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ABSTRACT

CONVERSION OF COCONUT OIL DERIVED METHYL ESTERS INTO
NITROGEN COMPOUNDS AS GREEN CORROSION INHIBITOR

By

ALYA IKA NUR AFIFAH

This study was carried out as an attempt to convert methyl esters derived from
coconut oil into nitrogen compounds by reacting the methyl esters with
diethanolamine. To produce methyl ester, coconut oil was refluxed with methanol
at 70 °C for 3 hours in the presence of zeolite-A catalyst. To produce nitrogen
compounds, three samples were prepared by carrying out experiment in an
autoclave then heated in an oven at 80 °C for 24 hours, at 100 °C for 24 and 48
hours. The products of the reactions were analyzed using GC-MS and FTIR, then
utilized as corrosion inhibitor for mild steel in CO, saturated brine solution using
Wheel test method. The inhibition activity of the samples was evaluated in terms
of percentage protection and surface morphology of the sample using SEM-EDX
method. The experimental results obtained revealed that the experiments
conducted at 80 °C for 24 hours and at 100 °C for 24 hours only produced
nitrogen compounds as a minor component, but in the sample produced from the
experiment carried out 100 °C for 48 hours, a series of nitrogen compounds were
produced, contributing 53.54% to the composition. The results of corrosion
testing experiments revealed that the samples exhibit corrosion inhibition activity,
with the highest protection of 97.9% was provided by the sample prepared at 100
°C for 48 hours. Without ignoring the need for further research, the results
obtained in this study suggest that the nitrogen compounds derived from coconut
oil possess promising potential as green corrosion inhibitor.

Keywords: zeolite-A, coconut oil methyl ester, nitrogen compounds, corrosion
inhibitor, and wheel test.
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I.  INTRODUCTION

1.1. Background

Metals are very important materials used in many applications, from simple daily
tools or utensils to structural applications. Despite their flexibility and strength,
some metals are prone to corrosion; one of them is iron or iron alloy such as mild
steel. Corrosion of mild steel remains a challenging problem since this type of
metal is a prominent structural material, including underground piping systems
such as in oil and gas industry. Corrosion is the surface disintegration of metals
or alloys due to their contact with corrosive species within specific environments.
From chemistry point of view, corrosion is electrochemical reaction in which the
metal is oxidized by corrosive species, converting the metal into cationic species.
The cationic species then leaves the surface of the metal, exposing the surface to a

new oxidation reaction.

To suppress corrosion, several protection methods have been developed, with the
most widely applied are coatings, electrochemical protection (anodic or cathodic
protection), and the use of corrosion inhibitors. Of all these techniques, the use of
corrosion inhibitor is considered as the most cost effective and the easiest to
apply. Corrosion inhibitors are chemical compounds that in small quantities can
retard the degradation of metals in hostile environments (Musa et al., 2012). Ina
broad sense, corrosion inhibitors are distinguished into inorganic and organic
inhibitors. Several examples of inorganic inhibitors are chromates (Garai et al.,
2012), polyphosphates (Jiang et al., 2018), and benzothiazole (Salarvand et al.,
2016). In spite of their good performance, inorganic inhibitors are generally
expensive and some of them are toxic and harmful to the environment and human

health (Qiang et al., 2018). As a consequence, the use of organic inhibitors is



preferred over inorganic inhibitors. Organic inhibitors can be classified as natural
and synthetic, however synthetic inhibitors are more widely applied, mainly for

availability and effectivity reasons.

Organic inhibitors have been widely used due to the ability of these compounds to
prevent corrosion in various corrosive environments. Typically, effective organic
inhibitors contain either N, S, or O atoms in their structures or electronegative
functional groups and 7 electrons in triple or conjugated double bonds, because
these atoms and the functional groups can be adsorbed on metal surface via
coordinate covalent bond or via electrostatic interaction between the metal surface
and inhibitor. As the results, inhibitor can form a protective layer which covers
the metal surface. This protective layer prevents or limits the contact between the
metal surface and corrosive species present in the environment (Alvarez et al.,
2017). Typical examples of nitrogen containing organic inhibitors that have been
reported to exhibit good performance to protect mild steel against CO, corrosion
in brine solution are the oligomers of 4-vinylpiridine (Ilim et al., 2016), oligomer
4-vinylpipepiridine (Ilim et al., 2017), and oligomer 2-vinylpiridine (llim et al.,
2021).

Another trending focus of corrosion inhibitor is development of green corrosion
inhibitor. In this respect, in previous study (Herliana, 2022) preparation of
nitrogen compounds was attempted by reacting methyl esters derived from
coconut oil with diethanolamine. In the study, the experiment was carried out by
refluxing the mixture in the presence of zeolite-A as catalyst. The study shows
that the addition of 150 ppm inhibitor at 50 °C has inhibition efficiency (percent
protection) of 58.8% (wheel test), 88% (EIS), and 83% (Tafel plot). However, the
only methyl ester that has been successfully converted into nitrogen compound is
methyl laurate to lauryl diethanolamide. In addition, the amidation product is still
containing other components such as glycerin, unreacted diethanolamine, and
remaining methyl esters. In the study, the relative amount of nitrogen compounds
formed is 40.30% which indicates that need to improve the method in order to

optimize the production of nitrogen compounds.



In attempt to improve the method, in this study preparation of nitrogen
compounds was conducted by two steps. In the first step, coconut oil was reacted
with methanol (transesterification) in the presence of zeolite-A prepared from rice
husk silica and aluminum foil as catalyst, to produce methyl esters. The methyl
esters were then mixed with diethanolamine and zeolite-A, and the mixture was
transferred into a Teflon lined autoclave. The autoclave was then placed in an
oven set at specified temperature and held for specified time. After the
completion of the reaction, the product was characterized using FTIR and GC-
MS. Finally, the product tested as corrosion inhibitor for mild steel by wheel test
method.

