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The work provides the more compre-
hensive development of Liquid Smoke
from Rice Husks Ash (RHA). Notably,
the study focuses on the interaction
between the primary molecules of inhib-
itor and mild steel, including thermo-
dynamic calculation and surface treat-
ment upon addition of inhibitor. The
electrochemical impedance spectrosco-
py (EIS) and potentiodynamic polar-
ization (PP) characterization were
utilized to evaluate the anticorrosion
of RHA. The Raman Spectroscopy pre
and post-addition of RHA’s inhibitor
wereusedto comparethe adsorbedfunc-
tional group of inhibitors. Moreover,
the thermodynamic calculation of the
inhibitor’s adsorption determines the
types of adsorption of the inhibitor.
As a result of the adsorption process,
the Scanning Electronic Microscope-
Energy Dispersive X-Ray (SEM-EDX)
aided by The Atomic Force Microscopy
(AFM) and Contact Angle Test was
implemented to unveil the surface treat-
ment and the change of elemental com-
position after the addition of an 80 ppm
inhibitor. The PP and EIS results show
a significant depression of the current
density at —2.75 uAscm? in 80 ppm solu-
tion with the highest inhibition efficien-
cy of 99.82 %. The superior inhibition
correlates to the adsorption of Si—OH,
C-C, C-0-C, >C=0, complex struc-
ture, and —OH at wavenumber 458,
662, 1095, 1780, and 3530 cm™!. The LS
shows a significant surface area of pro-
tection of 0.9982 and high adsorption
constant (Kads) at 11.648. The calcu-
lated AGads of —6.59 kJ/mol unveils the
chemisorption in nature. At the same
time, a combination of 20 and 80 ppm
solution is predicted adsorbed hori-
zontally to reduce the contact between
the solution and substrate, as shown in
SEM and AFM results. It also increases
the contact angle and their correspond-
ing hydrophobicity

Keywords: liquid smoke, green
corrosion inhibitor, rice husks ash,
chemisorptions
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1. Introduction

transport the source of energy [1], the material remains sus-

ceptible to corrosion. Yearly, the oil and gas company allots

Pipelines are the heart of the oil and gas distribution  nearly USD 1400 to reconstruct the risk of corrosion [2] and
to ensure the energy products meet society and industrial — requires an additional USD 2.5 trillion to adverse the effect
activities. Despite considering the most prominent way to  of corrosion as reported in [3]. In industry, acidic pickling




removes unwanted substances in which, at lower pH, the
metal’s dissolution under an acidic environment causes cor-
rosion and lowers the mechanical properties of the metal.
Therefore, protection against corrosion is the tradeoff to
incorporating pipeline maintenance and ensuring a contin-
uous energy supply [4, 5]. Corrosion classification includes
galvanic corrosion, stray current corrosion, and corrosion re-
lated to the cell’s concentration, demonstrating that the elec-
trochemical process is critical in the oil and gas industries.

Although corrosion is a natural electrochemical process,
it allows the metals and alloys to achieve their thermo-
dynamic stability in oxides [6], such as Fe,O3 and Fe3Oj.
Corrosion occurs when metals are in contact physically and
chemically with their environment and lower materials’
integrity. In addition, it develops and induces internal corro-
sion defects in pipelines [7] despite the variation of operating
pressure, the characteristic of fluids, and the injection inhib-
itors system. Several approaches have been implemented to
address the risk of corrosion, such as cathodic protection [8],
coatings [9], selection of materials [10], and injection of cor-
rosion inhibitors [11-13]. The primary objective of handling
corrosion (corrosion management) is to understand how to
reduce the corrosion rate. One of the practical and affordable
solutions to resolve the issue is the introduction of a corro-
sion inhibitor (CI).

In the last decade, there has been a tremendous effort in
harnessing the potential of plants to replace the commercial
inorganic CI (nitrite based), which has been effectively
proven to protect the reinforcing bar or steel [14]. Several
published works have elaborated on the formation and evo-
lution of passive film with their protection. The research
of [15] argues the carbon steel of API 5L Grade B can be
an excellent choice to reduce the corrosion effect using Se-
cang heartwood (caesalpinia sappan [) under a 3.5 % NaCl
solution. Although the selection of natural inhibitors suc-
cessfully inhibits corrosion activities, the inhibitor remains
inadequate to protect the bare metal due to low inhibition
efficiency of 53.18 %, according to potentiodynamic polar-
ization measurements. The limitation of the research was
addressed by the introduction of Morinda citrifolia [16] and
fitted the requirement for low carbon steel protection under
the same solution. The work reports an improvement in
inhibition of nearly 77 %, with the lowest corrosion rate of
1.385 mpy. Meanwhile, the published research [17] reveals
that sweet potato extract’s additional effect impairs ascorbic
acid’s shortcoming as a corrosion inhibitor due to its feasi-
bility of being oxidized in solution. All of these examples of
research constitute the ability of organic contents of plant
to establish chemical bonding with metals. Notably, the
highly electronegative atoms of S, O, N, P, and the presence
of m and o bonds are critical to strengthening the adsorption
molecules on the surface of metals [18].

In the last decade, a few publications have been devel-
oped to harness the potential of rice husks ash (RHA) as
green corrosion inhibitors to mitigate the general corrosion
of mild steel. The primary consideration for using RHA as
green corrosion inhibitor is low cost and is classified as waste
products. A few publications showcase using RHA as a coat-
ing material for mild steel exteriors under chloride environ-
ments [19]. In their work, the RHA was embedded into the
composite of Zn-ZnO-XRHA using the electrodeposition
technique to give 96 % inhibition efficiency. Our previous
research [20] has shown the anticorrosion of RHA on mild
steel under 1M HCI corresponds to the bioactive functional

group of the inhibitor. However, there has been little success
in incorporating the actual RHA bioactive composition with
their nature of adsorption to influence high inhibition effi-
ciency. It also remains challenging to determine the effect of
surface treatment on mild steel as a higher inhibitor dosage
response at elevated temperature on an atomic scale related
to their hydrophobicity. The spectroscopy study of Raman
to unveil the functional group’s contribution before and af-
ter the adsorption of inhibitors is used to address the issue.
Moreover, the utilization of Gas Chromatography-Mass
Spectroscopy (GCMS) aided by the comprehensive eluci-
dation of the Atomic Force Microscopy (AFM) character-
ization and Contact Angle measurement have been made
to confirm the adsorption process. Therefore, research on
the development of LS in RHA using the above character-
ization and calculation is relevant to ease an advance study
on how to harnessing the potential of inhibitor at numerous
parameters.

