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Abstract

The article identifies the minerals that causeysalt deposition in various industrial sectors and
provides information on reagents usedste, prevent thetsalt deposition process, emphasizing a
preference for those reagents that are multifunctional, environmentally friendly and
economically viable. Sodium and potassium@salts of mono-, di-, and triisobutylamides of
ethylenediaminetetraacetic acid were, synthesised for testing as corrosion and scale-forming
inhibitors in water systemspat 90°C. The structures of the synthesised compounds were
confirmed by Infrared spectroscopyy.anddtheir 10% solutions were prepared to determine the
main physicochemicalyparameterss Inhibition of corrosion and salt deposition experiments were
carried out at concéntrations of 50, 100 and 150 mg/L. At an amount of 50 mg/L, the trisodium
salt of the amide synthesised from ethylenediaminetetraacetic acid and isobutylamine at a 1:1
molar ratio exhibited the highest performance, providing 90% protection of the Steel-3 metal
plates against corrosionyand achieving 90% effectiveness against salt precipitation.
Anti-cgrrosion and antiscaling evaluations showed that increasing the salt concentration to 100
and, 150, mg/L led™to’a proportional increase in effectiveness. Analysis of the results also
indicated“that the, mono-, di-, and trisodium salts demonstrated higher inhibitory properties
compared, tonthe corresponding potassium salts. In terms of activity, both the sodium and
potassiumusalts followed the order: mono-<di-<tri-. It has been established that the inhibition
mechanism of steel corrosion in the presence of synthesized salts is due to chemisorption,
following the classical Langmuir adsorption isotherm. Additionally, computational calculations
were performed to correlate the electronic properties of the inhibitors with their experimental
performance, identifying the carboxylate and amide groups as the primary active centers for
adsorption. The theoretical results, including frontier molecular energy level analysis and
electron transfer fractions, provided a convincing explanation for the superior efficiency of the
trisodium salt, consistent with the experimentally observed activity order of mono-<di-<tri-.
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Introduction

Water, which is widely used in households, also plays a very important role in industry. The
total volume of water consumed worldwide is increasing every day. The use of water in various
industrial sectors, including mining, the transportation of raw materials through pipelines,
heating and cooling systems, and the preparation of solutions, is well established. During the
use of water in the mentioned systems, various processes, corrosion [1], salt deposition [2],
biomass formation [3], may occur over time, leading to problems such as reduceddiquid flow
rates [4], disruption of technological regimes and operational efficiency, prematuse equipment
failure, and consequently increased costs [5].

Mechanical and chemical cleaning of the system, requiring imterruption ‘of “the
technological process, should also be regarded as a factor contributing to increasedoperational
costs [6]. Methods of removing scale and corrosion deposits generally, include mechanical,
hydrodynamic, chemical, and electro-pulse cleaning techniques. ‘Among, these, the use of
chemical reagents [7] is the most universal approach, as it4ds applied both to prevent the
formation of corrosion and salt deposits [8], and to clean Systems by*dissolving existing
deposits [9]. Thus, to avoid such problems, industrial €nterprises apply corrosion and salt
deposition inhibitors to mitigate corrosion and scaling, as well as biecides to prevent biomass
formation, as part of preventive measures.

Some reagents are known to perform several functions simultaneously, and their use is
therefore more economically efficient. It is possible te cite examples that have demonstrated
high effectiveness as a carbon dioxide (C Og) corgesion inhibitor and oil-collecting agent [10], a
scale inhibitor and antibacterial agent [11],%a cortosion inhibitor and biocide [12], and as a
corrosion inhibitor in various aggressive enviromments [13].

Nowadays, increasing attentioh isipaid te,developing multifunctional reagents, preferably
synthesised based on natural, fenewable, and environmentally friendly raw materials. Paper
[14] reviews recent resear€hyondthe application of biomaterials as scale inhibitors in
recirculating cooling water, treatment Systems. The study discusses various categories of
environmentally friendly thibitors,‘including proteins and amino acids, polysaccharides, plant
extracts, microbial reagents, and, microbiological products. In publication [15], the authors
investigated a by-produet of "white oil production and evaluated its potential as an
inhibitor-bactericidal reagent. In research work [16], several novel green surfactants derived
from cottonseed oilwwere synthesized and tested as corrosion inhibitors for mild steel in a
C0,-saturated, 1% Sodium chloride solution using potentiodynamic polarization and linear
polarization “resistance measurements at 50°C. Similarly, article [17] investigated the
adsorption behayior and corrosion inhibition performance of a series of commercial fatty acid
surfactants synthesized from vegetable oils, including sunflower, cottonseed, corn, and palm
oils,en mild steel in C0O,-saturated brine at 50°C. Research paper [18] reports the results of a
study on green chemicals aimed at addressing corrosion, scaling, and microbial growth in open
recirculating cooling water systems. The proposed all-organic multicomponent inhibitor blend,
consisting of citric acid, phosphonates (hydroxyethylidene diphosphonic acid), an acrylate
copolymer, and isothiazolone, demonstrated effective reduction of corrosion, scale deposition,
and microbial growth under the tested conditions. Furthermore, the review article [19] provides
a comprehensive overview of scale formation, various green scale inhibitors, their
classifications, mechanisms of action, comparative performance, significance, and future
prospects, offering valuable insights for researchers and professionals in the oil and gas
industry.
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These reagents can be single-component or multi-component compositions [20], [21], each
performing an inhibitory function against one or more problems, such as corrosion, salt
deposition, biomass formation, and biocorrosion. In this case, the effective composition of a
reagent is determined through laboratory experiments and subsequently applied in industry
[22]. To ensure the successful application of the reagent, technological parameters of the
environment such as process temperature, flow rate, and the concentration of various minerals
in the water as well as the material composition of equipment, should be considered [23].

