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Alkaloid and Flavonoid extracts of Salvia Officinalis Leaves (AESOL and FESOL) as eco-friendly corrosion inhibitors of 817M40T Mild
Steel in 0.5 M Hydrochloric acid (HCI) concentrated environment were carried out. Weight loss, thermometric, electrochemical impedance
spectroscopy, and potentiodynamic polarization techniques were employed. The corrosion rate values of the alkaloid and flavonoid were
seen to be in decrease from 1.6-0.01 and 1.6-0.1 while the inhibition efficiency values were observed to increase from 79.7%-99.3% and
75.1%-93.8% for alkaloid and flavonoid fractions respectively at concentrations of 150-1000 ppm which defined the inhibitors a good
inhibitor. A slight effect of temperature on the inhibition process was observed from the thermometric result as temperature was increased
owing to strong agitation of heat. Electrochemical data showed that charge transfer resistance and inhibition efficiency were increasing while
double-layer capacitance and corrosion current density values were decreasing with concentration. A mixed-type inhibition was recorded

while the adsorption process proved that the inhibitors were a monolayer type and physically adsorbed. Thermodynamic data revealed an

inhibitor that is stabled, spontaneous, associative, and endothermic in reaction.
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INTRODUCTION

Corrosion constitute enormous lose amongst the other
factors that are a disadvantage to the sector. Corrosion in
itself is an electrochemical process taking part on material at
major corrosion active sites which constitutes more of the
anodic areas and some parts of the cathodic areas [1-2]. It
most likely occurs under conditions of moisture and air, the
presence of electrolyte and a possibility of electron migration
from the anodic electrode or sites due to dissolution giving
rise to oxidation [1-3]. The struggle to combat corrosion
effects on materials especially metals has come a long way
comprising the use of different protective measures,
especially environmental modifications, metal selection, and
surface conditions, and now eco-friendly inhibitors from
expired drugs not just for the sake of corrosion retardation

*Corresponding author. E-mail: ugibenedict@gmail.com

but recycling as well [1-5]. Organic corrosion inhibitors have
always been associated with a variety of organic compounds
with mainly heteroatoms such as Phosphorus (P), Nitrogen
(N), Sulphur (S), and Oxygen (O) [3,4-10]. These atoms
coordinate with the corroding metal ions through their
electrons, hence forming protective films which reduce the
corrosion action. Organic corrosion inhibitors are based on
the adsorption on the surface to form protective film which
displaces water from the metal surface and protects it against
deterioration [5,11]. This process is not either purely physical
or purely chemical adsorption. A lot of sectors especially the
chemical, petroleum, marine, mechanical, efc. make use of
acids especially hydrochloric and sulphuric acids almost
routinely in different operations sanding from acid pickling,
cleansing, scale removal from pipes, acidization which
involves pumping dilute acids into drilled well or geological
formation that is capable of producing oil and/or gas [2-4,11-
14]. Corrosion in the oil and gas sector most importantly
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affects as much as flow lines, gathering and feeder lines,
crude trunk pipelines, petroleum products trunk pipelines.
S275JR mild steel is one of the most commonly used grades
in general construction. It is an un-alloyed, hot-rolled, low-
carbon mild steel [3,10]. 817M40T is available in a wide
choice of profiles and presentations. It is easy to cut, weld,
machine, and drill which makes it the perfect choice to use
for frames, vehicles, joist supports, lintels, shelves, brackets,
construction, and maintenance projects. This research aimed
at proffering a possible corrosion inhibition pathway that will
have less or no consequence on the eco-system but reduce or
eliminate where possible the effects of corrosion on
817M40T Mild Steel deployed for use at
metallurgical sectors of the economy through the use of

various

Salvia officinalis herbal plant phytochemicals (alkaloids and
flavonoids) Fig. 1.