2. Literature review and problem statement

Corrosion inhibitors are chemicals commonly utilized to
achieve protection not limited to the internal layer of pipe-
lines to minimize the electrochemical reaction. The paper [21]
shows GCI works by modifying the surface of metals, and the
surface treatment of the inhibited surface is associated with
the adsorption of an inhibitor’s protective film. Except for the
source types of inhibitor, the heteroatoms of N, P, S, and O
and the corresponding functional groups such as —OH, —SH,
NH,, —OCHj are commonly present in natural inhibitors.
The above molecules and functional groups often appear in
organic inhibitors to reduce the harmful effect of several
synthetic corrosion inhibitors based on chromate, nitrite, and
benzoate compounds [22]. As such, the recent research on de-
veloping green corrosion inhibitors has massively harnessed,
which generally are more water soluble and retain a lower
risk to the environment upon disposal. A few papers have
elaborated on the use of corrosion inhibitors to lengthen the
metal’s protection. The paper of [23] uses Pluchea indica Less.
Leaves extract to protect low carbon steel under 3.5 % NaCl
solution. According to the characterization of weight loss
and polarization results, the optimum inhibitor value of 3 mL
depresses the corrosion rate of the metal when it dissolves for
216 hours. Despite the low volume of inhibitors used, there
is an unresolved problem related to determining the most
influential functional groups which affect the adsorption on
the surface of the substrate. This difficulty may correlate to
inhibitor molecules’ complexity and provides inaccurate cor-
rosion mitigation of the inhibitor.

The work of [24] studies the use of Eleutherine Amer-
icana Merr. Extract to analyze the plant to suppress the
electrochemical reaction related to corrosion on the API
5L X42 substrate under acidic conditions. It shows that the
corrosion inhibition achieved the highest protection when a
1000 ppm solution was added. The reported FTIR spectrum
shows the content of the inhibitor mainly originated from
the flavonoid. However, the shortcomings of the research
constitute the lack of characterization techniques to obtain
the primary molecules which facilitate the inhibition pro-
cess. Furthermore, the work is inadequate to discuss the
rapid changes of surface post addition of inhibitors and the
dramatic reduction in hydrophilicity measurements of the
working electrode.




An option to overcome the relevant difficulties can be
tested using spectroscopy techniques, thermodynamics
calculations, and extensive analysis in surface treatments.
This is the approach used in the recent work of [25] that
briefly elaborated on the use of Dardagan fruit as an inhibi-
tor using electrochemical and surface morphology to unveil
the protection ability of the plant. The researchers report
that the 3000 ppm inhibitor is required to achieve 97 %
inhibition efficiency at 6 hours of immersion substrate time.
A slight improvement was offered by the work of [26] that
utilizes the Chinese gooseberry fruit shell extract to evalu-
ate the corrosion inhibitory performance of the mentioned
plant extract. In their work, AFM, SEM—EDX and contact
angle tests were utilized to obtain the relationship between
concentration and immersion time. They argued that the
concentration of 1000 ppm inhibitor effectively eases cor-
rosion protection, which aligns with the research [27].
Both works showcase the importance of calculating the
thermodynamics parameter to determine the adsorptive
behavior of the inhibitor (physisorption or chemisorption).
A report by [28] highlights the adsorption of the inhibitor
to form a barrier of protection through a chemisorption
reaction. This reaction is an interaction between the ad-
sorbate and the substrate so that the electron donation
occurs to give stronger bonding and reduction capability
of inhibitor.

In this previous work, adsorptive implementation of
GCI on the surface of mild steel inherent several limita-
tions. The initial study was inadequate to discuss, the actu-
al composition of RHA inhibitor molecules which account-
able for the adsorption process, the nature of adsorption of
RHA inhibitor (chemisorption or physisorption), and to
explain the sharp reduction in terms of hydrophilicity of
inhibitor. The above restrictions make the relevant infor-
mation of RHA research impractical. This is the approach
used in [29], where the adsorption of certain functional
groups gives valuable information regarding how the in-
hibitor replaces the water molecules from the substrate.
However, this study remains unclear as to explain the use of
liquid smoke which may quicken the adsorption process. All
this allows to argue that it is appropriate to conduct a study
devoted to unveiling the actual molecule’s contributions in
the adsorption process.

3. The aim and objectives of the study

The aim of the study is to unveil the relationship between
the actual bioactive molecules of RHA to their adsorption
process on mild steel under HCI 1M. This will make it pos-
sible to a provision in controlling the corrosion threat in oil
pipelines through the evaluation of inhibitors.

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

— to identify the primary bioactive molecules in LS of
RHA and their anticorrosion behavior, which involves in the
adsorption process;

— to elaborate on the contribution of actual functional
groups before and after the addition of inhibitors;

—to determine the nature of adsorption of the inhibi-
tor (chemisorption or physisorption);

— to study the surface morphology of the mild steel, in-
cluding surface roughness and its hydrophobicity.

