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Abstract - The newly composite corrosion inhibitors have been synthesized from monoethanolamine, methyl methacrylate, and
phosphoric acid, and their inhibition efficiency was studied. In this case, the mole ratio of the initial substances was maintained
at 1:2:2, respectively, and the temperature remained between 35 °C and 40 °C, and 48 hrs. time duration was also been followed.
The composition of this obtained composite corrosion inhibitor was studied by spectroscopic techniques and also quantum
chemical calculation. In addition, the decomposition rate was determined using DTA and TGA processes. Moreover, the
inhibition efficiency of this corrosion inhibitor (MMF-1) was studied using electrochemical measurements at different
temperatures and concentrations. Polarization measurements have been carried out, and analysis of anodic and cathode slopes
of polarization curves has shown that this inhibitor is a mixed-type inhibitor. Furthermore, the formation of protective films on
carbon steel surfaces was confirmed by analyzing scanning electron microscopy and atomic force microscopy. Specially

inhibition mechanism of this corrosion inhibitor was widely studied at temperatures of 298, 303, 313, and 323 K and

unequivocally confirmed that it follows the Langmuir adsorption isotherm.
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1. Introduction

Corrosion is a reversible process which converts pure
metal to different chemical compounds[1]. Nowadays,
corrosion is turning into a major issue in many industries,
including building materials, infrastructure, tools, ships,
trains, vehicles, machines, and appliances[2]. Carbon steel
experiences extensive corrosion with acids during the
cleansing process. The NACE 2016 reported that across the
world, about 2.5 trillion U.S. dollars in economic fall due to
corrosion and Every year, 10% of metal is lost due to
corrosion, which severely affects the country's economy [3,4].
Corrosion is not only responsible for economic loss but is also
related to safety issues because it decreases the shelf life of
steel[5,6]. It has already been recognized as a major issue for
the entire world, so researchers are trying to protect the
corrosion process in various ways [7]. Mostly, inhibitors are
typically used to protect the metal from corrosion.
Environmentally friendly inhibitors have wide applications in
corrosion fields and are generally added to metals at a low
concentration[8,9]. This study is a small initiative to find a
suitable corrosion inhibitor to protect materials from the
corrosion process. According to this study, corrosion

inhibitors were prepared based on poly(methyl methacrylate-
maleic anhydride) P(MMA-MAH)s accompanied with
different percentages of methyl methacrylate and maleic
anhydride and the inhibitory potentiality of this inhibitor has
checked on simple carbon steel in a 0.5 M HCI [10,11].

2. Material and Methods
2.1. Materials

To synthesize this composite corrosion inhibitor,
monoethanolamine and methyl methacrylate monomers
(purified by driving in an inert nitrogen atmosphere) and
phosphoric acid, such as 1 M HCI for aggressive
environments, were used. Steel composition: Fe 97.755-
97.215%, C 0.17-0.24%, Si 0.17-0.37, Mn 0.35-0.65%, Ni
0.3%, S 0.04 %, P 0.035 %, Cr 0.25 %, Cu 0.3 %, As 0.08 %.
2x2.5 cm2 samples of steel with this composition were taken,
and the surface was cleaned with sandpapers, washed several
times in acetone and dried.[12]

2.2. Methods
Analytical results are obtained using different types of
analytical instruments, which are mentioned with
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Fig. 1 The synthetic route used in the preparation of inhibitor MMF-1

Infrared Spectroscopic (IR) technique - IR Spectra,
Specially synthesized Corrosion Inhibitors are checked by
"IRTracer-100" (SHIMADZU CORP., Japan, 2017)
Spectrometer. Scanning Electron Microscope (SEM, Smart
SEM software SEM-EVO MA 10 (Carl Zeiss, Germany)) and
thermal stability in differential-thermal and
thermogravimetric methods of France analyzed on a LABSYS
EVO STA devices are used. NMR spectra on JINM-ECZ600R
spectrometer (JEOL, Japan), Atomic Force Microscopy
(AFM) were used, and electrochemical studies were
performed using devices such as the CS-350 Corrosion test.
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3. Experimental Part
3.1. Synthesis of MMF-1 Composite Corrosion Inhibitor
based on Methyl Methacrylate, Monoethanolamine and
Phosphoric Acid

MMF-1 composite corrosion inhibitor was prepared from
1 mol of methyl methacrylate (102 g) and 2 mol (122 g) of
monoethanolamine, were placed in a 250 ¢cm? round-bottomed
flask and refluxed in a furnace equipped with a magnetic
stirrer at a temperature between 35 °C and 40 °C within 48
hours duration. The product was pumped out using a
hermetically sealed device at a pressure of 0.8 Pa. Later, it was
mixed with 2 mol (196 g) of phosphoric acid for 1.5 hours
until a homogeneous mass was formed.

