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Abstract

Spirulina, blue green algae is a rich source of proteins and vitamins with excellent antioxidant properties. Sunova spirulina
powder an effective, green corrosion inhibitor was used to evaluate its inhibition efficiency towards mild steel in 1 M HCI
medium. Weight loss studies of mild steel showed an inhibition efficiency of 96% for 600 ppm concentration of inhibitor
solution and 12 h of immersion period at 303 K. The percentage of inhibition efficiency increased with a step up of 10 K
raise in temperature from 303 to 333 K and thereafter decreased. The results obtained were further validated by inductively
coupled plasma optical emission spectrometric (ICP-OES) measurements and electrochemical techniques that included
Tafel polarisation, linear polarisation and AC impedance studies. Potentiodynamic polarisation study marked the inhibitor
to be a mixed type inhibiting both cathodic and anodic reactions. The adsorption studies proved that the adsorption process
was spontaneous and followed Langmuir adsorption isotherm. The thermodynamic activation and adsorption parameters
calculated showed that the mechanism of inhibition involved a physisorption process initially and then it slightly shifted
towards chemisorption process at higher temperature. The protective layer formed on the metal surface was studied using
FTIR and SEM. The complex formation between the Fe?* and the active constituents of the spirulina extract was verified
using UV visible spectra and fluorescence spectra. The effect of inhibitor concentration and temperature on corrosion rate
was tested statistically using two-way analysis of variance (ANOVA) technique.
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1 Introduction

Mild steel or low carbon steel due to its strength, malle-
ability, weldability and optimum mechanical properties
with potentially low cost is employed in diverse applica-
tions that extend from construction, automobile parts to
pipes, sheets, wires or tubes. However, metals (iron/steel)
have a natural tendency to revert back to the combined
state by reacting with the surrounding atmosphere result-
ing in rust and scale formation on its surface. So a periodic
chemical cleaning of any steel equipment is necessary for
its efficient functioning. The chemical plants, boilers, oil
and gas pipelines make use of acid solutions for cleaning,
descaling, pickling and oil well acidizing processes [1, 2].
The cleaning processes may involve several litres of acid
solutions and will be repeated every 5 to 8 years. Once the
scale is removed and the bare metal is exposed, the metal
rapidly undergoes a classic acid corrosion leading to fur-
ther dissolution of the metal [2]. This can be prevented by
using corrosion inhibitor blended acid solutions.

The corrosion inhibitors vary widely from inorganic
complexes, rare earth elements, organic compounds con-
taining elements such as N, O, P and S in their heterocyclic
rings, to macrocyclic compounds like porphyrin, phthalo-
cyanin, polymers and surfactants [3]. However, synthetic
inorganic and organic corrosion inhibitors are found to
cause environmental pollution and hence researchers are
looking for green inhibitors [4]. A vast majority of plant
extracts from different parts of the world are reported
to possess excellent anticorrosive properties [5]. Green
inhibitors are nontoxic, easily available, and economically
viable and some of them are commercially used as alterna-
tives for the chemical inhibitors [6]. The biofilm formed
by the beneficial bacterial microorganism is also utilised
as one of the novel corrosion control strategies [7]. Micro-
algae, an inhabitant of fresh water and marine system are
diverse group of organisms with potential physiological
and biochemical characteristics [8]. It is referred to as the
green gold of the future as it comprises large variety of
unexplored group of organisms whose utility is virtually
untapped [9]. Spirulina platensis, a blue green algae is
reported to be an excellent source of proteins [10], fatty
acids [11], photosynthetic pigments [12], vitamins and
phenolics [13] and showed high antioxidant properties
[14]. It is commercially produced so as to be used as a
popular food supplement. Spirulina is also projected as
living cell factory for the biofuel production and is widely
used in food, aquaculture and pharmaceutical industries
[8]. Rajendran et al. have studied the corrosion inhibi-
tion efficiency of spirulina for mild steel and mild steel
coated zinc in artificial saliva [15]. Sribharathy and Susai
Rajendran have reported the corrosion inhibition efficiency
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of an aqueous extract of spirulina and sodium metavana-
date solution [16]. Kamal and Sethuraman have studied
the corrosion inhibition efficiency of Spirulina platensis
powder extracted from absolute ethanol for mild steel at
different temperatures in both 1 M hydrochloric acid and
1 M sulphuric acid [17]. This investigation has brought
to light another important application of this microalga.
The alcoholic extract of the Spirulina platensis with
500 ppm concentration showed inhibition efficiency of
76% for mild steel by impedance studies. Xhanari et al.
have reviewed the effectiveness of beta carotene in mitiga-
tion of corrosion of aluminium alloy [18]. Badawy et al.
have explained the corrosion inhibition behaviour of beta
carotene obtained from algal secretion. The inhibitor solu-
tion with 50 ppm concentration when tested for Cu—AI-Ni
alloys in sulphide polluted chloride solutions showed 95%
inhibition efficiency [19].