MATERIALS AND METHODS

817M40T Mild Steel Resizing and Dressing
The sheet of 817M40T Mild Steel deployed for
the research has the following chemical composition: Zn

Fig. 1. Structures of main alkaloids (colchicine) and
flavonoid (apigenin) of Salvia officinalis. Source: Pubchem:
http:/pubchem.ncbi.nlm.nih.gov.
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(0.005%) and Fe (99.34%), C (0.19%), Si (0.20%), Na
(0.64%), S (0.05%), P (0.06), Ni (0.09%), Cr (0.08%), Mo
(0.02%) and Cu (0.21%) respectively and were obtained
commercially from System Metals Nig. Ltd. Calabar,
Nigeria. The sheets were mechanically press-cut into 3.00 x
0.05 x 3.00 cm coupons. These were polished with different
grades of emery paper ranging from 200-1200 grades and
rinse in distilled water, degreased in absolute ethanol, dried
in acetone, and stored in a moisture-free desiccator prior to
use. The aggressive acidic solution of 0.5 M HCl was
prepared by dilution of analytical grade HCI with distilled
water at right proportion. All experiments were carried out in
unstirred solutions and all weighing were done with a digital
analytical balance.

Preparation of Salvia Officinalis Leaves

The fresh leaves of Salvia officinalis herbal plant
collected from a reserved forest around the Central zone of
Cross River State, Nigeria were washed, aired dried for 24 h,
and further dried in a laboratory Oven at a minimal
temperature to avoid loss of major organic components of the
plant for 48 h. The dried leaves collected from the Oven were
then ground into powder form to obtain a fine particle
structure for easy extraction. The powdered sample was
extracted continually with absolute ethanol in a Soxhlet
Extractor for over 24 h. The extract obtained was later heated
on a water bath at a regulated temperature of 60 °C until most
of the ethanol evaporated. 15 g of the crude ethanol extract
was diluted with 1litre volume of the 0.5 M HCl solution and
then kept for approximately 24 h.

Alkaloid and Flavonoid Extraction and Inhibitor
Preparation

Dilute hydrochloric acid (35.5% w/w) and Ammonia
solution was used. The HCI employed during the experiment
was less than 1 M, but not weaker than 0.1 M (pH 0-1). 50 g
of the ethanol extract was partitioned between 100 ml of
chloroform and 100 ml of 0.1 M HCI solution using a
separating funnel. The HCl solution in the float fraction from
the separating funnel was carefully basified with Ammonia
solution and this was taken well above pH 7. A white cloud
formed in the solution was noticed indicative of alkaloids
presence. Chloroform was immediately added to the basic
solution in the separating funnel and two clear layers were
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formed with the lower one (organic) containing the alkaloids.
The chloroform layer was eventually separated from the
mixture and put aside, the chloroform distilled off, and a
small quantity of moderately pure alkaloids was obtained. 5
g of the alkaloid extract was soaked in 0.5 I of 0.5 M HCI
solution and kept for 24 h. The solutions obtained were
filtered and stored. Meanwhile, the flavonoid extracts, 10 g
of powdered sample of the leaf was weighed and digested in
100 ml methanol for 5 h. The digested solution was then
filtered and concentrated over a water bath at 60 °C to remove
almost all the methanol solution.

From the stock solution (5 g I'!), inhibition test solutions
were prepared to obtain 150 ppm, 250 ppm, 350 ppm,
500 ppm, and 1000 ppm for mass loss and thermometric
measurements respectively.

Gravimetric Experimentation

The gravimetric experiment was carried out employing
different concentrations of the inhibitors. 100 ml beakers
were used to host the inhibitor solutions while suspended
resized metals were weighed and immersed in the inhibited
solution. Each exercise was allowed for 60 min after which
the metals were taken out, washed through running water
using a bristle brush, degreased using ethanol, rinsed in
acetone, and air dried then weighed again. The process for
The
measurements were repeated twice and the average of the

each inhibitor was carried out for 360 min.
values were obtained. Data generated from the weight loss
experiment were used to calculate the corrosion rate (C) of
the metal, surface coverage (0), and inhibition efficiency (%

I€) of the inhibitor using Egs. (2) and (3).