3.2. IR-Analysis

IR spectra of the obtained inhibitor were run, and several
peaks at particular regions for individual functional groups
were found. According to the results, it has revealed that the
valence vibrations of the -C-H bond in the methyl (-CHs)
group were observed at 2939,52 cm and the —~C-H bond in
the methylene (-CH-) group got at 2866.22 cm-*. In addition,
that - N-H bonds were observed in the area of 3356.14 cm™,
Moreover, the —OH and -O-CHs; group peaks were found at
3290.56 and 1653.0 cm™ respectively.

3.3. Analysis of Results of THNMR and *CNMR Analysis
The THNMR and *CNMR graphs are included in Figure
2 and Figure 3, respectively. The HNMR and *CNMR
analyses of the obtained inhibitor were carried out, and a
discussion of the results is clearly included in the paper.
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Fig. 2 'H NMR spectrum of the synthesized corrosion inhibitor compound
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Fig. 3 *C NMR spectrum of the synthesized corrosion inhibitor

According to the *H NMR graph, it is evident that two
CHy> groups bonded with O and also N have exhibited peaks
at 3.804 ppm and 3.6 ppm, respectively. In addition, other CH;
and CHs group peaks are firmly observed below at 1.5 ppm.
Moreover, another major NH peak of the compound did not
appear in the scale, most probably because the NH protons
could able to exchange with deuterium. The peak might be
diminishing or disappear [Anthony Foris, On NH NMR
Chemical Shifts part 1, For further confirmation of the
compound, we have run **C NMR spectrum of our obtained
inhibitor. In the 3C NMR, quaternary carbon that was bonded
to the NH group showed a peak at 177.37 ppm, and the carbon
of the CH, group bonded to the NH group (C- 6) exhibited a
peak at — 39.6 ppm. Furthermore, the carbon peak of the CH,
group, which bonded with O and another CH; group, was also
found at — 61.58 ppm, and another quaternary carbon bonded
with the methylene group, and the CH3 group showed a peak
at-43. 7 ppm.

3.4. Quantum-Chemical Calculations

The resulting corrosion inhibitor geometries were created
using the Avogadro software package and fully optimized by
the Pople basis set -RHF/6-31G(d,p) and Gauss View 6.0.16
software. The Gauss View 6.0.16 calculations have been
followed using the DFT (B3LYP) method and also the
Mulliken method. Usually, density functional theory, DFT is
applied to calculate quantum chemical parameters such as the
highest occupied molecular orbital energy, the lowest
unoccupied molecular orbital energy, electron affinity, global
electrophilicity index, the fraction of electron transferred,
global nucleophilicity index, and Mulliken charges. The
Frontier Molecular Orbital (FMQO) approximation has been
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calculated for the charges of all atoms and visualized using the
Avogadro program. The comparison of the values of
electronic charges was clearly obtained from the calculations
referring to the methods and concluded that donor atoms with
the highest values of negative charge in all calculated
molecules could able to coordinate.

3.5. Study of Thermal Properties of MMF-1 Brand
Composite Corrosion Inhibitor

The MMF-1 composite corrosion inhibitor was
synthesized at a maximum 800 °C temperature in a dry mass,
which is presented in Figure 1, and the results of the pigment
analysis were studied according to the given
thermogravimetric derivatogram (TGA) and differential
thermogravimetric analysis. TGA and DTA
thermogravimetric analyses (Figure 4) of MMF-1 brand
composite  corrosion inhibitor were conducted by
SHIMADZU DTG-60 thermal analysis device in the 20-800
°C temperature range. All samples of the thermal analysis of
the MMF-1 brand composite corrosion inhibitor have been
followed in a dynamic mode at a speed of 10 degrees/min in
an aluminum mortar. The TGA-DTA curves, as shown
in Figure 4, indicate the occurrences of weight losses at
particular temperature ranges. In fact, Thermal analytical
techniques such as Thermogravimetric Analysis (TGA),
Differential Thermal Analysis (DTA), and Differential
Scanning Calorimetry (DSC) are useful tools to detect the
physical changes in a material which include mass loss,
thermal decomposition, and phase changes as a function of
temperature and time. So, this thermal analysis provides
thermal stability and phase stability of our obtained composite
corrosion inhibitor.