The present study was carried out using the acid extract
of commercially available Sunova Spirulina (SS) capsules
to explore its enhanced corrosion inhibition efficiency. The
composition of SS capsule as claimed by the company in
100 g of the powder is 60 g of protein, 5 pug of vitamin
B12,<200 mg of beta carotene and slightly higher than
30 mg of iron [20]. The corrosion study was carried out
using weight loss, electrochemical and spectrophotomet-
ric methods. The surface morphology was studied using
SEM. The inhibitor film formed on the metal surface was
characterised using IR, UV-Vis spectrophotometer and
spectrofluorophotometer.

2 Experimental
2.1 Preparation of the Inhibitor Solution

1 g of the Sunova Spirulina (SS) powder was refluxed with
100 mL of 1 M hydrochloric acid at 353 K for 3 h and was
kept overnight. The clear, supernatant liquid was then fil-
tered and the filtrate was made up to 500 mL in a standard
flask using 1 M hydrochloric acid. This was used as the
stock solution for the corrosion inhibition efficiency study
for mild steel.

2.2 Preparation of the Mild Steel Specimen

The mild steel coupons used for the present study had the
following percentage composition: Fe-99.62, Mn-0.184,
W-0.042, Al-0.032, Cu-0.021, C-0.017, P-0.013, Ni-0.010,
Cr-0.010, Mo-0.008, S-0.008, V-0.008, Si-0.007, Nb-0.006,
Pb-0.005, N-0.005, Ti-0.004. The specimen was cut into
5% 1x0.2 cm dimension, mechanically polished and the
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surface abraded using fine grade emery sheets. The polished
metal was degreased using acetone, dried and placed in a
desiccator.

2.3 Weight Loss Study

The weight loss studies were carried out as per ASTM G31
procedure. Accurately weighed metal coupons were immersed
in 100 mL beakers containing 1 M hydrochloric acid with and
without the inhibitor for a stipulated period. The immersion
time was varied from 3, 6, 12 and 24 h. The experiment was
repeated by varying the temperature from 303 to 343 K for an
immersion period of 30 min. After each study, the coupon was
again weighed accurately to find the weight loss. The experi-
ments were performed in naturally aerated conditions and no
stirring was employed. The following Eqs. (1, 2, 3) were used
to calculate the inhibition efficiency, surface coverage and cor-
rosion rate of the inhibitor.

o . Wo =W,

Inhibition Efficiency % = 5 x 100 €h)

0

Wo - W,
Surface coverage § = | ——— 2

Wo

6

Corrosion rate(mpy) = W 3)
p

where W, and W, represent the weight loss in grams for
blank and inhibitor solution, respectively. p is the density of
mild steel in g/cm?>, A is the area of the coupon in cm? and ¢
is the time of immersion in hours.

2.4 Electrochemical Studies

CH Electrochemical workstation CHI608E model was used
for the electrochemical studies namely AC impedance, LPR
measurements and Tafel polarisation. The instrument makes
use of three electrode cell assembly constituting platinum
counter electrode, saturated calomel reference electrode and
mild steel working electrode with a geometric area of 1 cm?.
The measurements were carried out after a steady state open
circuit potential was established. Impedance studies were per-
formed by applying a frequency range of 100 kHz to 1 Hz
with AC signal amplitude perturbation of 0.005 V. Polarisation
curves were obtained by changing the potential from—0.2 V
cathodically to+0.2 V anodically with respect to open circuit
potential and at a scan rate of 10 mV/sec.