1.2. Research Purposes

The purposes of this research are:

1. To produce methyl esters of coconut oil.

2. To produce nitrogen compounds derived from methyl esters of coconut oil.
3. To obtain experimental data showing the performance of the nitrogen

compounds as corrosion inhibitor for mild steel.

1.3. Research Benefits

In addition to enrichment of science and technology, green corrosion inhibitor in

particular, this study will promote generation of value added from rice husk silica

and to increase the economic value of coconut oil.



Il. LITERATURE REVIEW

2.1. Corrosion

Corrosion is the destruction of a material, especially metals due to a chemical
reaction between the material and its environment. Corrosion is a process that
occurs naturally and continuous to proceed as long as the metal remains in a
corrosive environment (Yanuar et al., 2016). In the oil, gas, and chemical
industries, corrosion is one of the most challenging tasks, and its reported that in
USA corrosion costs 170 billion USD per year (Dwivedi et al., 2017), due to
various corrosion impacts such as failure in components, depletion of natural

resources including metals, and unpleasant appearance of the corroded materials.

2.2.  Mechanism of Metal Corrosion

Mechanism of metal corrosion can be considered as chemical reaction in which
metal undergoes oxidation as show in Figure 1.

The hydroxide

quickly oxidizes to Electrochemical cell action |

ron dvodd form rust driven by the energy of
rofn \ rox:j £ oxidation continues the
°"_"5_:;: . Water corrosion process
1|
PIECIpS * Droplet
OH- ions OH ions,
0, S A 4 fetions 1 /Oz
Cathode #RUSEN, /p,o4e #RUSENCathode
‘e.\——e/. 4 Metal
—— =
Cathode action
reduces oxygen Anode action

from air, forming causes metal loss

hydroxide ions

Figure 1. Corrosion schematic of metal (Koushik et al., 2021).



Based on Figure 1, water droplet can interact with metal surface and leading to the
losses of metal. Metal such as iron (Fe) can be oxidized into Fe?* cation and
dissolve easily in the water. The area where oxidation took places called anode.
This oxidation reaction occurs according to Equation (1):

Few — Fe*" + 2¢ (1)

Further oxidation of iron causes pits on the surface. Oxygen (O,) from the air can
interact with the edge of water droplet, leading to reduction and undergoes
reaction to produce hydroxide ions. This reaction took places in cathode as
indicated in Equation (2):

1/205) + H,O +2e" —» 20H 2

The Fe”* ions as product from oxidation in anode region and hydroxide ions (OH")
as product of reduction in cathode region can react to form solid Fe(OH); on the

surface on Fe metal. This Fe(OH), also known as rust.

2.3. Types of Corrosion

Based on the types of deterioration of the material, corrosion can be classified as
uniform corrosion, crevice corrosion, pitting corrosion, intergranular corrosion,
and galvanic corrosion. Uniform corrosion is a corrosion that leads to gradual loss
of the surface of the material, leading to reduction of the thickness of the material
uniformly. This type of corrosion is commonly encountered for active metals,
such as Fe and Zn. For aluminum, uniform corrosion is less significant since this
metal can form protective layer in the form of oxide on the surface of the metal
(Rufino et al., 2010).

Crevice corrosion, is a corrosion that leads to formation of crevice on the surface
of material which can be penetrated by corrosive agents, such as acidic or alkaline
solutions, making the crevice regions become highly corrosive and lead to the
material decomposition (Chen et al., 2016). Pitting corrosion occurs on the
surface of materials and forms small holes which difficult to detect, making it, as

the most hazardous form of corrosion. It happens on passivated materials and



alloys in specific environments containing reactive ions such as iodide and
chloride ions (Aghuy et al., 2015).

Intergranular corrosion, includes enhanced rust or lateral disintegration of the
grain boundaries of the material, although the surface is not rusted. Intergranular
corrosion attacks the microstructural grains of the material, leading to loss of
toughness, reduction of the ability to withstand tensile stress, and unnoticed
fracture (Zhang et al., 2017). Galvanic corrosion, is type of corrosion that
happens between two different metals in contact with each other either indirectly
or directly. It can also happen between other conducting materials like graphite,
metals, and alloys. In this type of corrosion, a galvanic couple forms between two
metals, where one metal becomes the anode and the other becomes the cathode.
As a results, the metal which acts as an anode will corrodes faster, while the
cathode deteriorates more slowly. Galvanic corrosion occurs if different metals
are electrochemically in contact in the presence of electrolyte such as water
(Hakansson et al., 2017).

2.4. CO, Corrosion

CO;, corrosion is one of the major concerns in the oil and gas industry. CO,
corrosion of carbon steel represents a phenomenon occurring when CO; dissolves
in water and hydrates to become carbonic acid (H,CO3), which influences solution
pH and provides cathodic species for reaction with the metal pipe surface. CO,
corrosion of carbon steel is an electrochemical process that involves the anodic
dissolution of iron and the cathodic evolution of hydrogen. The overall reaction
can be expressed in Equation (3).:

Fe( + COzag) + H200) = Fe*'(ag) + CO3* (ag) + Hagag) @)

A number of chemical, electrochemical, and transport processes occur
simultaneously in agueous CO; corrosion of mild steel. The first step is the
dissolution of gaseous carbon dioxide in water, as described in Equation (4). The

second step is the hydration of aqueous CO,, which results in the formation of



carbonic acid (H,COs3) as shown in Equation (5). The carbonic acid can releases
hydrogen ions as shown in Equation (6) and Equation (7). This process is
relatively slow and is often the rate-determining step in CO, corrosion (Kahyarian
etal., 2017). The sequence of reactions associated with the presence of CO; in

H,0 is as follows:

COuq = COgag) (4)
COzag) + H20() = H2COsag) ()
H2CO3(aq) = H+(aq) + HCO3 (qg) (6)
HCO3 ey = H’ ey + COs™ (e (7)

CO;, corrosion can be reduced by the formation of a thin film of organic inhibitors
on the surface of the steel, or a protective corrosion product layer such as iron
carbonate. These processes form a protective barrier on the metal surface based
on the mechanism of adhesion to the metal surface.