https://www.sciencedirect.com/topics/materials-science/thermogravimetric-analysis
https://www.sciencedirect.com/topics/chemical-engineering/differential-scanning-calorimetry
https://www.sciencedirect.com/topics/chemical-engineering/differential-scanning-calorimetry

Choriev I.Ketal. / IJETT, 72(3), 218-229, 2024

TGA DTA
mg uv
6.00
224.49C b N Start 10.10min
T 22.58C
111.18C
End 13.03min
14031C End 48.47min
Weight Los 1340
5.00 |- . LS. -2:.9@?5 492.57C 4 20,00
\ Peak 21.38min
P 224.49C
(/™ Onset 149.76C
400 - \ Endset  482.43C
Start 13.03min
\\ e Heat 14.72)
End 50.16min 3.52cal
L Start 2.08min \ 509.27C Height 10.72uV
3.00 35.03C Weight Loss -3.893mg |
M . 10.00
End 9.30min
103.37C Start 50.16min
L 509.27C
Peak 4.23min
End 79.39min
200:- 53.42C \\ i . 801.15C
/ Onset 39.22C \ oA, Weightloss  -0.129mg
e, -2210%
\ Endset 89.95C 3\
! 53.42C LY AR
| Heat -134) \
1.00 Ry
-319.64mcal \\\ N - -0.00
Height -4.85uV T— F
L 1 1 1 1 |
-0.00 200.00 400.00 600.00 800.00
Temp [C]

Fig. 4 Thermogravimetric analysis (TGA) and Differential thermogravimetric analysis (DTA) of MMF-1 composite corrosion inhibitor

The exothermic and endothermic effects were observed at
224.49 °C and 53.42 °C, respectively. The 5.836 mg amount
of MMF-1 brand composite corrosion inhibitor was taken in
an open-mouth crucible made of aluminum resistant to a
temperature of 800 °C, and the temperature was gradually
increased starting from 20 °C and intensive mass losses were
found according to the TGA curve. Significant mass loss
intervals 1, 2, and 3 were measured at 22.58 — 140.3 °C, 140.3
—509.3 °C, and 509.3 — 800 °C, respectively. According to the
analysis, it clearly showed that mass loss and percentages for
moss loss intervals 1, 2 and 3 were found to be 1.34 mg

(22.9%), 3.89 mg (66.7%) and 0.129 mg (2.2%),
respectively. Differential thermogravimetric analysis of
MMF-1 composite corrosion inhibitor is presented in Figure 4
and exhibited that the energy absorption has occurred in the
range of 35.4 - 103.37 °C. The highest heat absorption occured
at a temperature of 53.42 °C, and the energy release was found
in the range of 111.18 - 492.57 °C. The highest heat output
was found at a temperature of 224.49 °C.

The analysis of the results of the thermal decomposition
of the substance at different temperatures is given in Table 1.

Table 1. Analysis of TGA and DTA curve results of MMF-1 brand composite corrosion inhibitor

Lost mass, mg Loss of The amount of energy Time dw dw/dt

No | Temperature,°C mass, mg, - spent ;
(5,836 mg) % consumed (LV*s/mg) (min) (mg) | (mg/min)

1 100 1,006 17,23 14.27 8,9 4.83 0,1
2 200 1,8 30,8 23.05 18,9 4.022 0,09
3 300 2,8 47,9 20.48 28,9 2.957 0,09
4 400 3,9 66,8 13.9 39,06 1.889 0,09
5 500 5,2 89,1 6.65 49,23 0.612 0,1
6 600 5,29 90,6 4.8 59,23 0.542 0,08
7 700 5,3 90.8 2,12 69,1 0,504 0,07
8 800 0,47 8,05 0,03 79,3 0,47 0,1
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Table 2. Electrochemical impedance spectroscopy parameters of St20 in different concentrations of MMF-1 compounds and 1.0 M HCI solutions
without inhibitor at 298 K

Inhibitor Inhibitor Concentration mg/l Ea, kJ/mol AH* kJ/mol AS* kJ/mol-K
Without an inhibitor 0,00 -54,38 -53,69 -12,37
50 -97,56 -94,52 -121,64
100 -106,67 -101,79 -144,68
MMF-1 200 -125,31 -122,36 -203,56
500 -144,89 -137,65 -262,17
350
P T,
® 500 mg/l -
SAG 200 mel —z1
A 100 mg/l =
250 B 50 mg/l
" 200
a
2 150
N

100
50

0

0 100 200

From the results of TGA and DTA, we know that this
composite corrosion inhibitor can be used in environments
above 150 °C.