2.5 Spectrophotometric Studies
2.5.1 ICP Optical Emission Spectra

The instrument ICP-OES spectrometer, Perkin Elmer
Optima 7000 model was employed to estimate the iron
content present in the blank and the inhibitor solutions
obtained after the 12 h of immersion study. The inhibition
efficiency obtained by weight loss studies can be further
validated by this method [21]. The sample solutions enter
the capillary tube of the instrument through suction. After
a waiting period of 15 s the sample solutions were ana-
lysed using certified reference material for iron. The iron
content in the diluted sample solutions were measured at
a wavelength of 238.204 nm. From the iron content the
inhibition efficiency (IE) was calculated from the Eq. (4)

_ Co_c
IE% = [( o )] x 100 4)

where C,, (mg/ litre) and C (mg/ litre) are the concentrations
of the iron present in the blank and the inhibitor solutions,
respectively.

2.5.2 FTIR Spectra

Fourier transform infrared spectrophotometer Shimadzu
IR affinitylS model was used to characterise the Sunova
Spirulina powder, its acid extract and the inhibitor coated
metal. The protective layer coated on the mild steel speci-
men after 6 h of immersion in the solution containing
600 ppm of the inhibitor was used for the analysis. The
IR spectra were recorded from 4000 to 500 cm™! with a
resolution of 4 cm™.

2.5.3 UV-Vis and Fluorescence Spectra

UV spectrophotometer Shimadzu UV-1800 model and spec-
trofluorophotometer Shimadzu RF- 5301P model were used
to record the UV—Vis absorbance and fluorescence spectra,
respectively. The solutions obtained after the immersion of
mild steel in 1 M HCl for 6 h with and without the inhibitor
(600 ppm) were used for the studies. UV—Vis spectra were
recorded from 200 to 800 nm and for fluorescence spectra
the emission intensities were recorded from 300 to 800 nm.

2.6 Surface Analysis Studies

Field emission scanning electron microscope Carl Zeiss
Sigma V model was employed for the surface analysis
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study of the polished metal, inhibited and uninhibited
metal. Sputtering was done using gold for 120 s at 10 mA.

3 Results and Discussion

3.1 Effect of Inhibitor Concentrations
and Immersion Periods

The inhibition efficiency of corrosion inhibitors are exten-
sively evaluated by the weight loss technique [18]. The
hetero atoms present in the active constituents of the inhib-
itor act as adsorption centres leading to the formation of
a protective film on the metal surface. This film acts as
a barrier between the metal and the aggressive medium
thus inhibiting the corrosion [22]. The extent of protection
increases with the inhibitor concentration as revealed by
the decrease in the weight loss of the mild steel specimen
[23]. Table 1 shows the performance of the acid extract of
the Sunova spirulina of varying concentrations from 100
to 600 ppm for different immersion periods at 303 K. It
was found that the inhibition efficiency reached a maxi-
mum of 96.32% for 600 ppm and 12 h of immersion time.
The increased adsorption of the active molecules on the
metal surface results in an enhanced surface coverage of
the metal [24, 25]. The inhibitor efficiency was found to
increase with the increase in immersion period up to 12 h
and thereafter it decreases slightly. The decrease may be
attributed to the collapse of the protective film due to its
thickness exposing the metal to the acid solution. Figure 1
shows the variation of the corrosion rate with concentra-
tion of the inhibitor at different immersion periods. The
corrosion rate increases with increase in the immersion
period both in the absence and presence of the corrosion
inhibitor. However, for a particular immersion period the
inhibitor concentration shows a significant role in reducing
the corrosion rate.

Table1 Trend in IE% with concentration of SS extract in 1 M HCl
for mild steel at different immersion periods at 303 K

Conc. in ppm

Inhibition efficiency %

3h 6h 12h 24 h
100 8622 (1.5) 89.27(0.4) 90.25(0.4) 88.36(0.1)
200 88.31(1.8) 90.67(0.2) 93.72(0.1) 90.98 (0.1)
300 90.29 (0.4) 92.35(0.5) 93.90 (0.1) 91.02 (0.0)
400 92,17 (2.1) 94.20 (0.4) 94.73(0.1) 90.89 (0.1)
500 92,67 (1.4) 94.97 (0.3) 95.67 (0.1) 92.29 (0.1)
600 93.16 (0.7) 95.11 (0.0) 96.32(0.2) 92.43 (0.1)

The standard deviation values are given in parentheses
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Fig. 1 Variation of corrosion rate of mild steel with concentration of
SS extract in 1 M HCl at different immersion periods

