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1. Introduction

In the modern world, timed delivery of oil and gas is cru-
cial to ensure the smoothness of industrial and engineering 
processes. It is important to note that the role of pipelines is 
indisputable to safely and efficiently transport hydrocarbon. 
The standard material to compose the pipelines is carbon 
steel (CS), which is broadly utilized in oil and gas companies 
and other industries due to its superior mechanical strength, 
thermal conductivity, and affordable price [1]. However, the 
impurities such as CO2 gas and the acidic conditioning fluid 
of the inner layer of pipelines increase the risk of failure due 
to corrosion [2–5]. By default, corrosion is an electrochemi-
cal reaction between the corrosive substance and the metal, 
progressing to metal deterioration without strict prevention. 

Introducing a green corrosion inhibitor (GCI) [6] is one 
of the greenest solutions for corrosion mitigation in modern 

society to inhibit the corrosion effect in CS while keeping 
the disposal of inhibitor remains at a safety level. Before the 
inhibitor introduction period, the productivity of CS may be 
lowered and unprotected to secure the integrity of pipelines 
due to corrosion threats from corrosive substances such as 
lower pH fluid in the pipelines.

As a result, adding GCI is considered to be an excellent 
practice to depress the unexpected pipeline’s failure (e.g. 
wall thinning) and remains critical to protecting the metal 
surface. In addition, the research on utilizing natural plants 
as GCI has significantly developed, including their pre-pro-
cessing inhibitor extraction and their compatibility in vari-
ous environmental conditions. 

Several previous works have been developed to earn the 
benefit of using natural resources as a means to reduce the 
impact of corrosion. The study [7] harnesses the potential of 
Morinda Citrifolia to induce the chemical bonding between 
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The critical role of newly green corrosion 
inhibitors shows the disruption of cathodic and 
anodic reactions at the metals and solution 
interface. The object of this study is the 
development of Saga as a corrosion inhibitor to 
mitigate the effect of corrosive HCl 1M оn mild 
steel. The inhibitor was extracted using methanol 
to prepare various concentrations. Fourier 
transform infrared (FTIR) spectroscopy was used 
to determine the functional group of the inhibitor. 
The electrochemical impedance spectroscopy aided 
by the potentiodynamic polarization was utilized 
to evaluate the inhibitor’s effectiveness. Optical 
emission spectroscopy (OES) was implemented 
to determine the percentage of elements in mild 
steel. Based on the FTIR results, C=O, -OH, 
C=C, benzene, and C-O are accountable for the 
inhibitor to donate its lone pair of an electron 
to the 3-d orbital of iron metal. Increasing the 
inhibitor concentration decreases the capacitive 
double layer to elevate the inhibitor resistance. 
The higher inhibitor resistance of 29.33 Ω cm-1 
increases as the concentration increases due to 
the depression of Cdl 420.16 µF cm2 at 10 ml 
inhibitor solution. Parallelly, it increases the 
inhibition efficiency at 65.58 %, slightly lower 
than the PP measurement of nearly 88 %. The 
higher value of adsorption/desorption constant, 
Kads, at 2.9 L mol-1 shows the strength of the 
inhibitor, which lowers the value of Gibbs free 
energy (ΔGads). The Saga inhibitor is considered 
a chemisorption inhibitor ΔGads –36.87 kJ/mol. 
The value demonstrates the formation of dative 
covalent bonding, which promotes the transferred 
electron from the inhibitor to the substrate. On 
the other hand, the Saga inhibitor abides by the 
Langmuir adsorption isotherm as the R2 value is 
0.99
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trogen, oxygen, and sulfur atoms of the overall structure that 
exhibits a similar effect as a synthetic commercial inhibitor.

Great attention to the development of GCI corresponds 
to their active bioactive molecules. The work [19] proves 
that the phytochemical content of leaves comprises flavo-
noids and phenolics that are suitable to inhibit the corrosion 
process by providing a barrier. However, specifying the 
mechanical inhibition through the characterization process 
is critical. A recent report claims that the presence of hy-
droxyl -OH, ester of -COOC2H5, carboxylic acids -COOH, 
and amine functional group -NH2 are common functional 
groups in the inhibition process. The Ammi visnaga extract 
was investigated by [20] to evaluate the effect of the phe-
nolic fraction in controlling the corrosion activity of mild 
steel. The plant extract shows the high efficiencies primarily 
influence the presence of n-butanol and ethyl acetate in the 
extract. The publication [21] suggests that the high solu-
bility of ester groups increases the ability of Novel cationic 
Gemini ester surfactant to be considered as GCI. The inhib-
itor was studied to depress metal dissolution by increasing 
the hydrophobicity of the inhibitor molecule. In addition, 
utilizing a highly electronegative atom of oxygen, the role of 
the corrosion inhibitor containing the amine (-NH2) group 
cannot be an oversight.  

An updated research finding [22] shows that the mix-
ture of ketone, aldehyde, and amine at their respective 
proportions maximizes corrosion protection. The inhibitor 
was used under an oil-gas reservoir and ultra-deep well to 
modify the damaged surface of the metal effectively. All this 
suggests that it is advisable to conduct a study on functional 
group recognition by identification of particular active mol-
ecules in plants or chemicals.