__ bro-Br;
- Bro

S (1)

I % = x 100 @)

Bro - br;
B

To

where bry and Br; are the loss in weight for the 0.5 M HCl
and inhibited solutions respectively, and K% is the inhibition
efficiency.

Thermometric Experimentation
250 ml beakers were used to host the inhibitor solutions
while suspended resized metals were immersed in the
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inhibited solution after an initial weight of metals was taken.
This experiment was conducted at regulated temperatures of
303, 313, and 333 K using a water bath. Each exercise was
allowed for 60 minutes after which the metals were taken out,
washed through running water using a bristle brush,
degreased using ethanol, rinsed in acetone, and air dried then
weighed again. The process for each inhibitor was carried out
for 360 min. Data generated from the experimentation were
used to obtain the corrosion rate (C) of the metal, surface
coverage (Jb), and Inhibition efficiency (% I€) of the inhibitor
following Egs. (3) and (4).

do-di

Jb
do

3)

({0_

0

4

€% = x 100 @)

where d, and d; are the loss in weight for the blank and
inhibited solutions respectively, and % is the inhibition
efficiency of the inhibitors.

Electrochemical Impedance Spectroscopy (EIS)
Technique

Electrochemical impedance spectroscopy test was carried
out at 303 K in a three-electrode cell using Gamry Reference
600 potentiostat/Galvanostat inclusive of a Gamry
framework EIS300 system. Echem Analyst software was
used for analyzing and fitting data. The frequency range was
100 kHz-0.01 Hz and an AC signal amplitude of 10 mV was
used. Platinum electrode was used as counter electrode and
saturated calomel electrode (SCE) was used as the reference
electrode while the working electrode was 1 cm? by
dimension. Measurements were performed in aerated
solution after 25 min of immersion in the test solution at
ambient temperature in order to attain a steady-state open-
circuit potential (OCP). The Nyquist plots derived in the
absence and presence of alkaloid and flavonoid inhibitors
were fitted in the suitable equivalent circuit in order to obtain
some useful kinetic parameters, including the charge transfer
resistance (§,,;). Inhibition efficiency, §% was calculated
from charge transfer resistance §,; of inhibitors, according
to Eq. (5).

€% = 334 % 100 )

cti
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where ., and §,; represents the charge transfer resistance
without and with AESOL and FESOL, respectively.

Potentiodynamic Polarization (PDP) Technique

PDP tests were performed at 303 K using the same
instrument as EIS and the same data analyzer software. The
PDP curves were measured at a scan rate of0.5 mV s*! from
-0.25to + 0.25 V vs. SCE. Anodic and cathodic Tafel curves
for the dissolution of metals with and without inhibitors were
recorded. Linear segments of the anodic and cathodic curves
were extrapolated from the plots which gave useful
thermodynamic parameters. The corrosion current density
(Ior) Was used to calculate inhibition efficiency, K% of
inhibitors, according to Eq. (6)

€% = [1 - 2| x 100 6)

corr:

where 1°,,,,. and I, represent corrosion and current density
obtained without and with AESOL and FESOL, respectively.

Scanning Electron Microscopy (SEM)

Scanning electron microscope, model number JSM-5600
LV, Tokyo, Japan was used to produce micrographs of the
metal coupon without (0.5 M HCI solution) and with
inhibition. Selected coupons were retrieved from the test
solution after 6 h of immersion. Each sample was mounted
on a metal stub and sputtered with gold. Scanned
micrographs were taken at an accelerating voltage of 1.5 and
12.00 kV.