3.2 Effect of Temperature

The nature of adsorption of the inhibitor molecules on the
surface of the metal can be studied by monitoring the inhi-
bition efficiency of the inhibitor at different temperatures.
Table 2 shows an increase in the trend of IE % of SS extract
of same concentration with a step up of 10 K raise in tem-
perature from 303 to 333 K and half an hour of immersion
period. The inhibition efficiency was found to reach a maxi-
mum of 91.30% at 333 K for 600 ppm concentration. This
trend reveals that a stable protective layer was formed on
the metal surface due to the chemical interaction between
the active constituents of the inhibitor and the metal surface.
This reveals the nature of adsorption process involved in
the corrosion inhibition was chemisorption [26]. However,
at 343 K there was a decrease in the inhibition efficiency %
which may be due to the breaking of the adsorbed layer lead-
ing to smaller segments, exposing the surface to the aggres-
sive medium [27]. Figure 2 reveals an increase in the cor-
rosion rate with increase in temperature both in the absence
and presence of the inhibitor. This is due to the increase in
the thermal agitation of the acid medium that abviously will
enhance the metal dissolution [28]. However, it can be noted
that the corrosion rate decreases with the increase in SS con-
centration for a particular temperature due to the formation
of stable protective layer on the metal surface [29].

3.2.1 Thermodynamic Activation Parameters

Temperature plays an important role in influencing the rate
of electrochemical corrosion. The relationship between the
temperature and the corrosion rate is given by the Arrhenius

Eq. (5).
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Table 2 Variation of IE % with

. Conc. in ppm
concentration of SS extract

Inhibition efficiency %

in 1 M HCI for mild steel at 303 K 313K 323K 333K 343 K
different temperatures and for
an immersion period of half an 100 54.32 (8.6) 76.92 (0.8) 82.26 (0.0) 86.14 (0.0) 82.38 (0.1)
hour 200 55.56 (4.9) 79.84 (1.1) 84.72 (0.3) 86.78 (0.9) 84.10 (0.6)
300 65.43 (0.0) 80.37 (1.9) 87.04 (0.4) 89.52 (0.1) 87.10 (0.1)
400 70.37 (2.5) 83.82 (1.9) 88.81 (0.8) 89.44 (0.1) 88.88 (0.3)
500 71.60 (3.7) 84.62 (3.2) 89.09 (0.8) 90.20 (0.1) 88.73 (0)
600 87.65 (4.9) 89.92 (0.5) 90.31 (0.1) 91.30 (0.2) 88.98 (0.1)
The standard deviation values are given in parentheses
CR R As* —AH
—=— 303 K| log &8 = &
4 —e—313K| 8 T Nh CXp 1 exp ©)
16000 —A—323 K!
o ¥ S50 where N is the Avagadro number and ‘A’ is the Planck’s
st constant. The thermodynamic activation parameters E,, A,
12000 ~ AH* and AS* listed in Table 3 were obtained from the linear
8 M plots of log CR versus 1/T and log (CR/T) versus 1/T. The
g E, value for mild steel in 1 M HCI was found to be 66.33 kJ/
§ e \ mole which agrees well with the literature values 50-100 kJ/
A mole [30]. The lower values of E, for the inhibitor solutions
o \ than that of the blank supports the formation of chemisorbed
LN e layer of the inhibitor on the surface of the mild steel [31].
N . ‘ < Accordin i i i
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Fig.2 Variation of mild steel corrosion rate with temperature for dif-
ferent concentrations of the SS extract in 1 M HCI

-E,
log CR =

T ogA
2303RT T °% )

where CR is the corrosion rate, E,, the apparent activation
energy, A, the Arrhenius pre-exponential factor, R, the molar
gas constant and 7, the absolute temperature. The transi-
tion state Eq. (6) is used to calculate enthalpy of activation
(AH*) and entropy of activation (AS*) for the corrosion
reaction.

activation energy E,. Greater variation of A with the inhibi-
tor concentration compared to E, indicates that A may be
the dominant factor in influencing the corrosion rate [32].
The lower values of AH* than that of Ea reveals that a gase-
ous reaction namely the hydrogen evolution reaction was
involved in the corrosion process, correlated to reduction in
total reaction volume [33]. The difference between E, and
AH* values is 2.68 kJ /mole that signifies unimolecular reac-
tion in the corrosion process [34, 35]. The positive sign of
the enthalpy of activation reveals that the metal dissolution
process was endothermic in presence of the inhibitor. The
sign of the AS* values changed when moving from blank to
the inhibitor solution. This is attributed to the non-spontane-
ity of the metal dissolution process in presence of the inhibi-
tor. The negative sign of AS* reflects orderly adsorption