In this work, careful attention is given to unveiling the 
contribution of the functional group of Saga as a corrosion 
inhibitor. Considering the functional group in Saga, this 
work shows the development of Saga as GCI as the primary 
corrosion inhibitor for API 5L Grade B. But there were 
unaddressed issues related to the contribution of functional 
groups in determining the adsorption type of inhibitor, par-
ticularly of Saga solution. This fundamental impossibility 
causes inaccuracy in examining whether the monolayer of 
the passive film [23] is given, or it may approach multiple 
layers of adsorbed inhibitor. It may be correlated with the 
reaction mechanism that highlights the inhibitor’s oxidation 
mitigation. Knowing the predicted mechanism unveils the 
inhibitor’s role in forming complex compounds through da-
tive covalent bonding.

Despite the active compound found in the fruit, there 
were unresolved issues related to its extraction process. The 
work [24] states that the combination of polar solvents is 
proven to gain a considerable amount of extract fully. At the 
same time, the study [25] argues that using autoclaves effec-
tively extracts Artemisia vulgaris. The scientist reveals the 
ether solution through direct soxhlet extraction is sufficient 
to protect the metal by 93 % while depressing the corrosion 
rate by nearly 88 %.

The problem statement of this work is correlated with 
the solvent selection to obtain the primary component of 
the Saga plant. To our knowledge, the study to unveil the 
suitability of the solvent corresponds to the composition of 
alkaloids, saponins, and flavonoid molecules have remained 
undiscovered. This study is essential to explain the signif-
icance of the hydroxyl group and their resonance effect on 
flavonoid molecules towards the inhibition process in API 

the inhibitor and CS under artificial seawater. Under the 
same corrosive medium, the research [8] shows the Secang 
heartwood extract was used as a corrosion inhibitor with 
lower inhibition efficiency of 53.18 %. On the other hand, 
the study [9] provides information about the role of Eleu-
therine Americana Merr. Extract as a corrosion inhibitor to 
control the electrochemical activity on API 5L X42 under 
low pH of HCl. The previous works demonstrate that GCI 
is the solution to address the toxicity issue of the existing 
inorganic corrosion inhibitor. Furthermore, white tea [10] 
and rice husk ash [11] have been used to protect the steel in 
an acidic environment with lower toxicity and high thermal 
resistance.

The existing research continues to elaborate on the po-
tential of Abrus precatorius (AP) or Saga as a natural inhib-
itor. The study [12] has recently paved the way to elaborate 
on the AP inhibitor on aluminum under alkaline conditions. 
However, the limitation of the published work shows its 
inadequacies in explaining the inhibition mechanism of the 
AP when the CS is submerged under acidic conditions. The 
reduction of electrochemical activity of the inhibitive mech-
anism includes the interaction between the significant role of 
oxygen and the benzene functional group of the inhibitor on 
the surface of metals. 

As a result of this study, a practical guideline is given 
since the engineer or researcher may benefit from gaining 
information of the actual inhibitor dosage [13] to protect 
the substrate (CS) fully. The higher inhibitor dosage may 
require a higher cost to provide the inhibitor. Therefore, the 
recommendation of the actual cost may depress the mainte-
nance and operational cost of the company. Thus, devoted 
studies are related to determining the inhibition efficiency 
of the inhibitor to protect the CS from corrosion. At the 
same time, this enables the research to be relevant to show 
AP’s performance and mechanism of inhibition under a low 
pH solution. 

2. Literature review and problem statement

Corrosion inhibitor is inseparable from the rapid uti-
lization of the acidic solutions used in the industry, which 
generally causes damage on the surface of materials through 
electrochemical reaction [14]. The lower pH solution im-
proves the production of the oil well, although the overuse of 
acidic solutions causes greater business loss due to corrosion. 
Therefore, the strategic plan to reduce the effect of corrosion 
is critical. One affordable and effective instrument to depress 
corrosion is the introduction of a green corrosion inhibitor 
from plant material. A previous study [15] shows piper betle 
and green tea as an inhibitor to modify the redox reaction of 
API 5L X-42 metal under a 3.5 % NaCl solution.

However, the study retains unresolved work related to 
the green inhibitor concept. The paper [16] shows that most 
organic corrosion inhibitors are vastly harmless and should 
exhibit a value of partition coefficient less than 3. Less toxic 
inhibitor demonstrates high solubility in water by having 
a shorter period to be fully dissociated and being accepted 
to degrade in the environment. Hence, the challenges of 
discovering an eco-friendly inhibitor have grown rapidly in 
recent times. On the one hand, the plant inhibits corrosion 
due to its antioxidant and antibacterial activities, as stated 
by [17]. While the research [18] emphasizes that plant-based 
corrosion inhibitor possesses the complex compound of ni-
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5L Grade B under an acidic environment. One way to over-
come this difficulty is by selecting a suitable solvent such 
as methanol that may provide plants’ steroids, alkaloids, 
saponins, and flavonoid molecules. This approach was used 
to demonstrate that using methanol is ideal to ensure the 
essential compounds are extracted due to the difference in 
polarity.