The effectiveness of a salt-precipitation inhibitor is determined by the change in the total
amount of calcium or salts in the environment. It is known that the main cause of scale
formation is calcium carbonate (CaC O3) present in water. In addition, minerals that contribute
to salt precipitation include calcium sulphate, magnesium carbonate, magnesium sulphate, iron
(IT) carbonate, iron sulphide, barium and strontium sulphates [24].

One of the effective methods for treating mineral salt deposits is acid trfeatment of the
medium. The first patent for this technology dates back to 1896 [25]. According to the,patent,
CaC 05 reacts with hydrochloric acid during the acidification of the envitonment:

CaCO; + 2HCl = CaCl, + CO, + H,0 (1

Although it increased the efficiency of the system in which.itswas used fourfold, it did not
gain widespread application owing to the severe corrosion it caused in equipment and
technological devices. However, subsequent research led'teo, thefdévelopment of composite
reagents that simultaneously prevent corrosion, which arestill widely used today.

The literature includes studies on the effectiveness of ofganic complex compounds [25],
phosphorus compounds [26], [27], nitrogen compounds [2813,[29], low molecular weight
polymers based on polyacrylate and polymal€ic anhydride [30], [31], and surfactants [32]
against corrosion and salt deposition. As neted, inthe attiele [25], according to many experts,
acidic compositions prepared by adding ghelate compounds to formulations are very effective
against salt precipitation.

Zahraa and Falah [33] investigated the effectiveness of a corrosion inhibitor composition
consisting of 100 ppm sodium bénzoate, 60 ppm zinc sulfate, and ethylenediaminetetraacetic
acid (EDTA) at concentrations of 10 and*20 ppm for carbon steel in saline environments at
temperatures of 28, 33, and38°C. The restlts demonstrated a significant reduction in corrosion
rates upon the additiom, Of, thewinhibitors and revealed a synergistic effect among the
components in mitigating corresion. While the binary inhibitor system (sodium benzoate +
zinc sulfate) proyided moderate protection, with efficiencies of up to 78%, the addition of
EDTA significantly enhanced the inhibition efficiency, indicating a strong synergistic
interaction #vhen “all three components were present. The highest inhibition efficiency,
exceeding 99%, was“achieved with 20 ppm EDTA at 33°C. It can be concluded that the
combined action of anodic and cathodic inhibitors contributes to a reduction in the corrosion
ratefzwhilesEDTA, acting as an anti-scaling agent, prevents the deposition of calcium and
magnesium, salts’caused by temperature increases in heat exchangers.

Shaban et al. [34] and Brixi et al. [35] also investigated the combined effect of sodium
benzoateand EDTA as corrosion inhibitors for carbon steel in chloride-containing solutions
using electrochemical methods, with particular attention to the influence of temperature on
inhibitor performance. The results demonstrated that the combined use of these inhibitors
produced a synergistic effect, with inhibition efficiencies significantly higher than those
achieved when each inhibitor was applied individually. The findings further indicated the
formation of a strong protective film on the steel surface, which effectively reduced the
corrosion rate.

Chelate compounds widely used as solvents of salt precipitation include
diethylenetriaminepentaacetic ~ acid  [36], ethylenediaminetetraacetic = acid  [37],
hydroxyethylethylenediaminetriacetic acid [38], 1-hydroxyethane-1, 1-diphosphonic acid [39],
and their derivatives. These compounds form complexes with metal ions, preventing their
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precipitation as salts, do not participate in active chemical reactions, are low in toxicity, have
low corrosive activity, and are easy to transport and store.

EDTA is a chelating ligand with a high affinity constant and is capable of forming stable
metal-EDTA complexes [40], [41]. Since the chelation reaction is stoichiometric, one mole of
EDTA, for example, can bind two moles of calcium ions (Ca?*) [42]. Also, due to its ability to
form complexes with charged metal ions [43], EDTA has been extensively studied as a
corrosion inhibitor for metals in various environments [44], [45]. Complexation occurs through
interactions between the vacant d-orbitals of the metal and the free or m-electrons of EDTA,
leading to the formation of donor-acceptor surface complexes [45]. It has been found that
several parameters influence the inhibition efficiency of EDTA, including pH, temperature,
concentration, and the type of metal.