4. Materials and methods

4. 1. Object and Hypotheses of the study

The source of Liquid Smoke (LS) of RHA was taken
from the local farmer in West Java, Indonesia. The amount
of rice husk ash purchased was about 1 kg. It is predicted
that the phenolic compounds and their respective m-bonding
system in the complex structure of LS provide excellent in-
hibition due to the formation of the passive film. It correlates
to the longest diameter of Nyquist and the depression of ig,,
which lowers the likelihood of the dissolution of the metal
under a lower pH solution. It is also predicted that the C=0,
C-0-C, complex structure of benzene, and Si—O bonds
increase the adsorption of metals by expanding the surface
charged between the metals and LS inhibitors.

4. 2. The Chemical and Materials

As previously published, the LS inhibitor was prepared
using pyrometallurgy to convert the fifty grams of rice
husks (RH) into an inhibitor solution [20]. The selection
technique was made according to the characteristic of rice
husk Physico-chemical from being completely extracted
from the plant and quickening the production on a large
scale at an affordable operational cost. The prepared in-
hibitor solution was prepared with 1 M HCI solution. The
acidic solution was diluted using distilled water from the
original 37 % standard solution of HCl (Merck Co) to
prepare 0, 20, 40, 60, and 80 ppm RHA inhibitor solutions.
The chemical composition of mild steel was iron (62.72 %),
carbon (0.062 %), chromium (0.011 %), sulfur (0.059 %),
manganese (0.1698 %), nickel (0.0145 %), tin (0.0017 %),
and vanadium (0.0029 %).

4. 3. Electrochemical and Polarization Test

The electrochemical measurements were conducted us-
ing Gamry Instrument G750 (United States) with an
electrochemical analyzer. Three glasses set up a cell to eval-
uate the corrosion mitigation of the inhibitor. The working
electrode was prepared by removing the oxide layer with
a cross-sectional area of 1 cm?. The mounted mild steel
electrode was immersed in a blank solution (1 M HCI) to
achieve the potential of a steady-state open circuit (Ep)
for 60 minutes for each measurement. The counter elec-
trode was Platinum (Pt), having a surface area of 1 cm?2.
On the other hand, the saturated calomel electrode (SCE)
of Ag/AgCl (Metrohm, Switzerland) was used as a reference
electrode in which the potential measurement of EIS was
based on the electrode. The Potentiodynamic polarization
was measured between —200 and +200 mV versus SCE us-
ing a 1 mV/s scanning rate. The Tafel Polarization and EIS
curves explained the LS’s inhibitive action.

4. 4. Gas Chromatography-Mass Spectroscopy analysis

The Gas Chromatography-Mass Spectroscopy anal-
ysis was conducted considering the relevance between
the inhibitor molecules and the inhibitive behavior of
the primary molecule. The method combines several gas
chromatography features and mass spectroscopy to iden-
tify various substances in the LS. The qualitative and
quantitative LS compounds were carried out using Agilent
7890B (GC) types 19091S-433 (United States) using 5 %
phenyl methyl siloxane non-polar column and 5977A (MS)
methods to injection volume of inhibitor was one pL. The




thermal process was carried out at an initial temperature
of 40 °C (symbol already), a hold time of 1 minute, and a
post-run temperature of 300 °C. Through LS’s retention
time and corresponding mass spectra evaluation to the
mass spectral databases of WILEY 09 and NIST 11, the
molecule dominant of LS’s molecules was separate, puri-
fied, and identified.

4. 5. Raman Spectroscopy

The interaction between the corresponding functional
group of the primary inhibitor molecules and the metal sur-
face before and after immersion was obtained using a mod-
ular Raman spectroscopy of iHR320 (Japan) with a CCD
detector of 1.024x256 pixels and 785 nm excitation line of
a diode laser. The control spectrum variable was the spectra
of uninhibited mild steel. Another spectrum was collected
with an exposure of mild steel upon dissolution in 80 ppm LS
solution. Before obtaining the Raman spectra, the substrate
was allowed free from air interaction after immersion with
distilled water.

4. 6. Surface treatment analysis

The surface morphology of untreated and treated
substrates unveiled the inhibitor activity. The electronic
scanning microscope (SEM) was used using JEOL JSM
6390 (Japan) with complimentary EDX analysis to de-
termine the composition of elements in the film. The mild
steel substrate was prepared into a 1 ¢cm? shape at 20 kV
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accelerated voltage. The distribution of damaged surfaces
was studied using particle analysis which will be further
used as a label in Machine Learning studies. Moreover,
the AFM of NX10 Atomic Force Microscopy Park Sys-
tem (South Korea) was utilized to obtain film roughness
and skewness parameter. This parameter was used to deter-
mine the surface roughness of uninhibited metals. In addi-
tion, the contact angle measurement of the Osila Contact
Angle Instrument (United Kingdom) was used to explain
the nature of the hydrophobicity of mild steel. 0.2 cm® of
distilled water was dropped on the surface of the metal and
immersed for one week in an 80 ppm solution. The improve-
ment of contact angle is associated with the adhesion force
to describe the molecular interaction between the inhibited
and non-inhibited surface.

5. Research results of liquid smoke as a green
corrosion inhibitor

5. 1. Anticorrosion behavior test and primary bioac-
tive molecules results

5.1.1. The Potentiodynamic Polarization and Elec-
trochemical Impedance Spectroscopy results

The effect of LS from RHA as a GCI on the polarization
behavior of mild steel in 1 M HCI was evaluated as depicted
in the Tafel graph and was obtained at multiple concentra-
tions (Fig. 1, a).
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Fig. 1. The result of anticorrosion behavior: a — Tafel Polarization,; b — Nyquist Plot; ¢ — Bode Plot; d — Bode Angle