2.5. Corrosion Control

Corrosion control is achieved by recognizing and understanding corrosion
mechanisms, using corrosion-resistant materials and altering designs, also by
using protective systems, devices, and treatments. Forms of corrosion protection
include material selection, coatings, cathodic protection, anodic protection, and
the use of inhibitors (Pampliega et al., 2014).

The proper selection and usage of material can reduce the effects of corrosion.
The advances in composite materials initiated the shift toward the selection of
more composite materials from the earlier trends of performing the studies on
mild steel. The introduction of modern composite materials such as nickel
aluminum bronze alloy is an example of the change in material selection. The
study on the effects of alloying elements in corrosion is an important step toward
the advancement in corrosion studies (Kuruvila et al., 2018). However, the
selection of materials used to reduce corrosion is expensive, so other methods are

preferred.



Metallic, inorganic and organic coatings are used frequently for providing long-
term corrosion protection of metals in various types of corrosive media. There are
two main types of coatings: barrier coatings and sacrificial coatings. A barrier
coating acts as a shield and protects the metal from the surrounding environment,
whereas a sacrificial coating functions as a sacrificial anode and thus, corrodes
preferentially. Barrier coatings are typically unreactive, resistant to corrosion, and
protective against wear. Sacrificial coatings provide cathodic protection by
supplying electrons to the base metal (Tator, 1997). Coating pigments commonly
used to reduce corrosion containing lead and chromate which are toxic and bad for
environment (Costa and Klein, 2006). Therefore, other methods are preferred to

reduce corrosion.

Cathodic protection is a widely used electrochemical method for protecting a
structure or important components of a system from corrosion. The principle
behind cathodic protection is that dissolution of a metal (cathode) can be
suppressed by supplying it with electrons, and in effect, controlling the corrosion.
Corrosion is then targeted on the anode instead of the metal. Since an electrolyte
is required for this method of protection, cathodic protection is not effective for
systems in air or other environments that resist current flow between the anode
and cathode (Fontana, 2000).

Anodic protection is a method of corrosion control that was developed more
recently than cathodic protection, but it is used less frequently. The principle of
anodic protection involves passivation of the metal to be protected. A passive
film forms on the surface of the metal with the application of an electrical current.
Once this film is formed, it acts to protect the metal from dissolution, and the film
itself is nearly insoluble in the environment which it formed. Passivation causes
metals to become very non-reactive and consequently very resistant to corrosion
(Locke, 1997).



2.6. Corrosion Inhibitor

The use of corrosion inhibitor to reduce corrosion is considered as the most cost
effective and the easiest to apply. Corrosion inhibitor is a chemical compound
which is added in small quantity in solutions or gas can reduce corrosion rate of
metals or alloys. Corrosion inhibitor reduces corrosion rate by formation of a film
which inhibit corrosion process on the metal surface. The other mechanism is by
increasing solution resistivity to reduce corrosion rate (Asmara et al., 2018).

Corrosion inhibitors are distinguished into inorganic and organic inhibitors.

2.6.1. Inorganic Inhibitors

Inorganic corrosion inhibitors contain the salts of zinc, copper, nickel, arsenic, and
additional metals, with the arsenic compounds being the ones that are most
commonly used. There are advantages as well as disadvantages when using the
inorganic inhibitors. The advantages are they work excellently at high
temperatures for longer periods and are less expensive than organic inhibitors.
Inorganic inhibitors are more likely to lose their grip in acid solutions that are
stronger than 17% hydrochloric acid, tougher to combine, and might release toxic
arsine gas as the product of corrosion (Tamalmani and Husin, 2020). The use of
inorganic inhibitors, particularly those containing phosphate, chromate, and other
heavy metals, is now being restricted or banned by various environmental
regulations because of their toxicity in their disposal especially in the marine
industry, where aquatic life is at threat (Roy et al., 2014).

2.6.2. Organic Inhibitors

Organic compounds that consist of nitrogen, oxygen, and/or sulfur are considered
as competent industrial corrosion inhibitors (Goyal et al., 2018). Their
effectiveness depends on the chemical composition, their molecular structure, and
their affinities for the metal surface. High inhibition effectiveness of organic

inhibitors are linked with their highly electron rich adsorption centers. Generally,
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polar functional groups such as —OH, —CN, —-NH,, -NO2,—~CONH,, -COOC;Hs,
and NH-SO,—, and extended conjugation in the form of homo and hetero-atomic
double (-C=C, C=0, -C=N-and -N=N-) and triple bonds (-C=N, -C=NC-) act
as adsorption centers. The interactions between organic inhibitors results the
adsorption and formation of surface film and protect metal from corrosion (Verma
et al., 2019). Implementation of organic corrosion inhibitors is the most
significant methods due to its several beneficial properties such as easy to
synthesis, easy to application, cost-effective, and high inhibition performance
(Adejo et al., 2019). One of the organic inhibitor have been used is oligomer 4-
vinylpyridine against CO, corrosion for mild steel (Ilim et al., 2021). In the study,
oligomer 4-vinylpyridine showed exhibited corrosion inhibitor activity in wheel
test method and the protection was confirmed by EIS and Tafel analysis results
which 81.9% and 87.8% respectively.

2.7. Derivatives of Coconut Oil

2.7.1. Methyl Ester of Coconut Oil

Coconut oil is composed of various fatty acids as presented in Table 1.