Rehab and Kamal [46] investigated the corrosion inhibition performance ofidisedium
EDTA salt for mild steel in Red Sea water using weight-loss measuréments and
electrochemical techniques. Their results demonstrated that disodium EDTAtsalt acts as an
effective corrosion inhibitor, achieving an inhibition efficiency of approximately 88% for mild
steel in Red Sea water. Furthermore, the inhibition efficiency increased with increasing
disodium EDTA salt concentration and reaction temperature. In another study/[47], Rehab
tested the inhibitory effect of EDTA at very low concentrations en aluminium corrosion in 0.5
M hydrochloric acid solution. The calculated thermodynamic and“adsorption parameters
indicated that EDTA is chemisorbed onto the aluminium™surface within this concentration
range, forming a stable AI-EDTA complex. As a result, an inhibitien efficiency of up to 89%
was achieved.

The literature review indicates that EDTA andits degsivatives exhibit effectiveness against
both scale formation and corrosion, thereby performing multiple functions simultaneously. As
mentioned earlier, the use of such reagents is comnsidered economically advantageous, and
research in this field is still under development.

The aim of the work presented in this article wasfto synthesize ethylenediaminetetraacetic
acid mono-, di-, and tri-isobutyl amide derivatives and their corresponding sodium and
potassium salts, to study the effec¢tiveness of the synthesised compounds against corrosion and
salt precipitation. Their activities, asf€orrosion inhibitors in hydrogen sulphide environments
and as bactericides against sulphate-reducing bacteria were evaluated [48], [49], yielding
results that indicate the synthesised compounds may be regarded as multifunctional reagents.

Synthesis method,ef thedsobutylamide derivatives of ethylenediaminetetraacetic acid

The synthesis of theisodium and potassium salts of mono-, di-, and triisobutylamides of
ethylenediamingetetraacetic acid was carried out in two stages. In the first stage, mono-, di- and
triisobutylamides of ethylenediaminetetraacetic acid were synthesised at temperatures of
120-160°C wia‘the reaction of EDTA with isobutylamine at molar ratios ranging from 1:1 to
1:3.In the seeond stage, the corresponding mono-, di-, and trisodium and potassium salts were
obtained, byyreacting the synthesised amides with 20% aqueous sodium hydroxide (NaOH) or
potassiumhydroxide (KOH) solutions. The synthesis reactions of the isobutylamides can be
represented as follows:

(HOOCCH,),NCH,CH,N(CH,COOH), + aNH,CH,CH(CH3)CH; —>
(HOOCCH,),_o(NCH,CH,N)(CH,COO0~*NH;CH,CH(CH;)CHz), —
(HOOCCH,),_o(NCH,CH,N)(CH,CONHCH,CH(CH3)CH3), + aH,0

where a = 1-3; the compound (HOOCCH,)4_,(NCH,CH,N)(CH,CONHCH,CH(CH3)CH5),
is the general formula for the isobutylamides.
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When the synthesised isobutylamides are exposed to an alkaline solution, they undergo
reactions that lead to the formation of salts. These reactions are schematically illustrated using
mono-, di- and trisodium salts as examples.

Preparation of the trisodium salt of monoisobutylamide of ethylenediaminetetraacetic acid:

HOOCCH, CH,COOH
N-CH,-CH,-N +t3NaOH o
HOOCCH, CH,CONHCH,-CH-CH,

CH,
NaOOCCH; CH,COONa
> N-CH,-CH,-N
CH,

Preparation of the disodium salt of diisobutylamide of eth¥lenediamingtetraacetic acid:

HOOCCH; CH,COOH
>"“'-C H;-GH;-N< +INaOH ——
CH,CONHCH,-CH-CH;

H;C-HC-H,CHNOCCH,

NaOOCCH, CH,COONa
>N-{'H;—E'Ilg-‘.‘~.’ < +2H,0
CH>CON I-]L"H:-L'I'H-{'H;

H;C-HC-H,CHNOCCH,
CH; CHs

Preparation of the monosodium salt of triisobutylamide of ethylenediaminetetraacetic
acid:

HOOCCH, CH,CONHCI lz—(IZII—CI I3
N-CH;-CH3-N CH;, +NaOH ———»

H,C-HC-H,CHNOCCH, CHIERNHCH A HCH
CH; s

NaOOCCH, CH,CONHCH,-CH-CH
> N-CHy-CHz-N CH,4 HHL0O
CH2CON HCH:—QH-CH;

H3;C-HC-H,CHNOCCH,
CH; CH;

Corrosion and salt precipitation inhibition tests and measurements

Later, the inhibitory properties of the synthesised sodium and potassium salts of mono-, di-,
and triisobutylamides of ethylenediaminetetraacetic acid toward corrosion and salt deposition
were studied following the methodology described in the article [50], using Steel-3 metal
plates (3 cm x 4 cm). To test the corrosion inhibitory properties, two 1000 mL beakers were
filled with water from the experimental environment. The water used in the experiment was
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slightly alkaline (pH=8.47-8.51), with an electrical conductivity of 598-606 uS/cm and a
dissolved oxygen concentration below 5 mg/L. It is similar to those in cooling tower systems.
The mineral composition included 53-54 mg/L calcium, 19 mg/L magnesium, and 31-33 mg/L
sodium ions. A predetermined amount of the examined salt was added to one of the beakers,
and at least two plates were suspended in each beaker. The plates were polished beforehand,
wiped with acetone, and dried using filter paper and cotton; their masses were measured with
analytical balance, and their surface areas were calculated. Both beakers were placed on
magnetic stirrers equipped with heaters and stirred at a speed of 400 rpm. The experiments
were conducted at 50°C for 5 hours. The temperature of the water was controlled by a
thermometer. The tests were carried out by adding salts to the medium at concentrations of 50,
100 and 150 mg/L. At the end of the experiment, the plates were removed from the s#ater and
immersed for one minute in a solution prepared by mixing hydrochloric acid and distilledawater
in a 1:1 volume ratio, with the addition of 4-6% formalin. The plates were thén washed with
distilled water, dried, wiped with acetone, and dried again.