4. Results and Discussion
4.1. Electrochemical Studies

Electrochemical  Impedance  Spectroscopy  (EIS)
measurements are a valuable method for characterizing
various electrochemical systems and understanding the
function of electrolytic processes such as batteries and the
behavior of molecules during corrosion. Figure 5 shows the
Nyquist plots of St20 at different concentrations for the
corrosion study [13,14]. The curved rings showed that the
corrosion of St20 steel and the formation of surface barriers
were mainly controlled by the electron transfer process. The
equivalent circuit model is shown in Figure 5 and was used to
compare the experimental data on the impedance of St20 steel
in the presence of inhibitors in 1 M HCI. According to the
model, the solution resistance Rs, charge transfer resistance,
Rc and the double layer capacitance (Cqar) on the metal surface
were determined.

Table 2 clearly explains that when additives were added
to the 1M HCI solution, resistance to charge transfer, Rct, and
values for ST20 increased, and as a result, the charge transfer
pathways were hindered [13,15]. Inhibition efficiency,
IE(EIS) and 6 were calculated using the following formula (1
and 2):

300

400

500 600 700

Zrcu! (Q sz)
Fig. 5 Nyquist plots of St20 steel in solutions in 1.0 M HCI without and in the presence of different concentrations of the MMF-1 inhibitor at 298 K
(The inset displays the equivalent circuit model utilized to fit the EIS data, and the solid line represents the fitting data.)
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Egs =0 %100 = [M )

Rct(inh)
Here: Re(inh) and Rei(ninh) were resistant to charge transfer
in the presence and absence of inhibitor, respectively.

1
Ca = (YoR; ™n @)

Where n was the Constant Phase Element (CPE) indicator,
and Y, was the CPE constant. n value between 0 and 1 was
represented a deviation from ideal behavior. When the
inhibitor was applied, the value of Cdl decreased, which
indicated the decrease of the local dielectric constant and
increased the thickness of the electrical double layer due to the
formation of a protective layer on the metal surface [17,18].

x 100

Electrochemical Frequency Modulation (EFM) is an
electrochemical method for calculating corrosion rates
without  prior  knowledge of  Tafel  constants.
Electrochemical Frequency Modulation (EFM) has attracted
the attention of corrosion researchers as a promising technique
with high sensitivity due to the measurement of corrosion
parameters at harmonics and intermodulations of input
frequencies, as well as high accuracy due to the inherent
calculation of causality factors. The ability of this method is
to estimate corrosion rates, Tafel parameters, and causal
factors in a single data set. Table 3 shows the corrosion
parameters for protection efficiency, corrosion current
density, Tafel constant, and causal factors (CF-2) and (CF-3)
for different concentrations in 1M HCI at 298 K[19-23].
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Table 3. EFM parameters of CT20 in 1.0 M HCI in the absence and presence of different concentrations of compounds MMF-1 at 298 K

o C lcorr ﬁa K
Inhibitor ol T (WA | (v dec®) | (mv dec®) | mmey CEF() | CFR) | 0 | %IE(EFM)
Without an inhibitor - 1071 72,53 94,36 459,87 2,12 3,24 10,92 92,31
50 | 82,64 52,41 61,25 39,62 1,63 19 | 0,93 93,42
MME-1 100 | 74,22 47,62 49,54 32,44 1,49 246 | 0,94 94,33
200 | 60,56 29,54 33,17 26,53 1,15 297 10,9 95,15
500 | 49,67 15,75 21,48 23,69 1,08 3,12 ] 0,96 96,48

Table 4. Corrosion parameters obtained from potentiodynamic polarization measurements of St2 steel in 1.0 M HCI at different concentrations of
MME-1 inhibitor at 298 K