Table 3 Thermodynamic and

activation parameters of the Concinppm  E,(kImole™) A(kgm™2s™)) AH*(kImole™) AS*Jmol/K) Ea-AH=RT
corrosion process on mild steel Blank 66.33 272 x 10" 63.65 22.46 2.68
in I M HCI 100 45.00 2.04 x 10'° 42.32 —56.51 2.68

200 44.14 1.36 x 10'° 41.46 —59.91 2.68

300 43.98 1.05 x 1010 41.30 —62.05 2.68

400 45.08 1.42 x 1010 42.41 —59.53 2.68

500 46.04 1.95 x 1010 43.36 —56.90 2.68

600 64.14 1.22x 1013 61.46 —3.37 2.68
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of the inhibitor molecules on the metal surface which was
initially moving freely in the bulk of the solution [32].

3.2.2 Adsorption Isotherm

The effectiveness of the inhibitor in corrosion mitigation of
mild steel in 1 M HCI solution was investigated by the use
of adsorption isotherms as it correlates the surface coverage
with the concentration of the inhibitor. The adsorption iso-
therms namely Langmuir, Temkin, Freundlich, El-Awady and
Florry-Huggins isotherms were attempted. Langmuir isotherm
showed a best fit as was determined by the regression values
RZ. The modified Langmuir isotherm equation is

Clp = 1/Ka WTC (7

where is inhibitor concentration, is adsorption equilibrium
constant, and @ is the degree of surface coverage of the
inhibitor. Figure 3 shows the modified Langmuir plot of C
versus C/0 which is nearly linear and the slope was found to
vary from 1.03 to 1.10 between the temperature 303 K and
343 K. This suggests the monolayer adsorption of the main
constituents of SS on the mild steel surface and there is no
interaction between them [36]. These observations point out
that the inhibitor which was physisorbed at lower tempera-
tures gets firmly held on the surface of the metal by chem-
isorption with the raise in temperature [32] The intercept of
the modified Langmuir plot is equal to 1/, and is related to
the standard Gibbs free energy by the Eq. (8).

Kun =533 xpl ) ®)

0.8
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Fig. 3 Modified Langmuir plot for mild steel in 1 M HCl in presence
of SS extract
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Table 4 Adsorption parameters for the corrosion process on mild
steel in 1 M HC1

Temp. (K) Kogs AG 4 (kKJ mol™h) Slope R’

303 7.75 - 15.28 1.03 0.93
313 34.74 —19.69 1.09 0.99
323 64.32 -21.97 1.08 0.99
333 97.10 - 23.08 1.08 0.99
343 79.37 -23.93 1.10 0.99

where R is molar gas constant, 55.5 is molar concentration
of water molecules at electrode and electrolyte interface dur-
ing the adsorption process and T is absolute temperature.
Table 4 shows the values of K4, and AG®, 4. High values
of K, 4, with increase in temperature indicates the forma-
tion of strong and stable adsorbed layer and consequently
higher inhibition efficiency [36, 37]. The value of AG®,, up
to — 20 kJ mol~! indicates physical adsorption while a value
more than — 40 kJ mol ™! corresponds to chemisorption [38].
The calculated values of AG®,, for different temperatures
vary from — 15.28 to—23.93 kJ mol~!. This shows that the
adsorption process involves physisorption which slightly
shifted towards chemisorption at higher temperatures. The
negative value of AG®,,, supports the spontaneity of the
adsorption process. Based on Van’t Hoft Eq. (9), AH®,,, was
calculated and found to be —50.02 kJ/mole.

_ 0

ads
— 2% 4 Constant 9
RT

InK =

The negative value of AH®,,, signifies physisorption
or chemisorption process [39]. According to the literature
the enthalpy value for a physisorption process is less than
41.86 kJ/mole while for chemisorption it approaches 100 kJ/
mole [40]. This indicates that the electrostatic interaction
between the protonated inhibitor molecules and CI™ ions
could have allowed the physisorption of the inhibitor on the
surface. This may be followed by the transfer of electrons
from the active constituents of the inhibitor molecules to the
empty ‘d’ orbitals of iron [32].

3.2.3 Statistical Analysis

The null hypotheses stating there is no significant difference
in the corrosion rate due to different inhibitor concentration
levels and due to different temperatures were tested using
two-way analysis of variance (ANOVA) [41]. The results
are given in Table 5.