After the experiment, the masses of the plates were weighed again on dn eleetrenic balance,
and the corrosion rates were calculated for both inhibited and uninhibited systems. The mass
loss of the metal plates was determined by the formula:

Am=m, —my @)

where m; is the mass of the plate before the experiment andimp 1S\the mass after the experiment
(4dm was calculated as the average value for the plates), Then the corrosion rates without
inhibitor (7) and with inhibitor (V;.;) were calculated by thefequation:

Am (3)

S Xt
where V is the corrosion rate (mg:cm2-h"')g/m isdhe mass loss (mg), S is the surface area of
the plate (cm?), and ¢ is the duration of the experiment(h). Based on the corrosion rate values
obtained before (V,) and after (Vi) thesaddition ofithe inhibitor the effectiveness (/E) of the
salts as corrosion inhibitors was calculated by the,formula:
1 = Vo Vinny 100% 4)
Vo
To study the inhibitorydproperties,against salt precipitation, the effectiveness was evaluated

based on the differencedmthewate'of salt precipitation by measuring the concentration of Ca?*
ions before and afterthe experiment in media with and without inhibitors. At this stage, the
Ca®* ion concentfation Was determined by titration using Trilon B. Based on the amount of
CaC 05 formed, the rate of salt precipitation was calculated. The efficiency of the samples was
determined using the same approach.

As statedyin the methodology, the experiments were conducted in several repeated trials. It
was ensuredithat the deviation between the measured values did not exceed 5% for corrosion
experimentstand 8% for sedimentation experiments, and their average mathematical values
were used in the calculations.

Computational calculation method

All Density Functional Theory (DFT) calculations were performed using the ORCA
software package [51], [52]. Geometry optimizations were carried out at the B3LYP/6-31G(d)
level of theory [53], [54], [55], using the same basis set for all atoms, including the metal ions.
Frequency calculations were subsequently performed at the same level of theory on the
optimized structures to confirm the nature of the stationary points and to obtain thermodynamic
data. The Self-Consistent Field (SCF) convergence criterion was set to TightSCF with a
maximum of 125 iterations, and all calculations were run in parallel using 44 processor cores.
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Results and discussion

The determined physicochemical properties of the synthesized compounds and the
confirmation of their structures by IR spectroscopy are presented. Their corrosion and salt
precipitation inhibition properties, as well as adsorption mechanism and theoretical study are
also discussed.

Properties and Infrared characterization of the synthesized isobutylamide derivatives of
ethylenediaminetetraacetic acid

Aqueous solutions of the sodium and potassium salts of mono-, di-, and triisobutylamides
of ethylenediaminetetraacetic acid were prepared at a concentration of 10%, and their main
physicochemical properties such as kinematic viscosity at 20°C (v, mm?/s), dénsity_.(p?°,
g/cm?), refractive index (n3°) and freezing point (Tieezing, °C) were determingd=AllNdata are
presented in Table 1. The density values ranged from 1.0449 to 1.0484 g/cm? for the,sodium
salts and from 1.0400 to 1.0463 g/cm? for the potassium salts. The kinematicvisceosities ranged
from 1.3772 to 1.3830 mm?/s for the sodium salts and from 1.5454 to 1.5519 mm?#/s for the
potassium salts. The lowest freezing point among all the investigated solutiens was -5°C.

Table 1. Physicochemical characteristics of 10% aqueous solutions of the sodium and potassium
salts of isobutylamides of ethylenediaminetetraacetic acid

Salts of isobutylamides of o 20
ethylenediaminetetraacetic acid p*’, g/sm’ v, M| Treding, °C "D

Trisodium salt 1.0484 1.3830 -5 1.3497
Disodium salt 1.0477 1.3775 -4 1.3473
Monosodium salt 1.0449 w3772 -4 1.3408
Tripotassium salt 1.0463 1.5519 -5 1.3547
Dipotassium salt 1.0401 1.5454 -4 1.3567
Monopotassium salt 1.0400 1.5494 -4 1.3502

IR spectroscopy was uséd toyconfirm.the structures of the synthesized compounds. The IR
spectra were recorded using'an ALPHACFourier-transform infrared spectrometer manufactured
by the German company Bruker. Figure 1 presents the IR spectra of the synthesized sodium
and potassium saltss0f mone=,and tri-isobutylamides of ethylenediaminetetraacetic acid. The
assignments of the observed IR absorption bands are explained in Table 2.
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Figure 1. IR spectra of the trisodium (a), monosodium (b), tripotassium (c¢), and monopotassium (d)
salts of isobutylamides of ethylenediaminetetraacetic acid
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Table 2. Explanation of the observed spectra of the sodium and potassium salts of mono- and
triisobutylamides of ethylenediaminetetraacetic acid