However, it remains unclear how the prepared extract 
was used to inhibit the corrosion rate on the metal surface. 
It may be due to the main composition of Saga, such as nitro-
gen, oxygen, and benzene rings. Also, it has been elaborated 
that various parts of herbs, such as leaves and fruit, have in-
herent specific functional groups and electron-rich elements. 
It is also critical to remember that the molecules comprise 
heterocyclic atoms and π-electrons, which act as adsorption 
centers on the metal surface. In common, the high solubility 
of green inhibitors is correlated with the water solubility and 
their excellent adsorption through the formation of coordi-
nate bonds [26].

Upon forming a coordinate bond, the adsorption process 
is related to physisorption, chemisorption, or both. In this 
setting, the utilization of ΔGads determines spontaneous ad-
sorption. It is used to predict their reaction feasibility [27], 
thus making this research practical in correlation with the 
nature of thermodynamics. All this allows us to assert that 
it is expedient to conduct a study on developing the natural 
plant as a green corrosion inhibitor. 

3. The aim and objectives of the study

The study aims to offer the potential of Saga as a green 
corrosion inhibitor under 1M HCl related to its practical 
utilization in reducing the corrosion rate of carbon steel. 

To achieve this aim, the following objectives are accom-
plished:

– to evaluate the nature of corrosion resistance of API 
5L Grade B after dissolution in HCl 1M;

– to identify the primary compounds, which contribute 
to the inhibitor’s adsorption on the surface of CS;

– to analyze the inhibition mechanism corresponding to 
electrochemical activities using potentiodynamic polariza-
tion (PP) and electrochemical impedance spectroscopy (EIS);

– to explain the nature of adsorption by calculating the 
inhibition’s thermodynamic parameters.

4. Materials and methods

4. 1. The object and hypotheses of the study
As previously outlined in Section 3, the chemical con-

tent of Saga harnessed the potential of the plant to inhibit 
the corrosion rate in mild steel. The plant can be found in 
Indonesia, Sri Lanka, Thailand, South China, India, the 
Philippines, and South Africa. The primary hypothesis to 
use Saga as a corrosion inhibitor is due to its elements’ main 
composition, such as nitrogen, oxygen, and benzene rings. 
Also, it has been elaborated that various parts of herbs, 
such as leaves and fruit, have inherent specific functional 
groups and electron-rich elements. It is also critical to re-
member that the molecules comprise heterocyclic atoms and 
π-electrons, which act as adsorption centers on the surface 
of metals. This assumption is justified since the biologically 
active compound has the conjugation structure to the extent 

the number of lone pairs of electrons increases the number of 
adsorption centers; hence it increases the inhibition corro-
sion effect on mild steel. The appropriate extraction method 
and how the inhibitory effect is characterized are critical to 
unveiling the potential of Saga as a corrosion inhibitor.

4. 2. Chemicals and materials
The Abrus precatorius fruits were collected in April 

2022 from the local farmer of West Java, Indonesia. The 
selected extraction process is based on the physicochemical 
characterization of the fruit to be fully extracted. In the 
present study, 100 g of plant raw material was mechanically 
converted to powder and subject to dissolution in 1 dm3 of 
methanol for about 24 h. The appearance of sage seed sludge 
was then filtered using Whatman filter paper no. 42 before 
drying using a hotplate on the surface of the magnetic stirrer 
at 40 °C for three hours. The final volume of 700 cm3 was 
prepared as the inhibitor solution. The standard solution of 
HCl 1M was prepared using dilution as previously outlined 
in [28]. Eventually, the inhibitor solution was obtained as 2, 
4, 6, 8, and 10 ml solution.

4. 3. Preparation of the electrode, PP, and EIS mea-
surement

Three-electrode electrochemical measurement was 
prepared similarly to the publication [29] with a slight 
modification. The working electrode (WE) was made 
from API 5L Grade B (10×10×3 mm). The platinum (Pt) 
electrode and Ag/AgCl electrode served as the count-
er electrode (CE) and reference electrode (RE). Before 
conducting the measurement, the WE was polished using 
800, 1,000, and 2,000 mesh sandpaper (in turn) and was 
transferred to a desiccator to ensure the WE was free 
from air. An open circuit potential (OCP) measurement 
was conducted on the blank solution (1 M HCl), 2, 4, 
6, 8, and 10 ml inhibitor solution using a PGSTAT302 
potentiostat. The scanning rate for OCP of PP was set 
from –1,000 to 1,000 mV with a 500 s scanning rate. The 
corrosion rate measurement was carried out using ASTM 
G3 to attain the Tafel extrapolation graph. In this work, 
the EIS measurement using the scanning range of OCP 
was –300 to +300 mV using a 1 mV/s scanning rate. The 
Bode and Nyquist plots were prepared upon the comple-
tion of EIS measurement to study the nature of the saga 
inhibition process. 

4. 4. Spectroscopy characterization
The optical emission spectroscopy (OES) and Fourier 

transform infrared spectroscopy (FTIR) were implement-
ed to provide the elemental composition of substrate and 
infrared (IR) spectra. The ASTM A751 was used to obtain 
the maximum percentage composition of CS. The Thermo-
scientific Nicolet iS-10 FTIR was utilized for the inhibitor 
analysis to attain the spectroscopic data within the range of 
500–4,000 cm-1.