L pa Be lcorr, | Ecorrvs. Chi
Inhibitor C, mg/l (mV dec?) | (mV dec?) | (UA) SCE K (mpy) Squared 0 IE
Without an inhibitor — 315 187 4076 -342 1822 87,62 - -
50 214 238 409 -406 175,6 72,36 0,91 | 91,13
MME-1 100 237 223 316 -418 138,4 68,45 0,92 | 92,37
200 221 289 253 -422 116,3 79,64 0,93 | 93,46
500 235 302 218 -428 104,5 84,73 0,94 | 94,72
0
-] -
D
i -3+ Fon
— 50 mg/1
g 4] —— 100 mg/1
= 200 mg/1
— 500 mg/1
-5
'6 T i T ] T
-11000 -1000 =900 -800 -700 -600

Potential (mV, vs. SCE)
Fig. 6 Tafel plot of CT20 at different inhibitor concentrations in 1.0 M HCI solution at 298 K.

The equation can be used to calculate surface coverage
and absorption efficiency %IE(EFM):
%IE(EFM) = 6 x 100 = (1 — w) X 100 (3)
corr(blank)

Where icorr (inhibitors) 8N icorr (blanky @re corrosion current density.

According to Table 3 results, the Il values have
decreased with increasing inhibitor concentration, indicating
that when IE(EFM)) increases then these inhibitors can able to
prevent corrosion by absorbing ST20 on the surface and
forming physical and chemical bonds. As a result, the
corrosion coefficient decreased and created a protective
barrier. As per the EFM theory, the values of the causal factors
(CF-2 and CF-3) were very close to their theoretical values
(according to equations 2 and 3), indicating that the Tafel
slopes and the corrosion current density were correct [24,25].
The polarization curves of St20 in 1 M HCI solution at 298 K
with different inhibitor concentrations were determined using
Equation 4.
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%IE (PDP) = 6 X 100 = (1 - M) x 100  (4)

icorr(free)

Graphs (Figure 6) of the logarithm of the current density
were used to draw the polarization curve. The results of
corrosion properties, including corrosion potential (Ecorr),
corrosion current density (ler), anode and cathode Tafel
slopes ( If we plotted potential, E on the vertical axis and log i
horizontally, the gradients would be equal to b, and b¢.) and
inhibition efficiency percent, %IE (PDP) are included in the
table-3. It has revealed that with the increase in the
concentration of inhibitors in the anode and cathode reaction
process, the inhibition efficiency has increased significantly.
Unsaturated bonds formed this protective barrier to the
heteroatom and inhibitors on the surface of carbon steel.
Depending on the type of reaction that often occurs in an
acidic solution, the inhibitor can be an anode, cathode, or
mixture.
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Fig. 7 Langmuir adsorption isotherms for St20 in 1.0 M HCI solutions at different concentrations of inhibitor at different temperatures.

The cathodic process in which hydrogen gas evolution is
observed, the dissolution of metals, and the release of
electrons also happen in the anodic process[26]. The plausible
explanation is that the hydrogen evolution and
electrochemical results usually confirm the potential ability of
the metal dissolution process. In addition, by controlling the
charge transfer charge, hydrogen gas developed in the
cathodic reaction is successfully used as a variable to separate
the contribution of hydrogen gas and hydroxyl ions to the
cathodic delamination of the organic coating/inhibitor
film[25, 27].

4.2. Thermodynamic and Kinetic Study of the Inhibition
Process of Composite Corrosion Inhibitors

The graph has plotted of C/0 vs C against the four
temperatures (298, 303, 313, and 323 K) in Figure 7, and
curve intersections provided the calculation of Cags values;
these results are presented in Table 4. The obtained results
showed that the adsorption of the selected compounds at the
boundary of St20 steel/acid solution obeyed the Langmuir
adsorption isotherm according to equations (5 and 6 ).

c 1 (5)
exp (A

0 - Kads 0
ads = é = %) (6)
Itis clear from Table 4 data that the addition of inhibitors
leads to negative values of AG°qs, Which indicates the self-
adsorption process of the studied MMF-1 corrosion inhibitors.
When the value of AG®gs was up to -20 kJ/mol, then inhibition
mostly depended on the electrostatic interaction between
charged molecules and charged metal; that’s why physical
adsorption was mainly observed. However, we know the
chemical sorption in which the formation of covalent bonds
between the inhibitor molecules and the metal surface occurs
at values of approximately -40 kJ/mol or less.