Salts of isobutylamides of ethylenediaminetetraacetic acid
Assignment Trisodium salt | Monosodium salt | Tripotassium salt Monozg{?ssmm
Wavenumber (cm™)
Deformation
vibrations of the ggg’ gzg ggg’ 643, 705, 845, ggg’ ggé’ ggi 642, 695, 813,
C—HandN —H ’ ’ ’ 921, 984 ’ ’ ’ 857,910, 978
954, 976 978
bonds
Deformation and
valence vibrations 18‘9‘8’ }?Z‘S" 1120, 1159, 1089, 1123, 1163,  1088a1125,
of the C — O and ’ ’ 1255, 1283 1207, 1255 1159, 1266
1203, 1234
C — N bonds
Vlzlfr‘:zre“j;‘;ztfgfs 1322, 2875, 1325,2829, 1321, 1354,2828, 1322, 2829,
of the C — H bond 2960 2871, 2957 2873, 2959 2871, 2958
Carboxylate band 1391 1400 1392 1391
Amide band 1530, 1624 1574, 1637 157380605 1577, 1634
Valence oscillation 3398 3304 32563356 3080, 3273

of the N — H bond

As can be seen from the spectra and their intéfpretations, given in the table, absorption
bands characteristic of amide and carboxylatesgroups are observed in the structures of the
compounds. These bands correspond to the stfetchingwibrations of the amide C = O bonds at
1624 cm! (a), 1637 cm! (b), 1605 cm™! (&), andd'634 crr' (d), as well as to the deformation
vibrations of the amide N — H bonds at 1530,cm™a)#1574 cm! (b), 1573 cm™! (c), and 1577
cm! (d). The absorption bands atfributed to, the” symmetric stretching vibration of the
carboxylate group were identifiedé@t 1391 cmg! (a); 1400 cm™ (b), 1392 ecm™! (¢), and 1391 cm™!
(d). At the same time, it should be noted, that the second absorption band of the carboxylate
group, which is expected to@ppeardn the 1550-1650 cm™! region of the spectra, overlaps with
the absorption bands of the\amide groups. Additionally, the absence of a band near 1720 ¢m!
indicates the completé conversion ‘of carboxylic acid groups to the sodium salt form. The
interpretation of the spectra confirms that amide groups were formed during the aminolysis
process and that/upomtreatment with an alkali to obtain their salts, the carboxyl groups were
converted inte,carboxylate groups.

Inhibition efficiency, adsorption isotherm and mechanism of the synthesized compounds

The results of'the experiments conducted to evaluate the effectiveness of the sodium and
potassiumisalts'of mono-, di-, and triisobutylamides of ethylenediaminetetraacetic acid against
corgosiomand salt deposition are given in Table 3.

Asyshown in Table 3, the corrosion protection efficiency of the sodium and potassium salts
of mono-, di-, and triisobutylamides of ethylenediaminetetraacetic acid at concentrations of 50,
100 and 150 mg/L exceeded 70%. At a concentration of 50 mg/L, the highest efficiency (90%)
was exhibited by the trisodium salt of monoisobutylamide of ethylenediaminetetracetic acid,
whereas the lowest efficiency (70%) was observed for the monopotassium salt. Their
inhibitory activity against salt precipitation exceeded 80%, with the trisodium salt again
showing the highest efficiency (90%) and the monopotassium salt the lowest (80%) at the same
concentration of 50 mg/L. Considering that the inhibition efficiencies of the sodium and
potassium salts of mono-, di-, and triisobutylamides of ethylenediaminetetraacetic acid at
concentrations of 50, 100, and 150 mg/L exceed 70% for corrosion and 80% for salt deposition,
it can be concluded that these compounds exhibit quite high effectiveness.
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Table 3. Corrosion and salt deposition inhibitory properties of the sodium and potassium salts of
mono-, di-, and triisobutylamides of ethylenediaminetetraacetic acid

Salt Effectiveness, %

Salt concentration, . : Against salt

mg/L Anti-corrosion deposition
.Trisodiurn.salt of 15000 gg gg
monoisobutylamide of EDTA 150 99 98
) Disodiurp salt of 15000 g§ g;
diisobutylamide of EDTA 150 08 94
“MOHOSOdil.,ll’n salt of 15000 2471 g;
triisobutylamide of EDTA 150 97 93
Tripotassiurp salt of 15000 ;g gg
monoisobutylamide of EDTA 150 83 90
) Dipotassigm salt of 15000 ;é gg
diisobutylamide of EDTA 150 ) 89
Monopotas;ium salt of 15000 ;g 2(1)
triisobutylamide of EDTA 150 80 88

The  highest result showed trisodium salt of monoisobutylamide of
ethylenediaminetetraacetic acid at coneentration of 50 mg/L, in case of using at concentrations
of 100 and 150 mg/L demonstrated 96% and 99%effectiveness against corrosion, and 96% and
98% effectiveness against salt pr€cipitation, respectively. It should be noted that when sodium
and potassium salts of mono-, di-, and trissobutylamides of ethylenediaminetetraacetic acid
were used at concentrations of 100 and 150 mg/L, their performance in both corrosion
inhibition and anti-scaling activity, was higher. As shown in the graphical representations in
Figure 2, an increase i effectiveness was observed with increasing concentration.