5. Research results of Saga as a green corrosion inhibitor

5. 1. The nature of corrosion resistance of API 5L 
Grade B after dissolution in HCl 1M 

The OES measurement shows the elements’ variation in 
the substrate after the dissolution of API 5L Grade B in HCl 
1M, as depicted in Table 1.
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Table	1

The	OES	results

Element Fe C Cr S Mn Mo Ni Sn

Composi-
tion (%)

98.71 0.205 0.201 0.014 0.481 0.012 0.028 0.054

The substrate is the mild carbon steel shown by the car-
bon content within 0.05–0.25 %. The study [30] shows the 
presence of chromium (Cr) at 0.201 % offers the corrosion 
resistance of steel (Table 1). On the other hand, the high 
amount of manganese (Mn) of 0.481 % demonstrates that 
the working electrode remains persistent towards corro-
sion through grain refinements. Despite the low content of 
molybdenum (Mo) at 0.012 %, the CS substrate remains 
substantially corroded. 

5. 2. Identification of the primary compounds of in-
hibitor adsorption in CS results

The FTIR spectra were used to specify the assembly of 
the saga inhibitor molecules. The results of the FTIR show 
multiple peaks ranging from 400–4,000 cm-1 to provide the 
actual functional groups or groups of the atom exhibited by 
the inhibitor (Fig. 1).

The broad peak 3,000–3,500 cm1 corresponds to vi-
bration stretch O-H and N-H. While 2,944 cm-1 and 
2,832 cm-1 show –CH3 or –CH2 groups stretch vibra-
tion. The weak peak of 1,656–1,800 cm-1 relates to the 
stretching C=O, similar to the publication [31]. The twin 
peaks at 1499.11 and 1415.18 cm-1 correlate to COO vi-
brations [32]. In addition, the stretch bands of the C-O-C 
asymmetric stretching of phenol are indicated by the peak 
of 1114.59 cm-1. It is also important to note that the peak 
of 1021.93 cm-1 corresponds to C-O stretching with C-C 
vibration [33]. Based on the overall results, the Saga inhib-
itor is suitable for protecting the metal from corrosion due 
to the multiple functional groups that can donate electrons 
to the 3-d atomic orbital.

5. 3. Analysis of the electrochemical inhibition mech-
anism using EIS and PP results

5. 3. 1. Potentiodynamic polarization results
The Tafel extrapolation behavior of API 5L Grade B 

in 1M HCl solution shows the effect of Abrus precatorius 
extract as a green corrosion inhibitor, as depicted in Fig. 2.

Based on Fig. 2, the addition of inhibitor concentration 
from 2 ml to 10 ml correlates to the shifting of less negative 
corrosion potential (Ecorr) despite irregular trends. In ad-
dition, it influences the movement of anodic and cathodic 
branches to lower current corrosion density (icorr). It can be 
concluded that the AB inhibitor behaves as a semi-mixed-
type inhibitor because it influences both corrosion density 
and the potential of SCE in both regions. 

On the contrary, the similar shape of anodic branches 
demonstrates that the inhibition mechanism is identical 
for all inhibitor concentrations. The successive addition of 
inhibitors did not show a significant decrease in corrosion 
density as in the cathodic region. It also correlated with a 
sharp decrease in corrosion current density as a result of the 
evolution of the passive layer, shown in Table 2. 

 

 
 

  
Fig.	1.	FTIR	results
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Table	2

Electrochemical	parameters	on	the	
potentiodynamic	polarization

Conc 
(ml)

βa 
(mV)

βc 
(mV)

Ecorr 
(mV)

icorr 
(mA)

Corro-
sion rate 
(mmpy)

Inhi-
bition 
effi-

ciency 
(%)

Blank 499.12 339.43 –407.16 154.86 1.80 0

2 143.14 264.98 –447.03 33.64 0.39 78 %

4 750.96 783.49 –433.43 28.42 0.33 82 %

6 747.36 649.86 –411.87 26.67 0.31 83 %

8 212.46 252.29 –469.92 24.70 0.29 84 %

10 723.05 561.54 –405.79 21.84 0.25 86 %

Table 2 shows the result of electrochemical 
parameters, including the Tafel slopes (βa and βc), 
corrosion current density (icorr), corrosion poten-
tial (Ecorr), and their respective corrosion rate and 
inhibition efficiency. It shows that a higher icorr 
value of the blank solution is attributed to unpro-
tected mild steel and a high corrosion rate. It can 
also be reported that the increasing inhibitor con-
centration lowers the corrosion rate (0.25 mmpy) 
and increases the inhibition efficiency to 86 %. 

In addition to an inhibitor of 2 ml, 4 ml, 
6 ml and 8 ml, the corrosion potential val-
ues are –447.03 mV, –433.43 mV, –411.87 mV,  
and –469.92 mV. The corrosion potential shifted in 
a negative direction, indicating the energy levels of 
the metal increased. Similar to [25], the change in 
Ecorr smaller than 85 mV suggests the change of the 
reaction mechanism related to the anodic/cathodic 
dissolving reaction. Eventually, the result in Fig. 2 
agrees with the increasing surface coverage area of 
protection. This indicates that increasing the con-
centration of AB inhibitor from 2 ml to 10 ml raises 
the inhibition efficiency from 78 % to 86 %.