Since the F-calculated values are greater than the F table
values, i.e. 6.85>2.36 and 4.29 >2.71, the null hypotheses
are rejected at 5% level. The study infers that the corrosion
rate is significantly different for different temperatures as
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Table 5 Two way analysis of

. Source Degrees of Sum of squares Mean sum of squares F F table
variance (ANOVA) freedom

Concentration 7 201,120,021.7 28,731,431.67 6.85 F; 25=2.36
Temperature 4 71,916,589.49 17,979,147.37 4.29 F, =271
Error 28 117,419,210 4,193,543.215
Total 39 390,455,821.2

0.2 - inhibitor. Both the cathodic and anodic curves shift towards

blank .. .. e e .
—— 100 ppm| the lower current densities on addition of the inhibitor point-

Potential (Volts)

T T T T
10° 10° 10* 10° 10°

Current (amp/cm)2

Fig.4 Polarisation curves obtained for mild steel in 1 M HCI solution
in the presence and absence of the inhibitor

well as different inhibitor concentration levels. This means
that the inhibitor concentration and temperature have signifi-
cant effect on corrosion rate.

3.3 Electrochemical Studies

3.3.1 Tafel Polarisation

Figure 4 shows the polarisation curves obtained for mild
steel in 1 M HCl solution in the presence and absence of the

ing that the anodic metal dissolution and the cathodic hydro-
gen evolution partial reactions are efficiently inhibited by
the inhibitor [42]. Table 6 provides the values of corrosion
potential (E,,,), corrosion current densities (/,,,), cathodic
tafel slope (Bc) and anodic tafel slope (fa). According to
the report if the difference in the E ., values between the
uninhibited and inhibited solution is greater than+85 mV
then the inhibition can be labelled as anodic or cathodic type
[43]. In the present study, the maximum displacement in
E.,, values is 24.5 mV which indicates a mixed type inhibi-
tion. The inhibition efficiency calculated using /., values
was found to increase with the inhibitor concentration and
reached a maximum of 91.27% at 600 ppm concentration
of the inhibitor. This may be attributed to both anodic and
cathodic inhibition performance of the inhibitor via adsorp-
tion on the metal surface blocking the active sites [44]. Tafel
slopes (Pa) and (pc) were found to change with inhibitor con-

centration indicating mixed type of corrosion inhibition [45].

3.3.2 Linear Polarisation Study

Linear polarisation measurements help to monitor the cor-
rosion rate and the performance of the inhibitor. Table 6
shows that the linear polarisation resistance (LPR) values
were higher for the inhibitor solutions than that of the blank
solution. The LPR ;,pipior Values were found to increase with
the increase in inhibitor concentration [46]. Using Eq. (10)
the inhibition efficiency (IE %) was calculated.

Table 6 Polarisation parameters for mild steel in 1 M HCI obtained at room temperature

Conc in ppm E ... (mV/SCE) I corr (WA/CT) B, (mV/dec) B, (mV/dec) IE % LPR (Q cm?) IE %
Blank —496.9 1008 139.2 94.33 24

100 —4935 220.5 154.4 74.88 78.13 (3.3) 99 75.76 (3.7)

200 —486.7 182.4 164.5 75.22 81.91 (2.1) 123 80.49 (2.0)

300 —496.5 177.9 148.1 83.89 82.35(2.4) 131 81.68 (1.8)

400 —464.9 151.5 169.72 73.56 84.97 (0.3) 147 83.67 (0.5)

500 —478.4 136.4 178.6 78.50 86.47 (1.1) 174 86.21 (1.9)

600 — 4724 88.04 176.8 76.93 91.27 (1.0) 260 90.77 (1.1)

Te standard deviation values are given in parenthesis
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o . LPR inhibitor)~LPR
inhibition Efficiency = x 100  (10)
LP R(inhibilor)

The results were in agreement with the values obtained
from weight loss studies.