Table 5. Adsorption isotherm parameters of carbon steel electrode
surface in 1.0 M HCI containing different inhibitor concentrations at
different temperatures.

Inhibitor 1 ° 1
name Temp. K | Kagss M AG® ags kJ-mol
298 0,206 -29,462
303 0,118 -30,735
MMF-1 313 0,068 -30,121
323 0,072 -29,482

According to Table 5, in our experiments, the AG®gs
values exhibit a range from -29.456 to -30.735 kJ/mol,
indicating that the adsorption of these MMF-1 compounds
was two different types of interactions where chemical
sorption and physical sorption were produced at the same
time.

Since the temperature factors can change the actions of
inhibitors and substrates in certain aggressive environments,
Organic compounds dissolve more easily with increasing
temperature. Thus, an increase in temperature can lead to a
weakening of the corrosion resistance of metals. We studied
the influence of this parameter on the performance of MMF-
1, and we performed mass loss measurements at temperatures
of 298, 303, 313, and 323 K. The results were summarized in
Table-5, and the results were obtained after the samples were
stored in water for 1 day.

In Table 5, it can be seen that the Corrosion Rate (C.R) in
1 M HCI solution was increased with increasing temperature.
Conclusively, all inhibitor concentrations and the Corrosion
Rate (C.R) increased with increasing temperature; however,
lower values were observed at higher inhibitor concentrations.
It means that IE% was increased as the temperature decreased.
However, this evolution was more noticeable for the highest
inhibitor concentrations [16].

Table 6. VValues of activation parameters for carbon steel in 1.0 M HCI in the absence and presence of different concentrations of the studied
inhibitor at different temperatures

Inhibitor C, mg/l (schSILZ) (QRCC,;z) (Q‘l\s(“(():m’z) n | cdiwFem? | 0 | IE EIS%
Without an inhibitor | 0.0 | 04721 | 2354 73327 | 0,965 478,31 - -
50 1867 | 2397 501 0,735 269,44 001 | 9147
VIME-1 100 1004 | 2847 278 0,765 186,86 093 | 93.27
200 1374 | 3516 184 0,773 71,7 0,95 | 9529
500 1142 | 3961 101 0,802 21,64 0,96 | 96,18
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Fig. 8 Arrhenius plot for St20 steel in 1.0 M HCI solution of different
concentrations of inhibitors

Using the Arrhenius equation, the activation energy of the
corrosion process (Ea) was found based on equation (7) as

follows.
_Ea
2.303RT

logC.R.= + logA (7

R is the gas constant (8.31 J/mol/K), A is the pre-
exponential Arrhenius factor, and T is temperature. At
different concentrations of MMF-1, the probable activation
energy (—Ea/2.303R) and the pre-exponential factor (A) were
determined by linear regression between log(C.R) and 1/T.
Table 6 and Figure 8 clearly show activation energy values
without inhibitors and with certain concentrations of inhibitors
at different temperatures. In the presence of an inhibitor, the
E. values have remained higher than the sample without the
inhibitor. This behavior was fully characteristic of the case of
physical adsorption of the inhibitor on the metal surface.
However, the recovery rate was very low at higher
temperatures, indicating that at these temperatures, the rate of
inhibition of the physical sorption was faster than the rate of
its formation. This phenomenon could also be explained by
the fact that the corrosion process of steel in the presence of
an inhibitor depended not only on the reaction occurring on
the pure metal surface but also on the diffusion of iron ions
through the adsorbed layer of the inhibitor. It was thus
confirmed that a higher concentration of inhibitors
participated in stronger physical absorption due to forming a
stronger surface film and was, therefore, more effective. The
values of kinetic parameters such as enthalpy (AH) and
entropy (AS) of the corrosion process (8) can be estimated
from the effect of temperature on the steel surface?4,

C.R.= %exp (%S) exp (— i—:)

where, h - Planck's constant, Na - Avogadro's number.

(8)

225

08 r
50

100
200
@500

0.7 }
06 |
05 |
04 }
03 }
02 F

log C.R./T (mmyK-1)

01 f
0 1 1 1 ]

-0.1
-02 +

1000/T (K-1)

Fig. 9 Graphs of transition states for dissolution of St20 steel without
inhibitors and in the presence of inhibitors

The enthalpy and entropy values of the inhibitor
compound MMF-1 on the surface of carbon steel were
calculated using the transition state equation. Figure 9. shows
the logarithm of (C.R./T) versus 1000/T, with a slope of -
AH/2.303R and an intercept of [log(R/NAh) + (AS/2.303R)]
gives straight lines. For carbon steel, the compounds were
studied in the absence and presence of the inhibitor at
concentrations of 50, 100, 200 and 500 mg/l in 1M HCI
solution.