5. 3. 2. EIS results
The EIS results diagram comprehends the AB 

inhibitor’s adsorption on the surface of mild steel 
and is given in the form of a Nyquist plot, Bode 
plot, and Bode phase (Fig. 3).

The semi-circle diameter of the AB inhibitor 
increases with the AB concentration to achieve 
maximum protection of mild steel under acid-
ic conditions (Fig. 3, a). This demonstrates the 
anti-corrosion properties of AB solution before 
and after the addition of the inhibitor. 10 ml of 
solution gives the best performance of the inhib-
itor. In comparison, adding 2 ml of inhibitor is 
insufficient to protect the metal from corrosive 
substances shown by the short Nyquist diame-
ter of around 15 Ω cm2. Likewise, the spectra of 
10 ml of inhibitor protect the metal due to the 
electronic charge transfer process. The difference 
between the inhibitor’s initial and final low-fre-
quency impedance at 10 ml inhibitor solution is 24.3 Ω cm2. 
It also correlated with the diameter completion of the ca-
pacitive loop as the concentration of inhibitor increases to 
give optimum impedance value at approximately 33 Ω cm2. 

The result also agrees with the impact of the Bode 
plot and Bode phase. The Bode phase shows the frequency 
range from lower to higher concentration of inhibitor and 
reached its optimum protection at 27.4 Ω cm2. This absolute 
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impedance change agrees with the Nyquist plot’s result. At 
the same time, the solution resistance (Rs), charge transfer 
resistance (Rct), and capacitance of double-layer (Cdl) were 
enlisted in Table 3. Meanwhile, equation (1) shows the cal-
culation of inhibition efficiency (η) [34].

(0) (1)

(0)

100%corr corr

corr

i i

i

 −
η = × 

 
.  (1)

The charge transfer resistance value of the inhibitor at 
10 ml increases almost twice from the blank solution from 
12.19 Ω cm2 to 29.33 Ω cm2. The result aligns with the de-
pressive value of solution resistance to prove the adsorbed 
inhibitor evolution on the surface of mild steel (Table 3).

Table	3

Electrical	elements	on	EIS	methods	with	the	variation	of	
concentration

Conc 
(ml)

Rs 
(Ω∙cm2)

Rct 
(Ω∙cm2)

Cdl 

(µF∙cm2)
n

Inhibition 
efficiency (%)

Blank 4.42 12.19 2411.00 0.54 –

2 10.06 15.31 689.65 0.76 34.06

4 9.81 20.88 511.66 0.79 51.64

6 3.41 23.20 460.45 0.83 56.48

8 12.98 25.03 459.00 0.82 59.67

10 7.30 29.33 420.16 0.75 65.58

On the other hand, the rapid decrease of Cdl is associated 
with the increased value of Rct and their ability to replace 
more water molecules. Linearly, the inhibition efficiency in-
creases by nearly 66 % at 10 ml inhibitor solution (Table 3). 
The difference in inhibition efficiency between the polariza-
tion curve and EIS measurement is 20 % indicating a slight 
correlation between them due to the apparent response to-
ward thickness evolution of the passive layer [35]. Studying 
the surface inhomogeneity of the mild steel surface related to 
the adsorption process is critical. It is possible to deduce that 
the value of n or CPE shows the surface inhomogeneity after 
adding an inhibitor. The increase of n of nearly 0.8 proves 
the inhibitor’s adsorption has increased the surface smooth-
ness and reduced the number of corrosion pits. The result 
of EIS fits the electrical equivalent diagram as illustrated 
in Fig. 3, d. 

The above result suggests the mechanistic inhibition 
based on Table 3 and Fig. 3. Hence, the inhibition mecha-
nism is proposed and provided in equation (3), as previously 
outlined in [36].

( )
( ) ( )
( )

ads

adsads

ads

2

2 2

Fe Cl FeCl

FeCl FeCl

FeCl FeCl .

FeCl Fe Cl

Fe Cl Inh Fe Cl Inh
ads

e

e

− −

− −

+ −

+ + −

++ − +

 + →
 
 → +
  → + 
 

→ + 
  + + → − −   

    (3)

The chloride ions attack the iron atom while it releases 
the electron and forms FeCl+. However, under highly corro-
sive substances, it dismisses Fe2+ and Cl-. The higher inhibi-
tor concentration is bound with the ions to give the positive 

complex adsorption layer. The evolution of the thickness 
layer corresponds to a higher value of Rct for the whole in-
hibitor concentrations, which lowers the capacitance double 
layer value (Cdl).

5. 4. Thermodynamic parameters from the adsorption 
isotherm calculation results

The feasibility of adsorbed inhibitors on the surface of 
the metal depends on the thermodynamic parameters. The 
assigned ΔGads, ΔSads, and ΔHads show the nature of inhibi-
tion and determine whether the strength of the adsorption 
process increases as the function of surface coverage area. 
Table 4 depicts the results of the thermodynamic calculation 
to show the effect of concentration in increasing the surface 
area of protection.