3.3.3 Electrochemical Impedance Study

Impedance measurements give the characteristics and the
kinetics of the in situ electrochemical reactions occurring at
the metal/acid interface in the presence and in the absence
of the corrosion inhibitor. Figure 5 shows a: Nyquist plot, b
and c: Phase angle and Bode plots drawn using the results
obtained from the electrochemical impedance measure-
ments. A single capacitive loop in the Nyquist and only one
time constant/ single relaxation process in phase angle plot
reveals that the formation of the electrical double layer at
the metal solution interface and corrosion of mild steel are
controlled by the single charge transfer process [47]. The
corrosion mechanism remains unchanged in the absence and
presence of the inhibitor as revealed by the similar capacitive
loop appearance. However, the diameter of the capacitive
loop is found to increase with the increase in the inhibitor
concentration. This can be correlated due to the increased
efficacy of the inhibitor to be adsorbed on the metal solu-
tion interface forming a protective film and mitigate cor-
rosion [48]. Further evidence comes from the Bodes plot
which shows an increase in the absolute impedance value
at lower frequencies with increase in the inhibitor concen-
tration [49]. The inhomogeneity of the metal surface that
arises from surface roughness, impurities, adsorption of the
inhibitor molecules, formation of porous layers, distribution
of the activity centres is reflected in the depressed semicircle
of the capacitive loop in Nyquist plot [50]. The non-ideal
capacitance behaviour is further supported by the phase
angle plot where the increase in the phase angle with the
inhibitor concentration was lower than —90° [51]. This led
to a necessity of replacing double layer capacitance in the
Randles circuit by a constant phase element (CPE) for the
best fit of the depressed semicircle. The various impedance
parameters obtained by best fitting the experimental data in
the equivalent circuit (Fig. 6) are given in Table 7. The best
fit is revealed by the Chi-squared value [52]. The impedance
of the CPE is given by the following expression [53]

Zepg = [Yo(jw)"] (11)

where the Y|, refers to the magnitude of CPE, j is an imagi-
nary number which is equal to square root of -1, ® is the
angular frequency and n is the phase shift that corresponds
to the inhomogeneity of the surface. The R,, values displayed
in Table 7 denotes the polarisation resistance which con-
stitutes charge transfer resistance, inhibitor film resistance,
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diffused layer resistance and resistance of all accumulated
species [54]. The interfacial double layer capacitance (Cyg))
values was calculated using the following relationship [42]

I 1/n
Cy = (YOXRP )

The R, values is found to increase while the Cy val-
ues decrease with increase in concentration as shown in
Table 7. This can be corroborated to the retardation of
the charge transfer process due to the adsorption of the
inhibitor at the metal solution interface [55].

3.3.4 ICP- OES Measurements

Table 8 shows the iron content of the blank and the inhib-
ited solutions obtained after the weight loss studies using
inductively coupled plasma (ICP) optical emission spec-
trometry (OES). The decrease in the amount of iron with
the increase in the concentration of the inhibitor supports
the effectiveness of the inhibitor in preventing the dis-
solution of iron into the solution. This may be due to
the adsorption of the active constituents of the inhibitor
onto the metal surface [56—58]. The inhibitor efficiency
calculated from the iron content using the Eq. (4) was in
agreement with the results obtained by other methods.

Table 8 Iron content obtained by ICP-OES method

Conc. in ppm Iron content in mg/litre IE %
Blank 1944.5 -

200 218.0 88.7
400 154.4 92.1
600 144.0 92.6
700 132.0 932

3.4 UV Visible, FTIR and Spectrofluorometric
Spectral studies

Figure 7a shows the UV-Vis spectra of the blank solution
and the inhibitor solution obtained after 6 h of immersion
of the mild steel specimen. This technique is suitable for
the identification of formation of the complex ion in solu-
tion. The absorption maxima was found to be shifted towards
longer wavelength in the presence of the inhibitor. This indi-
cates the complex formation between Fe?* and the active
constituent of the inhibitor solution [59, 60].

Figure 7b shows the FTIR spectra of the spirulina pow-
der, inhibitor extract and the inhibitor coated metal. This
technique is employed to ascertain that the corrosion inhi-
bition is due to the interaction between the metal and the
inhibitor molecules [61]. The S—O stretching occurring at
1543 cm™! has a high intensity in the powder which reduces
in intensity in the acid extract probably due to protonation
and this stretching shifts to a lower wave number 1516 cm™!
in the inhibitor coated metal. This can be attributed to the
binding of the R—S—O unit to the metal. This is further cor-
roborated when we consider the S—O stretching at 1409 cm ™
which being low in intensity in the powder and the acid
extract, increases in intensity in the inhibitor coated metal.
The P-O stretching occurs at 1020 cm™! in the powder
and this shift to 1046 cm™ in the acid extract and then to
1064 cm™! in the inhibitor coated metal. This would mean
that the P-O group gets protonated in the acid medium as
well as in the inhibitor coated metal surface suggesting elec-
trostatic attraction (physisorption) of the inhibitor molecules
on the metal surface [62]. The IR absorption at 1640 cm~lin