Table 1. Fatty acids content in coconut oil

Fatty acid Chemical Formula ~ Amount (%)
Caprylic acid CgH160, 8
Capric acid C10H2002 7
Lauric acid C12H240, 49
Myristic acid C14H250, 8
Palmitic acid C16H320; 8
Stearic acid C1sH360- 2
Oleic acid C1gH340, 6
Linoleic acid C1gH3,0, 2

Source: (Boateng et al., 2016)



11

At present, one type of important derivative of coconut oil is fatty acid methyl
ester that can be obtained from transesterification reaction. In these reactions, the
triglycerides are converted step wise to diglycerides, monoglyceride and finally
glycerol which sinks to the bottom and biodiesel which floats on top and can be
siphoned off. The overall reaction of transesterification (Atabani et al,. 2012) can
be written as Equation (8), Equation (9), and Equation (10) below:

Triglycerides + R-OH = Diglycerides + FAME 8)
Diglycerides + R—-OH = Monoglycerides + FAME 9)
Monoglycerides + R-OH = Glycerol + FAME (10)

Typical example of transesterification reaction from lauric acid as highest fatty

acid content of coconut oil is presented in Figure 2.

[ — ]

G
I | + HgC_OH Ca"al}\"’.l‘h_

HSCW\\/ oM

~ =
Methanel HiC OCH 4

Lauric acid Methy! laurate

Figure 2. Transesterification of lauric acid into methyl laurate.
2.7.2. Nitrogen Compounds

Fatty Acid Methyl Esters (FAME) as product from transesterification reaction can
be used as precursor for obtaining nitrogen compounds through an amidation
process, which methyl ester is reacted with amine such as diethanolamine as
shown in Figure 3. Catalyst is needed during amidation reaction, because
diethanolamine and methyl ester are not reactive to each other. The commonly
catalysts used in amidation reaction are NaOH, KOH, Ca0, enzyme, and zeolites.

In current study, catalyst used is zeolite-A.
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Figure 3. Amidation reaction from: a) fatty acid and b) methyl ester (Kumar and
Ali, 2015).

2.8. Zeolite-A

Zeolites are crystalline aluminosilicates with a definite micropore structure.
Primarily, zeolites are built from [SiO,]* and [AlO,]> tetrahedral which are
infinitely extended in a three dimensional network that is linked together by a
shared oxygen atom (Mgbemere et al., 2017). Currently there are more than 200
types of zeolites, natural and synthetic, and they can be identified by their
Silicon-Aluminium (Si/Al) ratio present in the atomic structure of the zeolite.
One of synthetic zeolite is zeolite-A. Generally, structure of zeolite-A can be
considered as inorganic polymer built from tetrahedral TO, units, where T is Si**
or AI** ion. Each O atom is shared by two T atoms. The structure formula of
zeolite is based on the crystallographic unit cell (Bekkum et al., 1991). The

structure of zeolite-A is shown in Figure 4.
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Figure 4. Structure of zeolite-A (Structure Commission of the International
Zeolite Association (IZA-SC), 2017).

Zeolite-A is low silica synthetic zeolite with ratio of Si/Al = 1 and chemical
formula Naj2(AlO2)12(Si0,)12.27H,0. Characteristics of Zeolite-A are high
concentration of cation, optimum adsorption properties, and with certain porosity
allows it to have shape selectivity in acidic catalyst (Simanjuntak et al., 2019).
Zeolite-A pore size is about 4 A, but the dimension of these pores is varied
depending on the types of ion that can be exchanged. Analysis zeolite-A using
SEM will show an image of a cubic crystal structure with a lattice parameter of
12,32 A (Ayele et al., 2016). Based on Structure Commission of the International
Zeolite Association (1ZA-SC), analysis zeolite-A using XRD give some
distinctive characteristic peaks which are 26 = 7.18°, 10.16°, 12.44°, 16.10°, and
23.96°.

Zeolite-A can be prepared from different raw materials, such as sodium
metasilicate and by-product from aluminum etching process (Hussar et al., 2011),
sodium silicate and sodium aluminate (Selim et al., 2017), natural kaolin (Salih et
al., 2020), fumed silica and sodium aluminate (Isa et al., 2018), and rice husk
silica (Pandiangan et al., 2019). In this study, zeolite-A was prepared from rice

husk silica and food grade aluminum foil as an alternative precursor of alumina.

Zeolite-A is known to have varied applications, in which two of the most are as
adsorbent and catalyst. As an adsorbent, zeolite-A has been utilized for the

removal of several heavy metals from wastewater (Meng et al., 2016). As the
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catalyst, this particular zeolite has been utilized for transesterification to convert
vegetable oil into biodiesel, which is known as another growing importance
renewable liquid fuel (Pandiangan et al., 2019). These varied utilizations have
made zeolite-A an attractive material, drawing continuous interest for exploration
of preparation techniques as well as the use of varied raw materials (Simanjuntak
etal., 2021).

2.9. Characterization of Products

2.9.1. X-Ray Diffraction (XRD)

X-ray diffraction is a common technique for the study of crystal structures and
atomic spacing. In this study, analysis using XRD is used to investigate whether
the zeolite-A is successfully produced. X-ray diffraction is based on constructive
interference of monochromatic X-rays and a crystalline sample. These X-rays are
generated by a cathode ray tube, filtered to produce monochromatic radiation,
collimated to concentrate, and directed toward the sample (Ali et al., 2022). The
interaction of the incident rays with the sample produces constructive interference
(and a diffracted ray) when conditions satisfy Bragg’s law as shown in Equation
(11) below:

nA =2dsin 6 (11)

Where n is an integer, A is the wavelength of the X-rays, d is the interplanar
spacing generating the diffraction, and 6 is the diffraction angle. This law relates
the wavelength of electromagnetic radiation to the diffraction angle and the lattice
spacing in a crystalline sample. These diffracted X-rays are then detected,
processed, and counted. By scanning the sample through a range of 26 angles, all
possible diffraction directions of the lattice should be attained due to the random
orientation of the powdered material. The diffractometer system of XRD can be

shown in Figure 5.



15

Goniometer ’:\
T By 4 ? X-ray
- «}%a Detector

e ™,

/ "
/
W\

A N\
PR "',r"-,l
; 5,26 \ A

'|“ I‘ $|
. \ | |
l@ | | '

%gwww,f B o T |
Sample & Analyzing Crystal

Figure 5. Schematic diagram of a diffractometer system (Bunaciu et al., 2015).

