles would
degrade the substance and create an environment where chloride
ions would produce pitting when they collide with the hole [53].
After the addition of inhibitor material has become relatively
smooth due to the deposition of the inhibitor.

EDX Analysis

Elemental mapping was performed to demonstrate
the presence and distribution of different elements on the alloy's
surface. InFig. 10, a significant amount of oxygen and carbon
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Fig. 9: Scanning electron microscopy micrographs at 12 L/min and 50 °C illustrating craters and lips generated on the 6061
aluminium alloy surface

secciuyl inhibition. Further its effect on corrosion and erosion may
be individually evaluated to check for synergy. Plant
extract nanoparticles can be evaluated for erosion
corrosion protection. Plant extract in the form of coatings
can be explored.
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