Table7 Impedance parameters — conc oom  ChiSqx 102 n R, CPEx 10* Cyx10° R (Qem> IE%

for mild steel in 1 M HCl in the (Q/cmz) P

absence and in the presence of

the inhibitor Blank 2.476 0.8346 0.8772  2.664 10.1624 29.01
100 2.602 0.7961 0.8563  2.046 8.0036 1252 76.82
200 1.094 0.806  1.128 1918 7.9543 134.6 78.45
300 1.63 0.8032 09291  1.831 7.4613 140.0 79.28
400 1.466 0.8213 09765  1.570 7.0765 163.5 82.26
500 2.192 0.8122 09337  1.236 5.1960 190.7 83.04
600 1.178 0.8566  1.006 0.971 5.0655 2112 86.26
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the powder shifts to 1658 cm™! in the acid extract and then
to 1622 cm™! in the inhibitor coated metal surface matches
well with the scissor bending mode of -NH, of amide group
implying the involvement of the latter in the inhibition activ-
ity [62].

Figure 7c shows the fluorescence spectra of the acid
extract of the inhibitor and the inhibitor solution obtained
after 6 h of immersion of the mild steel specimen. The
absorption peak between 400 and 500 nm corresponds to
beta carotene and that at 700 nm corresponds to chlorophyll
[63]. The decrease in the intensity of absorbance peak of
beta carotene obtained for the inhibitor solution containing
Fe?" ions shows the interaction between beta carotene and
the metal ion.

3.5 Surface Morphology

Figure 8 shows the SEM images of (a) pure metal (b) metal
in 1 M HCI and (c) metal immersed in the 600 ppm con-
centration of acid extract of the Sunova spirulina for 6 h at
298 K. On comparison, it clearly showed the corrosive attack
of the acid medium on the metal surface and the corrosion
rate visibly reduced on the surface of the metal in presence
of the inhibitor. This is due to the uniform deposition of the
inhibitor on the surface of the metal.

3.6 Mechanism

The experimental results clearly reveal the enhanced corro-
sion inhibition efficiency of the acid extract of the Sunova
spirulina powder as compared to that of its alcoholic extract
study by others.[17]. This is perhaps due to the adsorption
of the active constituents of the spirulina extract onto the
metal surface. The active constituents in the extract are the
monosaccharides, amino acids and beta carotene. These con-
stituents contain the hetero atoms in their functional groups
such as -OH, —NH, R-S-0, and P-O which get protonated
in acid medium. These protonated groups are then electro-
statically attracted towards C1~ adsorbed metal surface. The
n electrons of beta carotene must be attracted towards the
partially empty ‘d” orbitals of Fe?* resulting physisorption.
This is followed by the complex formation as indicated by
the spectrophotometric techniques. These interactions help
in retaining the inhibitor on the metal surface even at higher
temperatures.

4 Conclusion

The acid extract of Sunova spirulina powder was observed to
be an effective green corrosion inhibitor for mild steel in 1 M
HCI than the ones investigated with alcoholic extract of the
spirulina powder by others. The inhibition efficiency increases
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Fig.8 SEM images of a pure metal, b metal in 1 M HCI and ¢ metal immersed in 600 ppm inhibitor solution

with the increase in the concentration as more number of
active molecules of the inhibitor get adsorbed on the metal
surface and also may be due to the formation of Fe** beta caro-
tene complex on the metal surface. The increase in IE % with
raise in temperature upto 333 K suggests chemical interaction
between the inhibitor molecules and the metal surface. This
is further supported by the E, and enthalpy values. Adsorp-
tion studies show that it obeyed modified Langmuir isotherm
and support the monolayer adsorption. The negative value of
AG®,, indicates the spontaneity of adsorption. The higher
value of K, with increase in temperature infers increased
adsorption rather than desorption. Potentiodynamic polarisa-
tion studies reveal that the inhibition was mixed type inhibit-
ing both the anodic metal dissolution and cathodic hydrogen
evolution. The impedance measurements indicated that there
was an increase both in the surface coverage of the inhibitor
and the thickness of the electrical double layer reflecting the
efficiency of the inhibitor. The UV-Vis, FTIR spectral studies
and surface analytical study using SEM agree to the formation
of the protective layer on the metal surface.
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