The geometry of an X-ray diffractometer is such that the sample rotates in the
path of the collimated X-ray beam at an angle 6 while the X-ray detector is
mounted on an arm to collect the diffracted X-rays and rotates at an angle of 26.
The instrument used to maintain the angle and rotate the sample is termed a
goniometer. In practice, XRD analysis will produce a difractogram with unique
diffraction pattern for each compound, in term of 26 angle. An example is

difractogram of zeolite-A as presented in Figure 6.
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Figure 6. XRD Pattern of Zeolite-A (Structure Commission of the International
Zeolite Association (IZA-SC), 2017).
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2.9.2. Scanning Electron Microscopy with Energy Dispersive X-ray (SEM-
EDX)

Scanning electron microscopy (SEM) has been used as an effective method in
analysis of organic and inorganic materials on a nanometer to micrometer (um)
scale. In this study, SEM is used to analyze the surface morphology of zeolite-A
catalyst and the morphology of the mild steel surface after exposure to corrosive
solution in the absence and presence of a certain concentration of corrosion
inhibitor. SEM works at a high magnification reaches to 300.000x and even
1.000.000 (in some modern models) in producing images very precisely of wide
range of materials. Energy Dispersive X-ray (EDX) spectroscopy works together
with SEM to provide qualitative and semi-quantitative results. Both techniques
have the potential to introduce fundamental information on material composition
of scanned specimens, which could not be provided by the common laboratory

tests. The components of SEM can be seen in Figure 7.
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Figure 7. Scanning Electron Microscopy (SEM) components (Mohammed and
Abdullah, 2018).
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SEM imaging begins with an electron gun generating a beam of energetic
electrons down the column onto a series of electromagnetic lenses. These lenses
are tubes, wrapped in coil and referred to as solenoids. The coils are adjusted to
focus the incident electron beam onto the specimen, and then the specimen emits
an electron detector picks up the rebounding electrons and records their imprints.
This information is translated onto a screen, and the operator will control the
brightness and the intensity which allows three-dimensional images to be
represented clearly. For an example, the cubic shape of zeolite-A can be detected

by SEM as shown in Figure 8.

Mag= 1000 KX  Signal A= SE1 Date :22 Dec 2020 UPTLTSIT
WD = 85mm EHT = 15.00 kV Time 11:1744

Figure 8. Micrograph of zeolite-A (Simanjuntak et al., 2021).

2.9.3. Fourier Transform Infrared (FTIR)

Fourier Transform Infrared (FTIR) is one of the important analytical techniques
for researchers. This type of analysis can be used for characterizing samples in
the forms of liquids, solutions, pastes, powders, films, fibers, and gases (Fan et
al., 2012). Compared to other types of characterization analysis, FTIR is quite
popular. This characterization analysis is quite rapid, good in accuracy, and
relatively sensitive (Jaggi and Vij, 2006). FTIR spectroscopy is based on the
principle that when a sample is probed with an infrared (IR) beam, the functional

groups within that sample will absorb the IR radiation, and the vibrational
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characteristics of each functional group will then be reflected (Bangaoil et al.,
2020).

Infrared spectroscopy measured the absorption of IR radiation made by each bond
in the molecule and as a result produces spectrum which is commonly designated
as % transmittance versus wavenumber (cm%). A diverse range of materials
containing the covalent bond absorbed electromagnetic radiation in the IR region.
IR spectrum is divided into three wavenumber regions: far-IR spectrum (less than
400 cm ™), mid-IR spectrum (400-4000 cm ™), and near-IR spectrum (4000-13000
cm ™). The mid-IR spectrum is the most widely used in the sample analysis
(Nandiyanto et al., 2019). The specific frequency of each functional groups can

be seen in Table 2.

Table 2. Range in wavenumber (cm ™) of each functional groups

Wavenumber (cm™) Functional group
3200-3550 O-H stretching
33003500 N-H stretch, primary amine gives two, secondary
one, while tertiary amine gives no peak
3500-3500 O=C-N-H stretch
2260-2220 Nitrile (CN)
2950-2850 C—H stretch
3010-3100 =C—H stretch
1620-1680 C=C stretch
1750-1730 Ester C=0
1780-1710 Carboxylic acid C=0
1690-1630 Amide C=0

Source: (Chen et al., 2015)

The spectrum obtained from FTIR analysis is a correlation between intensity and
frequency. Intensity shows the level number of component and wavenumber
shows the type of bond in the components contained in a sample, as shown in

Figure 9.
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Figure 9. An example of FTIR spectrum of coconut oil methyl ester (Herliana et
al., 2021).

From FTIR analysis of methyl ester presented in Figure 9, it shows that the
methyl ester was identified by the presence of sharp absorption peak at
wavenumber 1744 cm™ represents carbonyl (C=0) group, wavenumber at 1170
cm-1 represents C-O group, and absorption bands at 2922 cm™, 2855 cm™, and
1438 cm™ are attributed to -C-H stretching and bending of the alkane group.

The typical FTIR spectrometer consists of an IR light source, interferometer,
sample compartment, detector, amplifier, and computer. The light source
generates radiation which strikes the sample passing through the interferometer
and reaches the detector. Then the signal is amplified and converted to digital
signal (interferogram) by the amplifier and analog-to-digital converter,
respectively. Michelson interferometer is the main core of FTIR spectrometer and

is shown in Figure 10.
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Figure 10. Instrumentation of the double-beam (top) and single-beam (bottom) IR
spectrophotometers (Genzel et al., 2008).