RESULT AND DISCUSSION

Gravimetric Results

The efficacy of both alkaloids and flavonoid fractions as
inhibitors was examined through weight loss procedures.
The data obtained through the plot of weight loss of metal in
mg against the time of immersion of the metal in both
inhibitors has been analyzed and presented in Table 1. The
strength of the inhibitors in combating the negative effect of
the hydrochloric acid on 817M40T-Typed Mild Steel is
recorded in the corrosion rate values which were seen to be
in the decrease from 1.6-0.01 and 1.6-0.1 for alkaloid and
flavonoid fractions respectively at increasing concentrations
of 150 ppm-1000 ppm. This appreciable characteristic of the
inhibitor could be attributed to its strong adsorption on the
metal active sites capable of initiating corrosion [10,15]. This
was confirmed from the strong inhibition efficiency values
recorded between 79.7%-99.3% and 75.1%-93.8%
alkaloid and flavonoid fractions respectively at increasing

for

concentrations of 150 ppm-1000 ppm. This again proved that
both inhibitors were able to increase the inhibitor surface
coverage and reduce to its barest minimum the anodic
dissolution and cathodic hydrogen evolution tendencies
hence mitigated the corrosion process [5,9,17].

Thermometric Analysis Result

In response to the effect of temperature on the viability of
alkaloid and flavonoid fractions as inhibitors, gasometric
results were obtained for the inhibitor as presented in

Table 1. Weight Loss Values for Inhibition of 817M40T-Mild Steel Without and with AESOL and FESOL in 0.5 M HCI

Acid
AESOL FESOL

Systems CR Surface coverage e CR Surface coverage e

(mg/cm?/min) ()] (%) (mg/cm*/min) (® (%)
0.5 M HCl 1.609 - - 1.609 - -
150 ppm 0.327 0.797 79.7 0.400 0.751 75.1
250 ppm 0.219 0.864 86.4 0.374 0.768 76.8
350 ppm 0.165 0.897 89.7 0.326 0.797 79.7
500 ppm 0.100 0.938 93.8 0.192 0.881 88.1
1000 ppm 0.012 0.993 99.3 0.100 0.938 93.8
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Tables 2 and 3. The strength of the inhibitors is recorded in
the corrosion inhibition efficiency values which were seen to
be in increase from 60.2-99.5% and 19.6-62.9 for alkaloid
and flavonoid fractions respectively at increasing
concentrations of 150 ppm-1000 ppm. It was also observed
that the result showed a physical nature of adsorption
following the higher inhibition efficiency of both inhibitors
at the ambient temperature of 303 K [10,12-13,18]. The
decreased inhibition efficiency with temperature and
correspondent increased corrosion rate as observed with the
mild steel in Tables 2 and 3 does not only indicate a physical
adsorption process but explains the possibility of losing the
weakly bounded inhibitor molecules due to the temperature
agitation effect [12-15,19]. The desorption process shows
that the inhibitor still inhibits the 817M40T-Typed

Mild Steel surface at higher temperatures but better at lower

temperatures and this can again be attributed to the stronger
adsorption of inhibitor molecules on the mild steel surface
where the corrosion reaction rate is minimal [2,8,16].

Potentiodynamic Polarization Results

Calculated values of Potentiodynamic polarization
parameters were obtained from Figs. 2a-b. The inhibition
efficiency for the tested inhibitors was in good agreement
with
thermometric experiments. The inhibition efficiency of the
inhibitors rose from 65.8-94.2% for alkaloid fraction and
63.9-87.2% for flavonoid fraction between concentrations of

those calculated from both weight loss and

150 ppm and 1000 ppm, respectively. The values for the Ieor
and Ecorr were obtained from the extrapolation of the anodic
and cathodic Tafel plots to the value of Ecorr by the software
provided with the equipment From Table 4, the results also

Table 2. Thermometric Analysis Values for Inhibition of 817M40T-Mild Steel without and with AESOL in 0.5 M HCI Acid