Fig. 1, @ shows a shift for cathodic and anodic branches to
a lower corrosion current density (ico) and higher corrosion
potential (E,,,). The mild steel substrate was allowed to im-
merse in the test solution (LS inhibitor+1M HCI) for various
inhibitor concentrations and temperatures of the system before
the polarization curves were recorded, starting from potential
ranges of the cathodic to anodic. Fig. 1,a shows a shift for
cathodic and anodic branches to a lower corrosion current
density (ic) and higher corrosion potential (E,,,,). Compared
to unprotected metal, the E,,,, value of the protected metals
move towards the right-hand side. The blank solution has a
high corrosion potential of —0.5 mV, and as the concentration
of inhibitor increases, the value continuously decreases to near-
ly —0.4 mV at 80 ppm. At the same concentration, the depres-
sion of electrochemical activities decreases the current density
to approximately —7 pA. This fact aligns with the Nyquist dia-
gram for mild steel immersed in HCI 1M with and without LS
inhibitor. In the beginning, the Nyquist semicircle diameter is
smaller for the blank solution than for the solution containing
20-80 ppm. However, it is evident that at the concentration of
40 and 60 ppm solution, the diameter is smaller than 20 and
80 ppm at 10 and 18 @ cm? (Fig. 1, ). In addition, Fig. 1, ¢, d
report the same result of the same concentration inadequacy
to protect the metal by giving lower impedance of 1.3 and
1.6 @ cm? and phase angle at —40° and —55°. On the contrary,
the increased concentration of 80 ppm is proportional to the
increasing protective effect of the inhibitor.

The corrosion behavior of mild steel under the acidic
condition in the absence and the presence of LS inhibitor was
evaluated using EIS as depicted in Fig. 1, b—d. The method is
suitable for characterizing the interaction between inhibitor
and substrate due to its reliability and reproducibility, as pre-
viously reported by [26]. The result of the Nyquist plot is in
good agreement with the Tafel Polarization Curve, while the
effect of the calculated EIS parameter is illustrated in Table 1.

Table 1 presents the result of electrochemical parameters
at various concentrations and temperatures without and
with the inhibitor of LS. It also lists the inhibition efficiency
values determined using (1):

0
{n:R"”;eR”me%} @

inh

In the above equation R, is the blank solution resistance,
Riup is the charge transfer resistance. Both variables have
the unit of Q cm?. The concentration of 80 ppm (50 °C) gives
the optimum protection on the surface of metal due to the
highest R;,;, of 834.9 Q cm?. Nevertheless, the result is not
only provided in the Nyquist plot (Fig. 1, b) but also enlisted
in Table 1 more clearly. For the blank solution, the R;,, was
only 4.87,2.576,and 1.431 Q cm?. Adding LS inhibitor caus-
es the gradual rise in the charge transfer resistance to 243.7,
264.8, and 834.9 Q cm?. The result indicates the adsorbed
film has excellent protection capabilities.

Furthermore, each CPE system’s passivity of Y, and n of
the solution increases. In this work, the value of n predicts
the inhibitor’s capacitance or resistance. A value of n closer
to 0 increases the inhibitor resistance, while the interval of
0-1 enhances the capacitance of the inhibitor [27]. The im-
pedance of the modulus plot and phase angle graph in blank
solution and the LS inhibitor at various concentrations are
provided in Fig. 1, ¢, d and fit the electrical equivalent cir-
cuit (Fig. 2).

Fig. 2. The Electrical Equivalent circuit

Fig. 2 reveals the presence of double layer impedance
due to LS inhibitor adsorption composes a more capacitive
passive layer and is provided by the presence of solution and
inhibitor Constant Phase Element (CPE). At low frequency,
the value of log Z increases, indicating that a higher inhibitor
dose in the interface between the mild steel and LS solu-
tion shows a typical ideal capacitor [28]. This result agrees
with the observable one-time constant of the Bode plot and
correlates to the presence of an electric double layer. More-
over, the increasing phase angle of nearly 90° confirms the

frequency dispersion has increased the iron’s

Table 1 protection and LS inhibitor adsorption.

Electrochemical impedance parameters of mild steel in 1M HCI

5.1.2. The bioactive of Liquid Smoke

Conc | Temp | Riny, Re Y, (x10° | Corr Rate | Efficien- | jnhibjtor characterization results
(epm) | CC) | (Qem?) | (@em?) | @fem?SY) (mmpy) | cy (%) Gas Chromatography-Mass Spectrosco-
Blank | 30 | 487 | 07913 | 0001199 |0.8816| 5127 0 py (GC-MS) results show detailed knowl-
Blank | 40 | 2576 | 07268 | 0.001949 | 09007 | 760.7 0 edge about the bioactive compound of the
Blank 50 1.431 0.679 0.003363 0.8867 1186 0 inhibitor, as presented in Table 2.
20 30 29.94 1.115 0.003403 0.6036 33.14 83.73 Similar to the work [29], the LS inhibitor
20 40 66.97 0.9222 0.000461 | 0.7662 | 35.96 96.15 is characterized using GC-MS and is present-
20 50 | 39.67 | 0.8841 0000415 | 07902 | 4477 | 9639 | ed in Table2. It is concluded that the pyrol-
40 30 | 6316 | 0.008545 | 0.00002 |03496| 8637 | 92.28 | Ysiscondensation process constitutes various
40 40 | 1832 | 0.8274 0.000631 | 0.8111| 714 85.93 Hatural,c,ompounds With, diff?rent Chemic?‘l
10 | 50 | 7971 | 07719 | 0000923 |07842| 2431 | szo04 | compositions and retention times. The pri-
0 30 108.9 1689 0.00052 07395 | 1536 95.52 mary mixture of LS is the phe?nollc molecules,
60 40 29.09 1.314 0.000624 0.7377 201.2 91.14 Wthh have becom-e t~he dominant Compound
in RHA extract. Similar work shows that the
60 | 50 [ 1541 [ 1311 | 0001047 [ 0711 [ 6905 | 90.71 | compound of 2-((thiazole-2-ylimino) methyl)
80 | 30 | 2437 | 10.08 0000333 [07576 | 1381 | 9800 | phenol [30] adsorbs on mild steel, reduces
80 40 264.8 9.404 0.000319 | 0.7378 |  23.62 99.02 the number of pit corrosion, and modifies
80 50 | 8349 | 0.02845 0.000329 | 0.7396 | 29.32 99.82 | the surface of damaged steel due to corro-



sion. Moreover, Cyclononasiloxane, octadecamethyl, and
Tetracosamethyl-cyclododecasiloxane exhibit the longest
retention time of 177.992 and 251.971 seconds to suggest the
general characteristic of LS inhibitors fits the requirement
for green corrosion inhibitor.