2.9.4. Gas Chromatography—Mass Spectrometry (GC-MS)

Gas Chromatography—Mass Spectrometry (GC—-MS) is a combination of two
different instruments, which are Gas Chromatography and Mass Spectrometry.
Compounds are injected and separated based on their volatility by GC, followed
with analysis using the MS part of the instrument where the compound is
irradiated using an electron until it breaks into ions and move toward the
detectors (Al-Bukhaiti et al., 2017). GC-MS can be used for qualitative and
quantitative analysis for volatile and semi-volatile organic compounds in various
experimental samples. GC-MS is an effective tool to identify and quantify
chemicals in a complex mixture (Al-Rubaye et al., 2017). Some of technical
fields using GC-MS analysis are perfume industry (Asten, 2002), food (Chiu and
Kuo, 2020), pharmacy research (He et al., 2016), forensic (Bridge et al., 2018),
and to detect chemical warfare agent (Li et al., 2020). Scheme of GC-MS can be

seen in Figure 11,
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Figure 11. Scheme of GC-MS (Shubin and Lou, 2012).

The data is transferred to the computer until the chromatogram receives it. Data
obtained are in the form of chromatogram comprised peaks, retention time and a
peak area indicating the relative amount of the components (Darmapatni, 2016).

In the GC chromatograms, each separated substance is represented by a peak. The
number of peaks shows the number of separated compounds in the sample. The
position of each peak shows the retention time for each compound. The mass
spectrum is a graphical representation of the ion abundance versus the mass-to-
charge ratio (m/z where m is the mass and z is the charge) of the ions separated in

a mass spectrometer.

2.10. Corrosion Rate Measurement

Corrosion rate is the speed at which any metal in a specific environment
deteriorates. It also can be defined as the amount of corrosion loss per year in
thickness. The corrosion rate of a metallic material is evaluated by considering its
density, equivalent weight and the area of exposed material (Afolabi et al., 2014).
Relative to metal density, exposed surface area, duration of exposure and some
constant, the rate of corrosion of metal can be determined. Corrosion rate (CR)
helps in understanding the vulnerability of metals to corrosion. Corrosion rate
may be expressed in millimeter per year (mmpy) of metals degraded (Oparaodu
and Okpokwasili, 2014). The rate of corrosion can be determined by weight loss

method and electrochemical method.
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2.10.1. Weight Loss Method (Wheel Test)

The most common method for estimating a corrosion rate is weight loss method
(Umeozokwere et al., 2016). In this method, the specimen of a given material
(known as the coupon) is exposed to a process environment for a given duration
of time. This specimen is then removed for analysis which begins with
measurement to determine the weight loss taking place over the period of
exposure. This is then expressed as corrosion rate (Usman et al., 2015). The
weight loss method is common used in industrial and laboratory scales because
the equipment is simple and the results are quite accurate, but testing with the
weight loss method for obtaining a corrosion rate has a disadvantage. The
disadvantage of this method is can not detect changes quickly occurs during the
corrosion process (Kumar et al., 2014). The weight loss (W) and the corrosion
rate (CR) were calculated by Equation (12) and Equation (13).

W =W, —W, (12)
CR = 10 x W x 365 (13)
AxDxt

Where W = weight loss (g), W; = initial weight, W; = end weight, CR = corrosion
rate (mm.y * = millimeter per year), A = area of coupon (cm?), D = density of
metal (g.cm®) equal to 7.86 g.cm™> for carbon steel, and t = time of exposure
(days). The efficiency of inhibitors to reduce the corrosion rate for some metals
were calculated by Equation (14).

(CRy—CR))

%P = x 100% (14)

0

Where %P = percent protection, CRy = corrosion rate without inhibitor, and CR; =

corrosion rate with inhibitor.

2.10.2. Electrochemical Methods
2.10.2.1. Electrochemical Impedance Spectroscopy (EIS) Measurement

EIS is one of the most important electrochemical techniques where the impedance

in a circuit is measured by ohms (as resistance unit). EIS offers several
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advantages reliant on the fact that it is a steady-state technique, that it utilizes
small signal analysis, and that it is able to probe signal relaxations over a very
wide range of applied frequency, from less than 1 mHz to greater than 1 MHz,
using commercially available electrochemical working stations. EIS features is
characterized by an electrical circuit that consists of resistances, capacitors, or
constant phase elements that are connected in parallel or in a series to form an

equivalent circuit, as shown in Figure 12.
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Figure 12. A scheme of EIS circuit and the redox reaction takes place at the
surface of working electrodes in an electrochemical cell (Magar et al.,
2021).

The impedance expression is divided into a real part and an imaginary part. When
the real part (Z,) is plotted on the X-axis and the imaginary part (Z;) is plotted on
the Y-axis, a Nyquist Plot is formed (Figure 13). Each point on the Nyquist plot
Is an impedance value at a frequency point, while the Z; is negative. At the X-
axis, impedance at the right side of the plot is conducted with low frequency,
while, at the higher frequencies, their generated impedances are exerted on the
left. Moreover, on a Nyquist plot, impedance can be represented as a vector
(arrow) of length |Z|. The angle between this arrow and the X-axis is called the

phase angle (Wang et al., 2021).
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Figure 13. Nyquist plot with impedance vector (Lvovich, 2014).

In Nyquist plot, the intercept of the loops represent the charge transfer (R¢). A
larger R indicates a stronger resistance to corrosion. Additionally, despite the
similar appearance of the semicircles, the plots did not conform to a perfect
semicircle. The deviation from an ideal semicircle is assumed to be attributed to
inhomogeneity and roughness of the surface (Farag and El-din, 2012). The
Nyquist plot obtained at open circuit potential (OCP) which consists of electrolyte
resistance (R;), charge transfer resistance (Rc;), and double layer capacitance as

shown in Figure 14.
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Figure 14. Electrochemical equivalent circuit used to fit the impedance spectra
(Benavente, 2005).

The inhibition efficiency (% P) for EIS data was calculated by using Equation 14
(Zhang et al., 2015).