CR 0 %IE

(mg/cm?/h)
Conc. 303 K 313K 333K 303K 313K 333K 303 K 313K 333K
(ppm)
0.5 M HCI 5.111 8.320 13.276 - - - - - -
150 ppm 2.032 4.123 6.902 0.602 0.504 0.480 60.2 50.4 48.0
250 ppm 1.261 3.197 5.261 0.753 0.616 0.604 75.3 61.6 60.4
350 ppm 0.944 2.999 5.920 0.815 0.640 0.554 81.5 64.0 55.4
500 ppm 0.419 2.010 3.754 0.918 0.758 0.717 91.8 75.8 71.7
1000 ppm 0.028 1.538 2.900 0.995 0.815 0.782 99.5 81.5 78.2

Table 3. Thermometric Analysis Values for Inhibition of 817M40T-Mild Steel without and with FESOL in 0.5 M HCI Acid

CR 0 %IE

(mg/cm?/h)
Conc. 303 K 313K 333K 303 K 313K 333K 303 K 313K 333K
(ppm)
0.5 M HCI 5.111 8.320 13.276 - - - - - -
150 ppm 4.109 6.902 11.763 0.196 0.170 0.114 19.6 17.0 11.4
250 ppm 3.107 5.749 9.985 0.392 0.309 0.248 39.2 30.9 24.8
350 ppm 3.016 4.713 9.793 0.410 0.434 0.262 41.0 43.4 26.2
500 ppm 1.894 3.278 6.195 0.629 0.606 0.533 62.9 60.6 533
1000 ppm 0.286 1.542 3.847 0.944 0.815 0.710 94.4 81.5 71.0
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Fig. 2. Tafel plots for the corrosion inhibition of 817M40T-
Mild Steel without and with (a) AESOL and (b) FESOL in
0.5 M HCl acid.

show that in the presence of both alkaloids and flavonoid
inhibitors, icor values decreased steadily. This value suggests
that AESOL and FESOL act as an efficient corrosion
inhibitor against 817M40T-Typed Mild Steel corrosion in
0.5 M HCI acidic solution [15,19]. Again, as arrived at in
Figs. 2a-b and Table 4 the addition of AESOL and FESOL
molecules shifted the corrosion potential (Ecor) slightly to a
more positive direction and also shows changes in both the
cathodic and anodic polarization branches. These results
indicate that the inhibitors acted as a mixed-type inhibitor [9,
12,20-21].

Electrochemical Impedance Results

The electrochemical parameters ranging from charge
transfer resistance, double layer capacitance, and solution
inhibition efficiency for both effects of alkaloids and
flavonoids fractions of S. officinalis L are presented in
Table 5 and the Nyquist plots and electrochemical circuit for
the EIS are presented in Figs. 3-4. The model for Fig. 4
consists of an inductor, a capacitor, and two resistors to
regulate the amount of current running through the circuit.
However, a close study of Figs. 3a-b clearly reveals only one
capacitive loop in the Nyquist plots, which could be
attributed to a single charge transfer [10-13,19-23]. The size
of these loops for both isolates increases with increasing
concentration signifying perfect adsorption of the isolates on
the 817M40T-Typed Mild Steel in 0.5 M HCI acid surface,

Table 4. Potentiodynamic Polarization Values for Inhibition of 817M40T-Mild Steel without and with AESOL and

FESOL in 0.5 M HCI Acid

Conc. Leorr Ecorr Be Ba IEi
(mA cm?) (mV) (mV dec™) (mV dec™) (%)

0.5 M HCI 0.910 -411.80 158 110 -
Alkaloids 150 ppm 0.311 -405.40 123 99 65.8
fraction of S. 250 ppm 0.197 -415.12 118 82 78.4
officinalis L 350 ppm 0.105 -400.04 112 61 88.5
500 ppm 0.094 -389.11 83 56 89.7
1000 ppm 0.053 -376.38 55 47 94.2
Flavonoids 150 ppm 0.328 -419.31 146 110 63.9
fraction of S. 250 ppm 0.301 -406.74 129 93 66.9
officinalis L 350 ppm 0.296 -385.06 121 88 67.5
500 ppm 0.172 -329.05 100 81 81.1
1000 ppm 0.117 -294.92 81 70 87.2
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and the area exposed to the corrosive solution was reduced
[4,11,18]. Increased values of charge transfer resistance in