The major bioactive component LS inhibitor

ciated with an aromatic ring functional group of phenol,
2,4-dimethyl- which leads to a dative covalent bond for-
mation. Bands between 1095-1100 cm~! were correlated
to asymmetric C—O-C and confirmed the presence of
cellulose in the passive film of inhibited steel [34]. The

Table 2

aromatic ring of phenol, 3,5-dimethyl- spec-
tra at 1095 cm™ amplifies this observation
due to a considerably longer retention time
molecular weight. The highest peak at around

Chemical Compounds Retention Time (s) Qual number 1350 cm-! Corresponds to Cyc]ononasﬂoxane,
Phenol, 2-methyl- 82.965 97 octadecamethyl and tetracosamethyl-cyclo-
p-Cresol 86.493 9% dodegasﬂoxane and its respective adsorptlon
Phenol, 2.6 dimethyl- 91913 9% functional groups molecule of CH3—Si—-O- on
the substrate.
Phenol, 2,4-dimethyl- 98.088 96 The author of [35] verifies the high solu-
Phenol 71.118 95 bility of tetracosamethyl-cyclododecasiloxane
Phenol, 4-ethyl- 100.987 95 (R-COO-R’, an ester functional group) in
2-Furancarboxaldehyde, 5-methyl- 69.227 94 water and enriches the LS inhibitor’s “green”
Phenol, 3,5-dimethyl- 102.499 94 concept to reduce the adverse environmental
Pyridine, 2-methyl- 15080 93 effect upon inhibitor dlsposal. The identified
peak of oxygen-free functional groups at 1450
Phenol, 2-methoxy- 88.636 93 and 1595 cm™ attributes with CH3—CH, de-
Cyclononasiloxane, octadecamethyl- 177.992 93 formation and >CH, at 2880 cm~!. Meanwhile,
2-Cyclopenten-1-one 47.172 91 the >C=0 (carbonyl) functional group cor-
2-Cyclopenten-1-one, 2-methyl- 58.893 91 relates to the appearance peak at 1780 cm™! (Ta-
Phenol, 3-methyl- 89.896 91 ble 2). After the adsorption of the inhibitor, the
Tetracosamethyl-cyclododecasiloxane 251.971 91 dramatic change in the peak helght at. 3240 cm!
Cvelodecasiloxanc. cicosamethyl- 193115 %0 correlates to aromatic —CH derivatives mole-
Y : Y cules and the broadened peak due to hydrogen
2-Cyclopenten-1-one 4881 87 bonding. A similar result confirms the interac-
2-Cyclopenten-1-one, 2,3-dimethyl- 81.074 87 tion of polarized molecules in 2-Furancarboxal-
2-Methoxy-5-methylphenol 104.768 87 dehyde, 5-methyl and Furan, 2-ethyl- and the iron
2-Cyclopenten-1-one, 3,4-dimethyl- 73.764 86 ions [36]. Eventually, the sharp decrease of the
Furan, 2-ethyl- 59.969 81 peak at 3530 cm™ demonstrates the wider surface
Tetracosamethyl-cyclododecasiloxane 241.763 81 coverage arca of Pmtec“@ through intense
adsorption of the —OH functional group [37].
5. 2. The result of actual func-
tional groups characterization 1350 LS 80 ppm
results 1000 + )
As previously outlined, the pri- Film LS
mary bioactive compound of LS
shows its capability to protect the 800
substrate. In this work, the Raman
Spectroscopy spectrum is utilized to  —
examine the structure of accumulat- & 600 -
ed adsorption inhibitors of the pre %“
and post-film formation. The spectra &
are illustrated in Fig. 3. € 400-
Overall, the weakband at 458 cm! 1095
corresponds to the presence of silanol 662
functional group (Si—OH) and silox- 200 4
ane (Si—0-Si) [31], which predicts 458
binding with reduced iron ions. This
fact agrees with [32] to unveil the
reduction of the §—FeOOH phase 04
within the range of 420 and 663 cm!.
The spectra at 662 cm™ attributed — Y I ——
to the presence of Fe3Oy confirmed 500 1000 1500 2000 2500 3000 3500 4000
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Fig. 3. The Raman Spectrum of Adsorption Model




5. 3. The nature of inhibitor adsorption results

Table 3 shows the thermodynamic parameters result of
the electrochemical measurements at various concentrations
and temperatures.

Table 3

The thermodynamic inhibitor parameter and its
surface coverage

Conc [Temp| K AG 45 AH 45 AS s CS(:g:?;;e

(ppm) | (°C) [(Lmol™)| (k] /mol) | (k] /mol) | (k]J/mol) ©)
20 | 303 | 0.1715 | 4.4402 | 15.5514 | 36.6704 | 0.8373
20 | 313 | 0.6249 | 1.2233 | 16.0646 | 48.9813 | 0.9615
20 | 323 | 0.5344 | 1.6825 | 16.5779 | 49.1597 | 0.9639
40 | 303 | 0.3989 | 2.3147 | 15.5514 | 43.6854 | 0.9228
40 | 313 | 0.1527 | 4.8887 | 16.0646 | 36.8840 | 0.8593
40 | 323 | 0.0914 | 6.4247 | 16.5779 | 33.5087 | 0.8204
60 | 303 | 0.7120 | 0.8555 | 15.5514 | 48.5012 | 0.9552
60 | 313 | 0.2573 | 3.5324 | 16.0646 | 41.3604 | 0.9114
60 | 323 | 0.1953 | 4.3848 | 16.5779 | 40.2410 | 0.9071
80 | 303 | 1.6347 | -1.2380 | 15.5514 | 55.4108 | 0.9800
80 | 313 | 2.5448 | -2.4307 | 16.0646 | 61.0409 | 0.9902
80 | 323 | 11.6487 | —6.5932 | 16.5779 | 76.4724 | 0.9982