Sodium salts of EDTA isobutylamides
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Potassium salts of EDTA isobutylamides
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Figure, 2. Concentration dependence of the corrosion and salt precipitation inhibitory properties of the
sodium and potassium salts of mono-, di-, and triisobutylamides of ethylenediaminetetraacetic acid

It was determined that, overall, among the synthesized salts, the isobutylamides of
ethylenediaminetetraacetic acid in the form of trisodium and tripotassium salts exhibit the
highest effectiveness against corrosion and salt precipitation. Since the number of anionic
groups adsorbed on the surface is higher in the trisodium and tripotassium salts, they provide
greater surface coverage and stronger adsorption, forming a more effective coating compared
with mono- or disubstituted salts. This, in turn, provides better protection against corrosion and
reduces salt precipitation [56], [57]. At the same time, the results indicate that a higher number
of anionic groups in the molecule enhances the inhibition of salt precipitation by forming
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coordination complexes with the cations responsible for scale deposition, thereby reducing
their free concentration in solution and preventing their precipitation as insoluble salts [58],
[59]. The order of activity as corrosion and salt precipitation inhibitor for both sodium and
potassium salts was found to be mono-<di-<tri-.

The results also showed that mono-, di- and trisodium salts of isobutylamides of
ethylenediaminetetraacetic acid are more effective as corrosion inhibitors than the
corresponding potassium salts. The higher effectiveness of sodium salts compared with the
corresponding potassium salts can be attributed to differences in ion size, hydration, and
adsorption behaviour. Sodium ions, being smaller and more strongly hydrated than potassium
ions, exhibit stronger salvation in aqueous solutions, which promotes better dissociation of
sodium salts and facilitates the release of free anions [60], [61]. Thereby, a more uniform
distribution and stronger adsorption of the inhibitor anions on the metal surface areachieved.

As is known, the inhibition efficiency directly depends on the surface covered by adsorbed
inhibitor molecules. The degree of surface coverage (¢) can be calculated using corrosionyrate
values obtained from weight loss measurements at 323 K, according to the follewing equation:

g=1— Vinn (5)
0
where V and Vi, represent the corrosion rates (mg-cm2-h™') in the.absence and presence of the
inhibitor, respectively.

The obtained data are summarized in Table 4. Thefesultsdndicate that increasing the
inhibitor concentration leads to an increase in surface coverage and,a corresponding decrease
in the corrosion rate. The high surface coverage (), value; close to unity, indicates nearly
complete coverage of the investigated metal surfa¢e by adsorbed molecules. Thus, the surface
is efficiently isolated from the corrosive medium. In‘the absence of the inhibitor, the corrosion
rate was found to be 0.59 mg-cm2-h-'.

Table 4. Corrosion rate and surface coyerage data obtained from weight loss measurements for
Steel-3 metal plates in the absence and presence of the sedium and potassium salts of mono-, di-, and
triisobutylamides of ethylenediaminetetraacetic acid

Salt .
. Corrosion rate, Surface
Salt concentration, me-em2-h! vera
m/L gc coverage
Trisodium salt of 15000 88;;‘;’ 832
monoisobutylamide of ERTA 150 0.0118 0.98
Disodium salt of 15000 8822; 82;
diisobutylamideof EDTA 150 0.0353 0.94
Monoesedium salt of >0 0.1056 0.82
triisobutylamide of EDTA 100 0.0642 0.89
uty 150 0.0411 0.93
) . 50 0.0941 0.84
y 150 0.0575 0.90
. ) 50 0.1055 0.82
Dipotassium salt of
.. . 100 0.0883 0.85
diisobutylamide of EDTA 150 0.0648 0.89
Monopotassium salt of >0 0.118 0.80
tritsobutylamide of EDTA . 0.1118 0.81
Y 150 0.0706 0.88
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Fundamental insights into the interaction between inhibitor molecules and metal surfaces
can be received through the analysis of adsorption isotherms. To establish the adsorption
isotherm, the degree of surface coverage as a function of inhibitor concentration must be
obtained. The applicability of the Langmuir adsorption isotherm was evaluated for its fit to the
experimental data of the correlation between the degree of surface coverage and the inhibitor
concentration (Ciu) in the corrosive medium. The Langmuir isotherm is expressed as follows:

Cinn _ (. 1 (6)
0 inh Kads

where Ciu 1s the molar concentration of the inhibitor and K45 is the equilibrium constant of the
inhibitor adsorption process.

When a graph of Ci/0 versus Cin, was plotted, a straight line with linear gorrelation
coefficients (R?) close to unity was obtained, as shown in Figure 3. This indicates that the
adsorption of the investigated inhibitors on the metal surface at 323 K follows thesLangmuir
adsorption isotherm model. The corresponding linear regression coefficients are\also presented

in Figure 3.