1200
+0.5MHCI
1000 (a) = 150 ppm
fp) 250 ppm
£ 800 - %350 ppm
© x 500 ppm
S 600 1 © 1000 ppm
& 400
200 | 2
O T T U T T T
0 200 400 600 800 1000 1200
7' (Q cm?)
500
® 150 ppm
400 1 (b) +0.5M HCI
& 250 ppm
£ 300 | %350 pm
] x 500 ppm
=200 - © 1000 ppm
N
0 g T U T T
0 100 200 300 400 500
7' (Q cm?)

Fig. 3. Nyquist graphs depicting the inhibition of 817M40T-
Mild Steel without and with (a) AESOL and (b) FESOL in
0.5 M HCl acid.

inhibited solution against those of the free acid was observed
(Table 5). This observation usually follows the stronger
adsorption of inhibited molecule on the metal surface hence
deterring the transfer of charges between corrosion media
and the metal active sites prone to corrosion giving rise to
reduced anodic dissolution [1,3,24]. Charging and discharge
of the capacitor is dependent on the ion adsorption
mechanism of the electric double layer. Once ions are drawn
over the electric double layer when voltage is applied, the
capacitor is charged and the corrosion process begins [16,22,
25]. From Table 5, an observed decrease in values of double-
layer capacitance was recorded implying that there was a
move away of the charged ions from the metal layer as the
inhibitor concentration was increased. This is an indication
of perfect adsorption of inhibitor molecules over the
capacitor (tested metal) [22,25-26]. The efficiency of these
phytochemical compounds (alkaloids and flavonoids) has
been further confirmed through the inhibition efficiency as
calculated in Table 5.

R,

VMW
Rct

Fig. 4. Electrochemical equivalent circuit diagram for the
inhibition of 817M40T-Mild Steel in 0.5 M HCl acid.

Table 5. Nyquist Values for Inhibition of 817M40T-Mild Steel without and with AESOL and FESOL in 0.5 M HCI Acid

Conc. Rct Ca IER
(Qcem?) (1F cm™) (%)

Blank (0.5 M HCI) 79 6.3 x 10 -
Alkaloids 150 ppm 317 1.5 x10* 75.1
fraction of S. 250 ppm 330 0.3 x 10 76.0
officinalis L. 350 ppm 469 48 % 10° 83.2
500 ppm 529 3.7%10° 85.0
1000 ppm 1098 2.6 x 10 92.8
Flavonoids 150 ppm 94 4.1x10* 16.0
fraction of S. 250 ppm 122 2.6 x 10 35.3
officinalis L 350 ppm 209 0.6 x 10 62.2
500 ppm 236 0.5 x 10" 66.5
1000 ppm 469 0.3 x 1074 83.2
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Thermodynamic Approach
Table 6 values were drawn from the plots of In CR against
1/T as shown in Figs. 5a-b using Eq. (7),

C=A exp(%fl) (7

where C is the corrosion rate, A is the collision constant, R is
the universal gas constant, T is the temperature (in kelvin),
and E, is the amount of energy required to ensure that a
reaction happens (activation energy).

By taking the log of Eq. (7), Eq. (8) was obtained.