The evolution of passive film correlates to the value of
adsorption and desorption constant, K45 (Table 2). At lower
concentration (20 ppm) and high temperature (323 K), the
value of K,y is 0.534437, which is relatively more significant
than the 40 and 60 ppm at the same temperature. Raising the
concentration (80 ppm) increases the stability of adsorbed film
at 11.648 L mol! despite a slight deviation occurring. It shows
that the strength of the inhibitor’s film may correspond to the ad-
sorption’s effectiveness of the LS inhibitor on the steel’s surface.

(2) shows the relationship between the free energy
Gibbs (AG,4s) and the value of K4, and the value attributes
to the adsorption classification of LS.

{AG, =—RTIn(1x10°K,,)}. )

In the above equation, R is the ideal gas con-
stant (8.314 J/K moles), and T is the absolute tempera-
ture (K). The literature states that the physisorption ranges
from —20 kJ/mol or less, confirming the polar interaction
between the inhibitor and positively charged iron atom [38].
On the contrary, the value of AG,4s greater than —40 kJ/mol
or more negative indicates the formation of a coordinate
bond through chemisorption [39]. The information on ad-
sorption isotherm applies to confirm the chemisorption
behavior of LS inhibitors. The plotting between C/0 versus
1/K 445 provides the value of R?, as calculated using (3) [40].

The plotting between C/0 versus 1/K,qs provides the
value of R? as calculated using (3) [40].

{92 ! +c} ®)
0 K,

In the above equation, C is the concentration of inhib-
itor (mol/dm?), 0 is the surface coverage area, and K,y is
the adsorption/desorption constant (mol-L). According to
the calculation, the linear regression coefficient of R* shows

the adsorption of LS is in good agreement with Langmuir
adsorption, which provided the value of R? of 0.9079. It re-

mains significant to remember the maximum value of K45 of
11.64876 occurs at 80 ppm (323 K).

5. 4. Surface Treatment Morphology Analysis results

3.4.1. Scanning Electronic Microscope and Ener-
gy-Dispersive X-Ray Spectroscopy results

Fig. 4 shows the SEM image of the mild steel surface
before and after adding the inhibitor for 1 hour.
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Fig. 4. Surface Treatment results of: a, b — uninhibited;
¢, d— inhibited mild steel




It can be seen that before the introduction of the in-
hibitor, the surface of the steel was severely damaged. It
shows the increase of surface roughness due to the signifi-
cant intensified metals’ dissolution (Fig.4). The corrosion
products of Fe(OH), and Fe(OH)3 appear after immersion
without inhibitors. On the contrary, the highest amount of
iron was identified on the substrate of MS in 80 ppm inhib-
itor (68.97 %), confirming inhibitor molecules’ adsorption
and increasing the surface coverage area, as shown in Ta-
ble 2. The unprotected metal has high chloride and oxygen
content of 0.6 % and 33.3 %. On the contrary, the inhibited
metal shows depression of the same elements at 0.73 %
and 30.3 %, which provides the adsorption process has in-
creased the evolution of the passive film thickness layer.

3. 4.2. Atomic Force Microscopy and Contact Angle
results

The AFM figures and their corresponding two-dimen-
sional texture heights provide the surface morphology of the
substrate before and after the addition of inhibitor (Fig. 5).

Fig. 5, a, ¢ compare the observable changes in the mild
steel surface, which are indicated by the less peak and an in-
creasing number of the valley. The surface post the addition
of inhibitor is smoother and confirms the result in Fig. 4, b.
According to [41], the lower skewness value corresponds to
the minor peak and proves the adsorption process. Upon
addition of an inhibitor, the skewness values in uninhibited
steel are —0.2189 and continuously decrease to —0.1293. The
fact is also related to the declining value of maximum rough-
ness peak height (R,) from 1.215 nm to 0.2760 nm. The root-
mean-square roughness (R,) difference of 0.3824 nm shows
the surface modification and its inhibition effect.

The inhibition of the LS correlates to the increase in
the hydrophobic surface of the metal. Fig. 6 shows the two
contact angle measurements for mild steel in the HCl 1M
solution comprising various concentrations of LS inhibitor
0 and 80 ppm.

a b
Fig. 6. The contact angle measurements: a — Blank solution;
b — 80 ppm inhibitor solution

According to Fig. 6, a, the surface of mild steel has a
low contact angle of 38.94°, which corresponds to the lower
substrate hydrophilicity. In addition to 80 ppm solution,
the contact angle increases to 104.41°, unveilings that the
adsorption of LS inhibitor reduces the wettability of the
substrate’s surface.

6. Discussion of the Liquid Smoke as green corrosion
inhibitors

The scope of this research results includes the discussion
of the anticorrosion of inhibitors, the identification of primary
compounds in the liquid smoke, the determination of adsorbed
functional groups on the surface of metals, the thermodynam-
ic of the adsorption process, and the effect of the inhibitor on
the surface treatment of the severe mild steel.