Sodium salts of EDTA isobutylamides
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Figure 3. Langmuir adsorption isotherm plots for the sodium and potassium salts of mono-, di-, and
triisobutylamides of ethylenediaminetetraacetic acid

@ tri-K R2 = 0.9994
di-K R? = 0.9996
A mono-K R?=0.9944
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The reciprocal intercept values of the Langmuir plots are equal to the adsorption
equilibrium constant (Kass), which represents the degree of adsorption and is related to the
standard free energy of adsorption (4GJ,,) through the following expression:

1 4G
Kaas = S5 o exp(— R(’;ds) @
where AGJ,, is the change in Gibbs free energy, K4 is the adsorption equilibrium constant, R
is the universal gas constant (8.314 J-K--mol!), T is the absolute temperature and 55.5 is the
concentration of water (mol/L).

The values of K45 were used to calculate the standard free energy of adsorption, which
characterizes the interaction of inhibitor molecules with the metal surface, and the results are
presented in Table 5. The relatively high values of the adsorption equilibrium constant reflect
the strong adsorption ability of these salts on the metal surface.

Table 5. Thermodynamic parameters for the adsorption of the sodium and potassium salts of mono-,
di-, and triisobutylamides of ethylenediaminetetraacetic acid

Salts of isobutylamides of : o )

ethylenediaminetetraacetic acid Kaas, M>10° QG aas gl
Trisodium salt 5.291 -39.99
Disodium salt 4.695 -39%67
Monosodium salt 4.587 %39.61
Tripotassium salt 3.497 -38.88
Dipotassium salt 3086 -38.55
Monopotassium salt 2.597 -38.08

The mechanism of corrosion inhibitionfmay be explained on the basis of the adsorption
behavior of the compounds. The adsorptioniof cotrosief inhibitors on metal surfaces involves
two principal types of interactions réspensible for‘the binding process. The first, physical
adsorption (physisorption), is chatacterized by weak, non-directional interactions arising from
electrostatic attraction between charged inhibitor species or dipolar molecules and the
electrically charged metal susface. The second, chemical adsorption (chemisorption), occurs
through stronger, directiofial interaetion$; in which charge sharing or charge transfer takes
place between the inhibiter molceules and metal surface atoms, leading to the formation of
coordinate bonds.

Based on the@btained values of AGJ,., it is possible to predict the adsorption mechanism
of the inhibitor, molecules, on the metal surface. In comparison with physisorption,
chemisorption 1S associated with higher adsorption free energy and activation energy and is
thereforetgenerally eonsidered irreversible. Typically, 4GS, values around -20 kJ/mol or less
negative _are, characteristic of physisorption, whereas values around -40 kJ/mol or more
negativeundieate chemisorption.

Thevhigh negative values of AGJ;, (Table 5) obtained for the synthesized molecules
indieate the spontaneous nature of the adsorption process and the stability of the adsorbed layer
on the"metal surface, suggesting that adsorption occurs via a chemisorption mechanism.
Chemisorption occurs through the adsorption of inhibitor molecules via their functional groups
onto the metal surface, involving interactions between the d-orbitals of iron atoms and the lone
electron pairs on the sp?>-hybridized nitrogen and oxygen atoms of the inhibitor.

This is because the interaction energy between the inhibitor molecules and the metal
surface is higher than that between water molecules and the metal surface, leading to the
displacement of water molecules from the surface. Adsorption of inhibitor molecules from an
aqueous solution can be regarded as a quasi-substitution process between inhibitor species in
the solution and water molecules adsorbed on the metal surface. Consequently, the protective
action of the studied inhibitors during metal corrosion is based on their adsorption ability,
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whereby the resulting adsorbed film isolates the metal surface from the corrosive medium.
Overall, the inhibition efficiency of these compounds is influenced by several factors,
including the number and charge density of adsorption active centers, molecular size, and the
nature of the interaction between the inhibitor molecules and the metal surface.

Theoretical study

In recent years, atomistic simulations have emerged as a unique and powerful
computational tool for advancing corrosion inhibition research [62]. Density Functional
Theory is now extensively utilized to establish the correlation between the molecular structure
and inhibition performance, providing a theoretical foundation for experimental observations
in aggressive environments such as desalination plants [59], [63]. By calculatifig critical
quantum chemical parameters - including frontier molecular orbital distributions, and the
fraction of electron transfer - researchers can elucidate the specific interaction'mechanisms of
inhibitors at the metal-electrolyte interface [64], [65]. This computational approach is
particularly vital for evaluating multifunctional reagents like EDTA derivativesyas,it confirms
the role of nucleophilic centers in achieving high protection efficiencies [60].

To provide a theoretical foundation for the experimental observationstand,to®lucidate the
structure-activity relationship of the synthesized compounds, DFT calculations were
conducted. The primary objective was to investigate the electroni¢ propestics and optimized
molecular geometries of the inhibitors to understand Mowatheéir spatial arrangement and
functional group distribution influence the interaction with the metal surface. The optimized
geometries of the trisodium, monosodium, and tripotassium salts are illustrated in Figure 4.