Ea

InG=InA- P (8)
Increasing values for E, in inhibited solution for both alkaloid
and flavonoid extracts were recorded as against their blank
value meaning that there was a reduction in the frequency of
successful molecular collision, hence slowing the corrosion
reaction [3,9,19-23]. It also confirms a physical adsorption
process as its values were within the threshold of 20 kJ mol"!
[1,24-26]. The result from Table 6 showed increase values of
“A” with increasing concentration of inhibitors which
implies an increase in effective molecular collision of the
inhibitors on the 817M40T-Mild Steel in 0.5 M HCl acid [ 16,
21,27-30].
Thermodynamic parameters were determined using the linear
Eyring equation given in Eq. (9) [19,22,31-33]

S AH 1

kB AS
lnT__?;-i_lnT-l_? (9)

where C is the corrosion rate, T is the absolute temperature,

0 ©0.5 M HCI ® 150 ppm
250 ppm 350 ppm (a)
®500 ppm © 1000 ppm
-1

—o

==

In C

-3
3 3.1 3.2 33 34
1/T (K)
0
®05MHCI  ®150 ppm (b)
250 ppm 350 ppm
-1 ®500 ppm ® 1000 ppm

S §é\ﬁ

3 3.1 3.2 33 34
1T (K)

Fig. 5. Arrhenius plots for inhibition of 817M40T-Mild Steel
without and with (a) AESOL and (b) FESOL in 0.5 M HCI
acid.

AH is the enthalpy of adsorption, AS is the entropy of
adsorption, kB is the Boltzmann constant, h is the plank
constant and R, the universal gas constant. The values for AH
and AS can be determined from kinetic data obtained from a
ln% Vs. % plot. The Equation is a straight line with a negative

A . kB | AS
slope, — ?H, and a y-intercept, In TB 4

Table 6. Thermodynamic Values for Inhibition of 817M40T-Mild Steel without and with AESOL and FESOL in 0.5 M

HCI Acid
TEMSS AEMSS
Conc. E. AH s ASads E. AH s ASaas
(kJ mol'") (kJ mol") (kJ mol") (kJ mol'")
0.5 M HC1 5.8 -7.3 -73.0 5.8 -7.3 -73.0
150 ppm 10.8 -14.5 -145.6 11.9 -14.8 -148.9
250 ppm 11.5 -15.0 -150.9 12.0 -16.3 -163.9
350 ppm 11.6 -15.6 -156.5 12.2 -16/6 -166.1
500 ppm 12.4 -17.9 -169.4 12.6 -17.1 -171.3
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From Eq. (9), the plots in Figs. 6a-b were obtained and
the data obtained are displayed in Table 6. Entropy values
were negative for both inhibitors, an indication of a lower
amount of disorder and increase adsorption of the inhibitor
molecules [19-21,32]. Enthalpy values within the threshold
of 80 kJ mol!' explain physical adsorption and this was
noticed for both inhibitors [25]. Also, positive values of
enthalpy depict endothermic reaction meaning heat was
gained by the system in the process of reaction, hence
breaking up the intermolecular forces leading to a slower
corrosion reaction rate [10-11,33].

Adsorption Isotherm Elucidation

Langmuir adsorption isotherm was used to verify the
nature of the mechanism of action presented by both alkaloid
and flavonoid inhibitors. The Langmuir plots of C/© against
concentration (ppm) was adopted (Fig. 6) drawn from
Eq. (10).

0 ©0.5 M HCI ® 150 ppm
() 250 ppm 350 ppm
! © 500 ppm ® 1000 ppm
E\ A\.\.
¢ 2
g
-3
4
3 3.1 32 3.3 34
/T (k)
©0.5 M HCl1 ® 150 ppm
(b) 250 ppm 350 ppm
| ®500 ppm ©1000 ppm
_ 05 \-\
&~
g 0
s -0.5
-1
-1.5
3 3.1 3.2 3.3 34
/T (k)

Fig. 6. Transition state plots for inhibition of 817M40T-Mild
Steel without and with (a) AESOL and (b) FESOL in 0.5 M
HCl acid.

c_1
s=31C (10)