The Potentiodynamic Polarization (PP) test shows
similar trends in the cathodic and anodic regions to provide
information on a similar inhibition mechanism. In the ca-
thodic area, the inhibitor lowers the evolution of hydrogen
gas, while the attachment of the inhibitor to the anodic re-
gion reduces the likelihood of electron’s dismissal. The po-
tential corrosion, E,,, increases attributed to the passive
layer condensation to reduce mild steel’s general (pitting)
corrosion [42]. However, the movement of potential corro-
sion in the anodic region provides clear evidence related

to the weak electrostatic
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Texture
R,=1.215 nm

S the other hand, the lower
X \'\ corrosion density at higher
- concentrations can be cor-
—— e T e related to the increasing
0.05 0.0 9{1(ﬁm) 020 025 030 protective multilayer of in-
hibitors on the surface of
a b mild steel. It also relates to
decreasing metal dissolved
34 033 R=0.1596 nm ~Texwure]  in HCI 1M [43-45].
30 027 \, \/ 2760 nm The result of PP agrees
25 _0.1 - [ M\ well with the outcome of
20 Eoo0- the EIS test. The EIS meth-
15 :01_ od is suitable for demon-
strating the information re-
10 -0.2- lated to the reaction of the
“05 8 e abs T ak o Melal/electrolyte interface
0.0 X (pm) and its corrosion activities.
c d Notably, the increased con-

Fig. 5. The Atomic Force Microscopy 3D topography result and 2D Height Plots:
a, b— Uninhibited Mild Steel; ¢, d— Inhibited at 80 ppm solution

centration of LS inhibitor
molecules correlates to the
increasing charge transfer




resistance (Fig. 1, b). It includes the process of mass transfer,
surface roughness, and increasing electrode inhomogeneity.
As shown in the same figure, the shape of the semicircle of
the one-time constant graph remains constant, indicating
the inhibitors work at the exact inhibition mechanism of
mild steel in a hydrochloric acid medium [46]. It can be seen
that the entire plots show a similar shape due to elongation of
the capacitive loops in increasing concentration. The similar
shape indicates the related corrosion inhibition mechanism
due to the charge transfer process from the LS inhibitor to
the substrate, except in the blank solution.

On the contrary, at 80 ppm, the LS inhibitor demon-
strates its capability to form a passive layer and reduce the
penetration of chloride ions and molecules of water. The
phenomenon is associated with a longer Nyquist diameter at
nearly 150 Q cm?, generally observed from the considerable
inhibitor (charge transfer resistance) value in Table 1. In ad-
dition, the appearance of a single capacitive loop represents
the dispersion of frequency measurement due to LS inhibitor
reduces the mass transfer and dismissal of the electron [47]
in high concentrated inhibitor’s medium. The frequency
dispersion demonstrates the adsorption of LS inhibitors and
increases the surface heterogeneity, similar to the published
work of [48].

Given the significant inhibition effect of LS, the combina-
tion of a large amount of phenol-2-methyl-, pyridine, 2-meth-
yl-Cyclononasiloxane, and octadecamethyl are sufficient to
form the protonated ionic molecules. The superior efficiency
inhibition (IE) of about 99 % corresponds with the adsorbed
these molecules. At higher IE, the LS inhibitor weakens the
corrosion degree of mild steel, as shown by increasing semi-
circle diameter. As observed in Fig. 1, b, a remarkable change
in Nyquist diameter is in good agreement with the result of
the Bode Plot and Phase. The phase angle of the inhibited
solution is wider than unprotected mild steel (Fig. 1, d),
proving the more adsorbed bioactive molecules of RHA. The
same pattern was observed in the Bode Plot graph at various
concentrations. At low frequency, the value of log Z increases,
indicating that a higher inhibitor dose in the interface be-
tween the mild steel and LS solution shows a typical ideal ca-
pacitor [28]. This result agrees with the observable one-time
constant of the Bode plot and correlates to the presence of an
electric double layer. Moreover, the increasing phase angle of
nearly 90° confirms the frequency dispersion has increased
the iron’s protection and LS inhibitor adsorption.

Unlike the common trend of inhibitors, the Electro-
chemical measurements show that a lower concentration of
20 ppm has a higher Nyquist diameter, impedance, and phase
angle (Fig. 1, b—d) than 40 and 60 ppm. Similarly, the solu-
tion’s corrosion rate and inhibition efficiency above give an
irregular trend (Table 1). At 20 ppm, the inhibition efficien-
cy stands at 96.39 %, dropping slightly to 82.04 % at 40 ppm
solution. The primary reason for anticorrosion’s reduction
can be judged by the vertical adsorption of LS inhibitor on
the surface of a metallic atom, which is the opposite of the
parallel direction model of an inhibitor to achieve optimum
surface coverage [49]. Therefore, all of these conditions elu-
cidate that LS has better inhibition performance increases
from 20 ppm to 80 ppm and fitted the Electrical Equivalent
circuit (Fig. 2). As shown in Table 1 and Fig. 2, the CPE of
the solution comprises the passivity (Y;) and capacitance or
resistance of the solution (n). Before adding an inhibitor, the
value of ¥ and #n is higher than 0.003363 and 0.8867 and
continuously decreases to 0.000329 and 0.7396. The de-

crease in these values indicates more water molecules are be-
ing replaced by LS molecules as the local dielectric constant
decrease and rises the thickness of the capacitor [50]. The
contributor to the depression of CPE corresponds with the
adsorption of the protonated molecules, which comprise het-
erocyclic rings and oxygenated functional groups adsorbed
on the steel [51] (Table 1). Hence, these active compounds
show the inhibitor’s stability and strength through physical
adsorption and extending metal protection from corrodents.

The Raman Spectroscopy result confirms the inter-
action of these bioactive molecules with the substrate by
showing multiple peaks related to the adsorption process.
As shown in Table 2, the silanol functional group can bind
with the iron ions. The work of [52] shows that the network
of Si—O-Si gives a better barrier to protect the metal from
corrosion. At the same time, the peak around 400 to 650 cm™
corresponds to the reduction of §—FeOOH to slow the oxi-
dation process reported by [53]. Furthermore, the presence
of Fe30, shows that the inhibitor retains the Fe3* ions and
reduces the possible reduction to Fe?" ions. The aromatic
ring peaks at 860 cm™" demonstrating the capability of the
inhibitor to form a passive film and enlarging the surface
coverage area protection [54]. The contribution of a phenolic
compound of LS towards the inhibition process correlates to
the increasing layers of the passive film [55].