9 p = L@ =Rew) 5 40 (14)

ct(i)

Where % P is inhibition efficiency in term of percent protection, R is charge

transfer resistance with inhibitor and R is charge transfer without inhibitor.
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2.10.2.2. Potentiodynamic Polarization (PDP) Measurement

Potentiodynamic polarization (PDP) measurement belongs to one of the most
commonly used DC electrochemical method in corrosion measurements. The
potential in a wide range is applied on the test electrode, due to which on the
metal surface dominantly oxidation or reduction reaction happens (depending on
the direction of polarization) and as a result, an adequate current is generated.
The presentation of the potential in the function of current density (i) for each
measured point results in obtaining the polarization curve. The polarization curve
can be used to determine the corrosion potential and the corrosion rate of the
metal. The electrochemical parameters obtained from processed polarization
curves include the corrosion potential , Ecorr (MV/SCE), the cathodic and anodic
Tafel slopes B¢ and B, (MV dec™), and the corrosion current density (icorr). The

efficiencies of inhibitor were calculated using Equation 15 (Bentrah et al., 2017).

n=(1-"2"2)x 100% (15)

lcorr

Where 7 = protection efficiency of inhibitor (%), icorr0) = COrrosion current

density with inhibitor and icor = current density without inhibitor.

The advantage of potentiodynamic polarization method is reflected in the
possibility of a localized corrosion detection, easy and quick determination of the
corrosion rate, and efficiency of the corrosion protection (Little et al., 2007). An
example of Tafel slope obtained from potentiodynamic polarization can be seen in

Figure 15.
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Figure 15. Tafel slope from potentiodynamic polarization (Farag et al., 2018).



I1l. RESEARCH METHODS

3.1. Time and Places

This research was conducted on February — September 2022 in Laboratory of
Inorganic/Physical Chemistry FMIPA University of Lampung. Characterization
of Zeolite-A using XRD was carried out in Laboratory of Chemistry, Institut
Teknologi Sepuluh Nopember (ITS), Surabaya, East Java. Characterization to
identify chemical compounds using GC-MS of transesterification and amidation
product was carried out in Laboratory of Chemistry, Universitas Islam Indonesia
(UII), Yogyakarta. Functional group analysis using FTIR of transesterification
and amidation product and Surface morphology analysis of zeolite-A catalyst and
mild steel using SEM was carried out in Integrated Laboratory and Center for

Technology Innovation (LTSIT), University of Lampung.

3.2. Materials and Instruments

Chemical used in this research were purchased from Merck include NaCl, NaOH,
methanol, NaHCO3, HNOg, diethanolamine, Sb,03, SnCl,, HCI, mild steel
(SAE/AISI Grade 1022) was purchased from Krakatau Steel, rice husk was
obtained from local rice milling company, aluminum foil, food grade CO; gas,
coconut oil, distilled water, pH indicator, filter paper, and silicon carbide paper
with 200, 400, 600, 800, and 1200 grits.

Instruments used in this research were Fourier Transform Infrared (FTIR)
NICOLET AVATAR 360, Gas Chromatography—Mass Spectrometry (GC-MS)
Shimadzu GCMS-QP2010 SE, X-Ray Diffraction (XRD) PAN analytical type
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EMPYREN, Scanning Electron Microscopy (SEM) ZEISS EVO 10,
Polytetrafluoroethylene (PTFE) lined stainless steel autoclave, analytical balance
METTLER AE 200, furnace, hotplate, mesh sieve, thermometer, magnetic stirrer,

reflux condenser, micropipette, micrometer, and supporting glassware.

3.3 Research Procedures

3.3.1 Preparation of Rice Husk

Raw rice husk was obtained from a local rice milling industry in Untung Suropati,
Bandar Lampung. Before use, the husk was soaked in water to remove the dirt.
Floating husk was discharged, while sinking husk was collected, rinsed with

distilled water, and then dried under the sunlight.

3.3.2. Extraction of Rice Husk Silica

To extract the silica, a mass of 50 g rice husk was mixed with 500 mL of 1.5%
NaOH solution in a beaker glass. The mixture was boiled for 30 minutes, allowed
to cool at room temperature, and then left for 24 hours. The mixture was filtered
and the filtrate which contains silica (silica sol) collected. Production of solid
silica was carried out by neutralization of the sol using HNO3; 10% to produce a
gel, followed by aging of the gel for 24 hours, and then repeat rinsing with
distilled water to remove the excess of acid, and completed by oven drying of the
gel 110 °C for 8 hours. Solid rice husk silica then grounded into powder and

sieved with 325 mesh sieve to obtain the sample with homogeneous sizes.

3.3.3. Synthesis of Zeolite-A Catalyst

Zeolite-A was synthesized by preparing NaOH solution (20 grams in 200 mL of
distilled water) and dissolved the 30 g of rice husk silica with a stirring speed of

500 rpm and heated at 70 °C for 3 hours. The sodium silicate solution obtained
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then cooled and filtered using filter paper. The filtrate obtained was aged for 24
hours then added 13.5 grams of aluminum foil, stirred at 500 rpm for 3 hours.

The resulting mixture was transferred into a Teflon lined autoclave for 24 hours
aging process. After that, the mixture was crystallized in an oven at 100 °C for 96
hours. The gel obtained was filtered, washed with distilled water to pH of 7-8,
then dried in an oven at 80 °C for 24 hours. The solid product was subjected to
calcination treatment at 550 °C for 6 hours. To examine that the product is
zeolite-A as expected, the zeolite-A obtained was characterized with X-Ray
Diffraction (XRD) and Scanning Electron Microscopy (SEM).

3.3.4. Transesterification of Coconut Oil

Transesterification was carried out by ratio of the reactants 1 : 4, which 25 mL of
coconut oil is reacted with 100 mL of methanol with the addition of 2.5 grams
zeolite-A catalyst into a 250 mL round flask. The mixture then refluxed at 70 °C
for 4 hours (Herliana et al., 2021). The reflux product was cooled into room
temperature, filtered with filter paper, put into a separating funnel, and left stand
for one night. The glycerol was sink to the bottom and methyl ester was floated
on top. To examine that the product is methyl ester as expected, the product was

characterized using FTIR and GC-MS, and then used in the next procedure.