Table 7 shows the data obtained from the plots in Fig. 7. It
was observed that the equilibrium constant values (k) in
inhibited increased
temperature. This phenomenon is always suggestive of

solution were decreased with
physical adsorption mechanism as it is already confirmed

from the temperature-dependent result (thermometric
analysis) [29-35]. This result also indicates that there was
room for a speedy migration of the molecules in solution
enabling stronger bond formation between the inhibitor and
the metal [29,31,36]. The values of the correlation coefficient
were approximately unity, this implies that the data fitted
well to the adsorption isotherm hence obeying the Langmuir
[3,16,32]. The
adsorption-free energy values were observed to be negative
and less than -20 kJ mol"! which defined the phenomenon of
physical adsorption, spontaneity to the forward direction and

increased inhibitor stability [30,34-40].

assumption of monolayer adsorption

15 @303 ®313 333
(@
10 -
o
u -
5
0
0 500 1000 1500
Conc./(ppm)
15
@303 ®313 ©333
(b) .
10
o
@
5 2
0
0 200 400 600 800 1000 1200
Conc./(ppm)

Fig. 7. Langmuir isotherm graphs for inhibition of 817M40T-
Mild Steel without and with (a) AESOL and (b) FESOL in
0.5 M HCl acid.
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Table 7. Langmuir Adsorption Values for Inhibition of 817M40T-Mild Steel without and with AESOL and FESOL in

0.5 M HCI Acid
AESOL FESOL
Temp. k AG*ygs R? Slope k AG* g R? Slope
(K) (21" (kJ mol) (21 (J mol")
303 0.91 -9.88 0.9919 0.009 1.19 -10.56 0.9937 0.011
313 0.51 -7.93 0.9902 0.011 1.39 -11.31 0.9975 0.012
333 0.38 -13.40 0.9893 0.009 0.99 -11.09 0.9985 0.011

Fig. 8. Micrographs obtained for corrosion inhibition of mild steel in (a) 0.5 M HCI (b) 1000 ppm solution of alkaloid

extracts and (c) 1000 ppm solution of flavonoid extracts.

Scanning Electron Microscope Analysis

The nature of adsorption of the alkaloid and flavonoid
extracts as inhibitions on 817M40T-Mild Steel was studied
using scanning electron microscopy (SEM) [33-34]. This was
possible through the study of the topography, morphology,
and compositional information. Figure 8 shows the
micrographs obtained for (a) metal in 0.5 M HCI (b) in 1000
ppm solution of alkaloid extracts and (c) in 1000 ppm
solution of flavonoid extracts. Analysis of the micrograph in
Fig. 8a showed a very rough surface area which depicts the
aggressive attack of the HClsolution on the metal due to the
absence of the inhibitor [34]. However, the presence of the
inhibitor at 1000 ppm concentration witnessed an appreciable
decrease in metal surface roughness and complete
smoothness. This could be arising from the large surface
coverage area of the inhibitor on the metal surface, hence
protecting anodic corrosive active sites from corrosion
activation [30,39]. These micrographs show that both

inhibitors are good inhibitors for the control of 817M40T-

130

Mild Steel corrosion in HCI solution environment.
CONCLUSIONS

1. The corrosion rate effect of the inhibitors was seen to be in
decrease from 1.6-0.01 and 1.6-0.1 while the inhibition
efficiency values were in increase from 79.7%-99.3% and
75.1%-93.8% alkaloid
respectively at 150-1000 ppm which defined the inhibitors a

for and flavonoid fractions
good inhibitors.

2. The inhibitors shifted the corrosion potential (Ecorr) slightly
to a more positive direction and also shows changes in both
the cathodic and anodic polarization branches indicating a
mixed-type inhibitor.

3. All results obtained from experimental work were in good
agreement pointing to the efficacy of the inhibitors through
the adsorption mechanism.

4. The inhibitors showed spontaneity and stability even at
higher temperatures as thermodynamic values obtained were



817M40T Mild Steel Corrosion Remediation/Phys. Chem. Res., Vol. 12, No. 1, 121-133, March 2024.

at the threshold.
5. Result from the study of the topography, morphology, and

compositional information showed a good inhibition of
817M40T-Mild Steel corrosion in 0.5 M HCI solution
environment.
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