Table	4

Surface	coverage	(θ)	with	the	variation	of	inhibitor	
concentration

Conc 
(mol/L)

θ Kads ΔGads (kJ/mol)

2 0.78 0.4164 –35.26

4 0.82 0.7265 –36.03

6 0.83 0.8319 –36.29

8 0.84 0.9081 –36.47

10 0.86 1.0665 –36.87

It can be reported that as the concentration of inhibitor 
increases, the surface coverage area increases (Table 4). This 
is attributed to the increased value of Rct, which thickens the 
barrier between the substrate and the acidic solution; thus, 
it reaches maximum protection of 0.86. This setting requires 
10 ml of AB inhibitor to protect 1 cm2 of substrate surface 
area, giving 65.56 % inhibition efficiency. Furthermore, the 
experimental data related to various isothermic adsorption 
are presented in Fig. 4. 

b 
 

Fig.	4.	Adsorption	isotherm:	a	–	Langmuir;	b	–	Temkin

Based on the plotting, the nearness of the R2 value to 
1 claims the Langmuir adsorption isotherm model instead of 
Temkin. The linearity between the formation of the mono-
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layer passive film and the substrate prevents the number of 
corrosion sites due to high dissolution under acidic conditions. 

Equation (2) shows the calculation of the adsorption/de-
sorption equilibrium constant of Kads (mol⋅L-1).

1
.

ads

C
C

K
= +

θ
    (2)

In the above equation, C is the inhibitor concentra-
tion (mol dm-3) and θ is the surface coverage area. Accord-
ing to Table 4, the adsorption type of Saga inhibitor is the 
chemisorption ΔGads –36.87 kJ/mol. Due to the low value of 
ΔGads, the chemical interaction confirms the value of R2, in 
which the evolution of passive film forms monolayer adsorp-
tion [37]. Also, the magnitude of ΔGads demonstrates the 
feasibility of the inhibitor, and the high value of Kads shows 
their stability in the 10 ml inhibitor solution.

6. Discussion of Saga as a green corrosion inhibitor

In this work, the working electrode was severely corrod-
ed owing to dissolution in HCl 1M. Therefore, it is necessary 
to learn the composition of metal damage structure and al-
low the change of chemical composition in API 5 L Grade B. 
The research [38] shows the Cr, Mn, and Mo content is 
0.069 %, 0.888 %, and 0.039 %, respectively. This compo-
sition typifies the actual specification of API 5L Grade B. 
Based on Table 1, the working electrode of API 5L Grade B 
bears the carbon content of 0.205, which specifies the mild 
carbon steel of ASTM A53. The work [39] shows that the 
metal has low corrosion resistance, requiring intensive pro-
tection to reduce the effect of corrosion. 

In this work, the Saga inhibitor acts as a barrier to in-
hibit the possible dissolution of metal due to the adsorption 
process. As stated in Section 5, the chromium content of 
0.201 % is inadequate to improve the corrosion resistance of 
the working electrode despite the continuous and dense for-
mation of Cr-rich film (Cr2O3) [40]. The film is accountable 
for reducing the corrosion effect by forming an overlapping 
3d orbital of Cr with the 2p orbital of O. However, the low 
content of Cr (Table 1) requires intensive adsorption of an 
inhibitor to repair the dissolution of metal.

In addition, the presence of manganese (Mn) generally 
contributes to the coating resistance to corrosion, as stated 
by the previous publication [41]. Our study shows lower Mn 
content at 0.481 %, which induces metal susceptibility to 
corrosion in the long run. Hence, it can be concluded that 
adding 10 ml of Saga inhibitor is sufficient to control the 
corrosion rate at 0.25 mmpy as provided in Table 2. In this 
setting, the dramatic corrosion rate can be associated with 
the adsorption of corrosion inhibitor of metals.

On the other hand, the low composition of Mo shown in 
the working electrode may have further oxidized to MoO3 
and lowered the protection of the metal. In this process, the 
oxidation of Mo2O5 to give MoO3 indicates the dismissal of 
electrons and causes metal corrosion. 

The FTIR characterization is used to gain deeper insight 
into the chemical structure of the Saga inhibitor. Based on 
the results of FTIR, the Saga inhibitor comprises several 
active molecules such as C=O, C=C, C-O, and O-H, which 
become a center of inhibitor adsorption [42]. The extra lone 
pair of electrons on oxygen atoms increases the formation of 
a dative covalent bond. 

Based on Fig. 2, the peak at 3308 cm-1 indicates O-H 
stretching vibrations of alcohol. In contrast, the phenol com-
pounds are shown at 3200–3600 cm-1. The results are com-
parable to the work [43], which offers a similar absorption 
peak. Furthermore, the appearance peak at nearly 3200 cm-1 
correlates with the formation of the Fe-OH complex and in-
dicates the inhibition process has occurred [44]. Therefore, 
this confirms that the hydroxyl groups participate in the 
adsorption process to form the passive film.