3.3.5. Reaction Between Methyl Ester and Diethanolamine

The purpose of reaction between methyl ester and diethanolamine was obtained
nitrogen compounds and then used as corrosion inhibitor. Methyl ester and
diethanolamine with same volume (20 mL) was placed in Teflon lined autoclave
with addition of 2 grams zeolite-A catalyst, the mixture was heated at 80 °C for 24
hours and at 100°C for 24 and 48 hours. After the completion of experiment, the
product was allowed to cool to room temperature, then filtered to remove zeolite-

A catalyst. To examine that the product is nitrogen compound as expected, the
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compounds obtained from this reaction was characterized using FTIR and GC—

MS, and then used as corrosion inhibitor.

3.3.6. Preparation of Mild Steel

Mild steel used in this experiment was SAE/AISI Grade 1022 with the
spectrographic analysis of the steel provided the chemical composition as shown
in Table 3.

Table 3. Chemical composition of mild steel SAE/AISI Grade 1022

Element Amount (%)

Fe >08
C 0.22
Mn 0.74
Si 0.02
S 0.014
P 0.02
Ni 0.05
Mo <0.01
Cu <0.01
Al <0.01

(Source: AS 1443)

Mild steel with the dimension of 2 x 1 x 0.1 cm was prepared and the surface of
the metal was polished using silicon carbide paper with the size of 200, 400, 600,
800, and 1200 grits. The dimensions and weights of each coupon were accurately

recorded.

3.3.7. Preparation of Solutions

The corrosive medium used was a brine solution 3 % (w/v) prepared by dissolving
30 g sodium chloride (NaCl) and 0.1 g sodium bicarbonate (NaHCO3), in 1 L
distillated water. The corrosive medium then saturated with food grade CO; gas
at atmospheric pressure by purging the solution with the gas at a rate of

approximately 150-200 mL min*. Inhibitor solution with the concentration of
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15,000 ppm was prepared by dissolving 0.075 grams inhibitor (nitrogen
compounds) in 5 mL methanol. The Clarke’s solution was prepared by dissolving
5 g of SnCl; and 2 g of Sb,03 in 100 mL concentrated HCI (llim et al., 2021).

3.3.8. Corrosion Rate Measurement

Clean glass bottles (220 mL) were prepared to be used in the experiment. Four
brine solutions with the same volume of 175 mL were prepared. One solution is
used without addition of corrosion inhibitor, while the other three samples were
used for the experiments with 150 ppm concentration of corrosion inhibitor. Each
of the samples then purged for 45 minutes with CO; gas (at about 250 mL min™).
A mild steel coupon prepared was placed to the bottles and the bottles were
capped with crown seals and placed in a room temperature for 24 hours. After the
completion of the experiment, the coupons was removed and immediately placed
in Clarke's solution for 5 seconds in order to remove the corrosion product from
the surface. The coupon was dipped into water for about 5 seconds, and into

ethanol for another 5 seconds, and then dried and accurately weighed.

3.3.9. Scanning Electron Microscopy with Energy Dispersive X-Ray (SEM-
EDX)

SEM-EDX analysis is used to examine the surface morphology of the mild steel
surface after exposure to NaCl 3% in the absence and presence of a certain
concentration of inhibitor for 24 hours. An untreated (original) coupon, a coupon
immersed in brine solution without inhibitor, and a coupon immersed in brine

solution containing inhibitor was analyzed their morphology using SEM-EDX.



5.1

V. CONCLUSIONS AND SUGGESTIONS

Conclusions

From the results obtained of this study, several conclusions were obtained as

follows:

1.

Synthesized zeolite-A has similar characteristic with standard zeolite-A 1ZA,
based on analysis using XRD showed diffraction pattern in 26 range 7-34°,
and analysis using SEM showed the cubic structure on its crystal.

Zeolite-A has a good catalytic activity for transesterification and reaction
between methyl ester and diethanolamine, indicated by formation of methyl
ester coconut oil with distinctive aroma of methyl laurate and formation of
nitrogen compounds.

FTIR analysis showed methyl ester as transesterification product was formed
indicated by specific wavenumbers at 2922 cm™, 2855 cm™, and 1438 cm™ are
attributed to -C-H stretching and bending of the alkane group, wavenumbers at
1744 cm™ is attributed to carbonyl (C=0) group and the absorption band at
1170 cm™ represents C-O group. GC-MS analysis showed methyl laurate is
the highest component (38.85%) in methyl ester as transesterification product.
FTIR analysis of nitrogen compounds showed that the reaction was
successfully converted methyl ester into nitrogen compounds, indicated by
absorption band at the wavenumber range of 3000-3750 cm™ which represents
N-H group, and also supported by wavenumber range of 1600-1630 cm™.
GC-MS analysis showed that P-3 as product reaction at 100°C for 48 hours
has the highest amount of nitrogen compounds (53.54%).

Nitrogen compounds obtained from reaction at 100°C for 48 hours (P-3)
showed the best activity as corrosion inhibitor on the experimental using
wheel test method, indicated by the highest percent protection (97.9%). SEM
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analysis for mild steel surface treated with P-3 as inhibitor also showed the
inhibitor was well protected the surface from corrosion, and EDX analysis
showed the existence of N atom on mild steel surface treated with P-3 as

inhibitor indicated the formation of protective layer against corrosion.

5.2.  Suggestions

Several suggestions given for the next study were shown in following points:

1. Optimizing the experimental condition for reaction between methyl ester and
diethanolamine, such as doing the experiment with various ratio of reactants,
temperature, and reaction time or using another catalyst for obtaining the
higher amount of nitrogen compounds.

2. Testing the corrosion inhibitor compounds with another method such as
Electrochemical Impedance Spectroscopy (EIS) and Tafel Polarization, and

doing several repeated for obtaining higher accuracy of experimental data.
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