Table 3 shows that AH* values are positive. Positive
values indicated the endothermic nature of the low-carbon
steel melting process. The endothermic process also showed
that the melting of steel has decreased at low temperatures and
increased with increasing temperature. Negative AS* values
indicated the formation of the activated complex in the rate-
determining step, which revealed the association rather than
the dissociation step, i.e., a decrease in the disorder has
occurred during the transition from the reactants to the
activated complex[8].

4.3. Scanning Electron Microscope (SEM) and Atomic
Force Microscope (AFM) Analysis

The pre-corrosion, post-corrosion and inhibited states of
the steel surface were studied using an SEM-EVO MA 10
(Zeiss, Germany) scanning electron microscope.The surface
of samples of carbon steel at different concentrations was
studied by the morphological SEM method. Figure 9 a shows
the first photo of a steel sample cleaned with different
sandpaper brands and washed in acetone. Microphotographs
of the original steel sample were also taken using a scanning
electron microscope in an environment without an inhibitor
(Figure 9b) and with an inhibitor (Figure 9c).
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Fig. 11 SEM and elemental analysis of the St30 sample inhibited with MMF-1 inhibitor

Figure 10 presents the SEM and elemental analysis of
MMEF-1 brand corrosion. It was exhibited that the inhibitor
was adsorbed on the steel surface and protected against
aggressive environments. It has already been recognized from
the element analysis. From Figure 11, we can see that the
percentage of iron in the steel sample in the annealed solution
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was 87.3%. This indicates that the inhibitor showed a high
level of protection of steel. The scan scale of the IEM is at the
nano-micro scale, and it is a high-precision state-of-the-art
device for studying the effects of inhibitors and their effects
on the formation and prevention of corrosion at the metal/alloy

interface.
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Fig. 12 A photomicrograph of the surface morphology of the St20 steel sample in Fon solution was obtained using an atomic force microscope
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Fig. 13 Analysis of the topography of the steel surface

In Figure 12 we can see that the surface of the steel sample
in the initial state of the carbon steel sample is almost flat, and
there is no corrosion damage. This carbon steel surface was
examined with a size of 4.5x4.5 mm; the size of the convex
peaks was about 350 nm, and the size of the depressions was
135 nm (Figure 13a). From the analysis results, we found the
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surface scanning from 20 nm, 0 mm to 100 nm and 5mm. The
waves appeared strongly to our eyes with a height of 106 nm
on the surface of Pt106 nm (Figure 13c). It has followed the
different concave and convex dimensions on the steel surface,
and we have also determined the areas covered from the
minimum coverage of 35% to 100% (Figure 13b).
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5. Conclusion

The MMF-1 corrosion inhibitor based on methyl
methacrylate, monoethanolamine, and phosphoric acid was
obtained with a yield of 87%, and spectroscopic techniques
firmly established its structure. Thermal and electrochemical
properties have been studied as well. The main target of this
work is to establish a new corrosion inhibitor in terms of
efficiency against the corrosion process. The final postulations
are made by authors who are listed below:

1. According to TG analysis it has revealed that the
Significant mass loss interval was found at 22.58 — 140.3
°C, 140.3 - 509.3 °C and 509.3 — 800 °C, respectively. In
addition, the highest heat output was shown at a
temperature  of 22449 °C of Differential
thermogravimetric analysis of MMF-1 composite
corrosion inhibitor.

2. The noteworthy observation was that the obtained
composite corrosion inhibitor has been established as
94.72% Inhibitor Efficiency (IE) based on the
electrochemical analysis method.

3. Moreover, the inhibition mechanism of the composite
corrosion inhibitor was studied, and it was evident that its
inhibition efficiency increased with the increase in
concentration. Its effect on the metal surface was also

References

examined thoroughly by SEM and AFM on the inhibited
steel surface.

4. Finally, MMF-1 corrosion inhibitor can easily be used
commercially as a corrosion inhibitor based on its
efficiency. However, the authors have suggested that
further testing of the inhibitor's efficiency should be done
before establishing it as a corrosion inhibitor.
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