The height at 2,944 cm-1 and 2,832 cm-1 indicates C-H 
stretching vibrations are related to methylene groups CH2 
alkane compounds [45]. The peak at 1,656 cm-1 suggests 
C=O stretching vibrations, based on the wavenumbers cor-
relation 1,650–1,800 cm-1. The work [46] reports that the 
carbonyl functional groups are responsible for developing a 
dative covalent bond with the metal surface and increasing 
the shielding film evolution on the carbon steel. 

Moreover, the peak at 1,499 cm-1 and 1415.18 cm-1 in-
dicates C=C stretching vibrations of aromatic compounds. 
The peak at 1,114 cm-1 and 1,021 cm-1 demonstrates the C-O 
stretching vibrations of alcohol and phenol compounds. One 
of the adsorption parameters is the inhibition efficiency, 
which correlated to the appearance of the highly electro-
negative heteroatoms and π-conjugation and the electron 
donating substituent groups [47]. The presence of C=C and 
C-O facilitates the above requirement as it would actively 
strengthen the adsorption/desorption bonding strength. 
This result agrees with the high value of Kads, as stated 
in Table 4. 

On the other hand, the potentiodynamic polarization 
curves at various concentrations show the inhibition mech-
anism of the Saga inhibitor. In this characterization process, 
the concentration of 10 ml inhibitor shows the best inhibitor 
compared to the blank sample solution. The reduction of 
one order of magnitude from corrosion current density be-
tween the high concentration solution (10 ml) and the blank 
solution confirms the excellent role of the active functional 
group. This adsorption capability primarily interrupts the 
anodic and cathodic sites [48]. However, the cathodic region 
dominates the inhibition process (Fig. 2). The cathodic 
behavior confirms that the inhibitor actively inhibits the 
dissolution process by dismissing electrons from the metal 
and depresses Ecorr at –405.79 mV. Simultaneously, the same 
effect influences the rapid increase of the cathodic Tafel 
slope from 252.20 mV to 561.54 mV and increases the inhi-
bition efficiency at 86 %. 

Furthermore, the inhibition characteristic of the Saga 
inhibitor to protect steel from HCl 1M was evaluated using 
EIS. According to Fig. 3, a, the one-relaxation time and 
the depression shape of the arc in the Nyquist plot show no 
observable changes. The inhibition mechanism did not alter 
despite adding inhibitors at various concentrations. More-
over, the interface reaction between the inhibitor solution 
and metal dominates due to the charge transfer process [49]. 
This result indicates the formation of coordinate bonding 
and complex substance in several functional groups shown 
in the FTIR results.

On the other hand, the outcomes of the Bode plot con-
firm the Bode phase angle. In Fig. 3, b, the two-time con-
stants of the Bode phase are related to the dielectric prop-
erties of the inhibitor, which acts as a charged capacitor to 
restrict the electrochemical reaction. Meanwhile, the 10 ml 
solution shows the presence of two smaller shoulders. It 
offers the maximum inhibitor protection and passivation of 
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inhibitor (Fig. 3, b). Moreover, the magnitude of impedance 
modulation rises when a higher concentration is added at a 
lower frequency, showing the passive film protects the steel 
surface from corrosion. In addition, the steady increment of 
phase angle at –1.77° [50] indicates the increasing capacitive 
on the smoother metal surface through rapid reduction from 
corrosive substance. The phenomenon confirms the result of 
the Nyquist plot, where the inhomogeneity and roughness 
of corroding metal are reduced to displace more water and 
chloride ions with the inhibitor molecules [51]. As stated in 
the previous section, the contribution of n at 10 ml of inhibi-
tor confirms the finding given from the Nyquist plot. At the 
same concentration, the high value of n demonstrates the 
growth of a single layer inhibitor to protect the metal from 
HCl solution fully.

Increasing corrosion protection shows a piece of ev-
idence on how the Saga inhibitor protects the metal, as 
provided in Fig. 3, d. The use of Saga solution in a lower pH 
environment offers resistance from the adsorbed film on the 
surface of the substrate while increasing the value of the 
inhibitor solution of Rct. Therefore, the one-time equivalent 
circuit can be proposed to fit the experimental values of EIS 
data (Fig. 3, d) [52]. In this setting, the fitting parameters 
of charge transfer resistance of Rct, solution resistance of Rs, 
and constant phase element from the double layer of CPE 
inhibitor were collected. The information gives insight into 
earning the mechanistic inhibition (Table 3, Fig. 3). Hence, 
the inhibition mechanism is proposed and provided in equa-
tion (3), as previously outlined in [36].

The inhibition correlates to the types of adsorption clas-
sification either through physisorption or chemisorption. 
Based on Table 4, the value of ΔGads is –36.87 kJ/mol. It 
corresponds to the formation of the dative-covalent bond 
between the adsorbate and the mild steel through electron 
donation (chemisorption). The research [53] argues that 
the strength of their bonding commonly measures the ad-
sorption process. In this scenario, the low value of ΔGads 
suggests that the adsorption process occurs spontaneously 
with an indication of the monolayer of inhibitor film. The 
same result confirms the mixed-type behavior and abides by 
Langmuir isotherm adsorption of most plant extracts, which 
is similar to the existing report [54]. The fact aligns with the 
development of Langmuir isotherm adsorption, where the 
nearness of R2 is 1.