All these results align with the LS inhibitor’s chemisorp-
tion as more electrons are transferred or shared between the
adsorbate and the mild steel. It results from the dative-co-
valent bond in which the interaction is stronger than phy-
sisorption. During the bond formation, the complex of Fe-LS
inhibitor is given where the LS inhibitors molecules play a
part in the bond breaking and forming process on the surface
of mild steel. This work shows four major organic molecules
in LS of phenolic, Pyridine, Cyclononasiloxane, octadeca-
methyl to overlap their orbital to the 3d atomic orbital of
Fe to result in the new bonding and becomes critical when
mild steel is exposed in HCI 1{M. In this case, the molecules
behave as a ligand to form a Fe-ligand complex compound
supported by the value of AG 4.

Furthermore, the value of AH,4s of 16.5k]J/mol shows
inhibitor adsorption is quicker at higher temperatures, with
more energy required to solidify the liquid LS inhibitor. The
finding agrees well with the immense entropy value and cor-
responds with the high affinity of the inhibitor to the surface
of the metal [56]. Hence, it may be indicated that the inhibi-
tor is formed a monolayer passive film on mild steel, which is
confirmed by the result of isotherm adsorption of Langmuir.
The nearness value of R% to 1 (0.9079) shows the equivalen-
cy between the adsorption and desorption rates and the high
value of K,4. In this case, the value assumes that all sites of
corroded area (due to pitting corrosion) have the same affin-
ity towards the LS inhibitors, and the number of adsorbed
molecules is limitless [57]. As a result, a more inhibited area
is observed, as shown in Fig. 4, b. On the inhibited substrate,
the result of EDX shows a significant reduction of chloride
ions and a regaining amount of iron atoms. Despite only a
slight change of oxygen atom identified, it can be concluded
the adsorption of LS triggers the multisite adsorption of
Langmuir (Fig. 4, b). The multiple adsorption sites prove
that numerous elementary adsorption sites are located on
the metallic surface where one site fits for their correspond-
ing single adsorbed LS molecules [58].

The result of SEM and EDX aligns with the remarkable
reduction of AFM surface roughness and increasing contact




angle between the inhibitor and mild steel. In the preceding
section, the skewness value dramatically decreased, corre-
sponding to the surface treatment and a smoother surface.
It was found that the root-mean-square roughness (Ry) is
reduced to support the evidence of increasing hydropho-
bicity of inhibitors. The result shows that the hydrophobic
agglomerate passive film with phenolic, pyridine, and Cyclo-
nonasiloxane groups on its surface is considered a small in-
hibitor molecule to remove more water molecules by forming
a hydrophobic barrier.

The limitation of this research is correlated to the types
of characterization of inhibitors on the mild steel under HCI
1M solution. For instance, SEM-EDX in this work to study
the evolution of film thickness as a more concentrated inhib-
itor was added. It disadvantages the research concerning de-
termining the depth of pitting corrosion that has influenced
metals’ mechanical properties depletion. Furthermore, it
also impacts the investigation of the pitting corrosion po-
tential and re-passivation potential related to forming a film
barrier between the substrate and solution.

The possible development to address the restriction in
the preceding phenomenon is by giving intensive attention
to the corroded materials’ potential re-passivation and
corrosion pitting potential. However, the possible difficulty
might be related to how the calculated value gives a better
explanation to comprehend the relationship between the
evolution thickness of the passive film and the higher im-
pedance. It is also noteworthy to remember that the thicker
size of the film corresponds to the protection of metal and
lowers the pitting corrosion potential of metal. It also shifts
the re-passivation potential to a more negative corrosion
potential and causes the metal to be protected.

Overall, the expected result of the above research can
be implemented in pipeline protection. The high value of
the adsorption-desorption constant of K,4s shows that the
inhibitor is attracted to promote immense surface protec-
tion of 0.9982. Moreover, SEM-EDX results show that
most of the corrosion pit is recovered to achieve maximum
protection. The AFM result shows the average surface
roughness is dramatically decreased, which aligned with
the increase of hydrophobicity of the substrate at 104.41°.
The research could be a provision to increase the integrity
of pipelines due to high efficiency and lower toxicity upon
disposal in the marine system using rice husks ashs at af-
fordable cost.

7. Conclusions

1. Unveiling the potential of LS as a green corrosion
inhibitor shows that the phenolic, pyridine, cyclononasilox-
ane, and octadecamethyl are primary bioactive molecules
of RHA to inhibit the corrosion rate of the mild steel under
HCI 1M solution. The adsorption of the molecules provides
superior inhibition efficiency. It shows the rapid increase of
Nyquist semicircle diameter, high Bode phase angles, and a
higher impedance value.

2. The adsorption of the above molecules is reflected in
the Raman spectroscopy results, where the absorption of ar-
omatic rings, —OH, C—0-C, C=0, Si—0O-S;i, are identified.
The corresponding functional group is adsorbed to prove the
inhibition reaction has occurred.

3. The thermodynamic calculation shows the formation
of dative covalent bonding (chemisorption) where monolayer
film formation is observed at higher temperature and con-
centrations. It confirms the Langmuir isothermic adsorption
process and increases the surface coverage area of protection.

4. The result of SEM-EDX confirms the deposition of
monolayer film to reduce the number of corrosion pit and in-
crease the composition of iron and oxygen. At the same time,
it lowers the number of chloride ions, as shown by the result
of EDX on the inhibited surface. The AFM and Contact an-
gle measurements agree well with the SEM-EDX, where the
reduction in skewness value is identified and increases the
hydrophobicity of metal towards polar molecules of water
and HCI 1M.
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