Despite the above description in terms of Saga as a corro-
sion inhibitor, careful attention to the impact of surface treat-
ment should not be undermined. The limitation of this study 
includes the examination related to the composition and the 
surface condition of the metal. The surface characterization as 
the effect of corroding material provides valuable information 
on how the inhibitor protects the steel. It correlates to the 
observation of a sharp reduction in pitting corrosion sites and 
the elemental identification on the metal surface. Scanning 
electron microscopy (SEM) aided by energy dispersive X-ray 
analysis (EDX) is suitable to meet the above limitation. Fur-
thermore, a possible step of using high SEM on the cross-sec-
tion region and reconsidering using cyclic potentiodynamic 
polarization would be favorable to optimize the actual concen-
tration inhibitor in reducing the effect of corrosion.

In more detail, the above characterization process show-
cases valuable information on various comparisons between 
the corroded and un-corroded surfaces. It is expected that 
the aggressive attack of HCl 1M solution causes the dam-
aged surface of steel and several inherent imperfections. 

On the contrary, the adsorption of inhibitors modifies the 
surface morphology by reducing the roughness of the dam-
aged surface. This process speeds up through the gradual 
evolution of passive film as the concentration of inhibitor 
increases.

Utilizing atomic force spectroscopy (AFM) is expected 
to confirm the surface inhomogeneity post addition of inhib-
itor. The primary aim of using AFM is to confirm the result 
of SEM, where the addition of an inhibitor decreases the 
number of pit depths of the damaged surface due to quick-
ening adsorption of the inhibitor. The surface roughness 
of the mild steel is indicated by the value of the skewness 
parameter, where its low value indicates the feasibility of the 
adsorption process. The result also explains the applicability 
of using the surface contact test to determine the increased 
hydrophobicity of metal surfaces upon the addition of inhib-
itors. It affects more water molecules being repelled to mit-
igate metals dissolution when exposed to HCl 1M solution. 
As a result, the more hydrophobic the surface, the higher the 
contact angle to prove the perfect protection of inhibitor 
post addition.

Another study restriction was low inhibition efficiency 
when the Saga inhibitor was characterized using EIS. It is 
assumed that mixing the inhibitor with the intensifier of 
some ionic liquid would enhance the number of donated elec-
trons to the 3d orbital of metals. Utilizing the ionic liquid is 
considered the development of successive research since it 
would repair the thermal stability of inhibitors at elevated 
temperatures. The intensifier’s role is to increase the number 
of electron donation sites, hence the higher possibility of 
establishing chemical bonding between the inhibitor and 
the substrate. As a result, the synergistic effect between the 
inhibitor and the ionic liquid causes a more significant effect 
to increase the bond strength, including the greater surface 
area of protection from the corrosive solution of HCl 1M.

Notably, the present work has not elaborated on the spe-
cific contribution of temperature variation beyond 298 K, or 
it tends to disadvantage the study. An alternative solution 
to address the challenge is varying the range temperature 
between 303–323 K. The thermodynamic results, including 
the determination of activation energy, are considered suit-
able to earn the actual types of adsorption to gain a deeper 
insight into the inhibition performance of the inhibitor. In 
addition, the subsequent potent research may correlate with 
the substrate’s vertical side and determine the potential 
passivation value. The passivation is expected to correlate 
to the protected metal’s anticorrosive surface. At the same 
time, the higher anti-corrosion passive layer results from the 
even distributed adsorption of the inhibitor. 

7. Conclusions 

1. API 5L Grade B corrosion resistance has gradually 
decreased upon metal immersion into HCl 1M. The change of 
composition in chromium, manganese, and molybdenum re-
duces metal protection from corrosive substances and requires 
immediate protection from the Saga inhibitor. At higher con-
centrations, the inhibitor lowers the corrosion current density 
at 21.84 mmpy through the development of passive film and in-
hibits the rate of electron dismissal from the 3d atom of metals.

2. In the present study, the main compounds of the inhibi-
tor comprise C=O, C=C, C-O-C, and benzene as the primary 
contributor to the adsorption. The FTIR results show the 
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intensive variation of multiple functional groups behaves as a 
donor electron or electron donating group. As a result, it quick-
ens the inhibition process and demonstrates many active com-
ponents to participate in the passive film evolution thickness.

3. According to EIS and PP results, the increase of inhib-
itor resistance correlated with the increasing Nyquist plot’s 
diameter, more negative Bode phase angle, and the broader 
shoulder in the Bode plot. At the same time, it lowers the ca-
pacitance of the double layer and increases the dielectric capac-
itance. As a result, the inhibition efficiency stays at 86 % (PP) 
and 65.58 % (EIS) to broaden the surface coverage area of 
protection.

4. According to the results of the thermodynamic calcula-
tion, the interaction between the inhibitor and substrate occurs 
chemically. The negative value of ΔGads shows the feasibility of 
the inhibitor to adsorb at the surface of the metal and continue 
to increase at higher concentrations.  
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