Tri-Na salt Mono-Na salt Tri-K salt
Figure 4. Optifaized imolecular structures of the trisodium salt, monosodium salt, and
tripotassium saltef isobutylamides of ethylenediaminetetraacetic acid

The optimizedistructures reveal that the carboxylate groups (—COO™) and the amide
linkages (—CONH ) aet as the primary nucleophilic centers for coordination with the Steel-3
surface. The,C% O bond lengths in the carboxylate groups (ranging from 1.23 to 1.28 A) and
the €,='0"bends in the amide groups confirm that these sites are rich in electron density,
facilitatingsthe formation of protective layers through chemisorption, as established by the
Langmuiryisotherm. Similar to findings in existing literature for EDTA analogues [47], the
"tri-" substituted salts (trisodium and tripotassium) exhibit a more extended and planar spatial
configuration due to the presence of three anionic carboxylate groups. This configuration
allows the molecule to occupy a larger surface area on the metal substrate, leading to the higher
surface coverage () observed in the corrosion experiments. In contrast, the monosodium salt
adopts a more "curled" geometry, which effectively reduces its adsorption footprint and
explains its lower efficiency (70-80%) compared to the trisodium salt (90-99%). The
calculated bond lengths between the alkali metal ions and the oxygen atoms (approximately
2.10-2.17 A for Na — O and 2.40-2.65 A for K — 0) correlate with the experimental finding
that sodium salts outperform potassium salts. The shorter and more specific coordination in the
sodium derivatives, combined with their smaller ionic radius and stronger hydration, facilitates
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a more uniform dissociation and distribution of the inhibitor anions at the metal-water
interface.

Furthermore, to evaluate the electronic interactions and identify the specific sites
responsible for electron exchange with the metal surface, the frontier molecular orbital
distributions were analyzed (Figure 5).

I
AE=1353¢V  AE=0.788 eV AE =2.330 eV

HOMO |

Tri-Na salt Mono-Na salt Tri-K salt

Figure 5. Spatial distribution of HOMO and LUMO¢{density for the optimized structures of the
trisodium salt, monosodium salt, and tripotassiumsgalt of isobutylamides of
ethylenediaminetetraacetic acid

As shown in Figure 5, the highest ocetrpied melecular orbital (HOMO) density is primarily
localized over the carboxylate groupsd=€0 07) and the nitrogen atoms of the ethylenediamine
core. This localization confirms,that these regions are the primary nucleophilic centers
responsible for donating electtons to the vacant d-orbitals of the iron atoms on the Steel-3
surface. The concentration o HOMO density on the three carboxylate groups in the trisodium
and tripotassium salts supportsitheir superior performance, as they offer more "anchoring
points" for chemical inferaction ‘€empared to the monosodium salt. The lowest unoccupied
molecular orbital (LUMO) density is largely distributed across the amide linkages (—CONH —)
and the carbonyl oxygens. Thisidistribution suggests that these groups can accept back-donated
electrons from the metal ‘surface, strengthening the adsorption bond through a synergic
mechanism{ The broad spatial distribution of both HOMO and LUMO across the entire
moleculag, framework 1 the trisodium salt indicates a high chemical reactivity and a strong
tendency toform a stable, flat-oriented protective film. This molecular "footprint" aligns with
the experimental observation that trisodium achieves 99% protection efficiency, as the orbital
overlapwith the metal surface is maximized in this configuration. The localization of electron
density on the carboxylate oxygens also explains the high scale-prevention efficiency
(90-98%)- These electron-rich regions act as effective chelating sites for Ca?* ions, preventing
their precipitation as scale.

In addition to the visual analysis of orbital distributions, several global quantum chemical
parameters were calculated to quantitatively assess the reactivity and stability of the inhibitors.
These parameters, including ionization potential, electron affinity, electronegativity, chemical
hardness, and the fraction of electrons transferred were determined based on the frontier
molecular orbital energies (Enomo and Erumo) in accordance with established literature
methodologies for corrosion inhibition studies [67], [68], [69].

The calculated quantum chemical parameters presented in Table 6 provide a robust
theoretical framework for understanding the high inhibition efficiencies observed in the
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experimental trials. According to the Frontier Molecular Orbital theory, the interaction
between the inhibitor and the metal surface is governed by the energy levels of the HOMO and
LUMO. To calculate the fraction of electrons transferred (4N), the theoretical values for the
absolute electronegativity and chemical hardness of bulk iron were utilized. Following the
established literature for corrosion studies on steel, the electronegativity of iron was taken as
xFe = 7.0 eV and the chemical hardness as 7Fe = 0 eV, assuming that the metal surface
acts as a soft soft-acid sea of electrons [70]. These reference values allow for a direct
quantitative assessment of the electron-donating capability of the synthesized inhibitors toward
the Steel-3 substrate.
Table 6. Calculated quantum chemical parameters for the optimized structures of the tri-sodium
salt, mono-sodium salt, and tri-potassium salt of isobutylamides of ethylenediaminetetraacétic acid

Salts of isobutylamides of ethylenediaminetetraacetie, acid

Parameters trisodium salt | monosodium salt tripotassium salt
Eromo -3.817 -5.140 -3.612
Erumo -2.464 -4.352 -1.282
Energy Gap (Eqap) 1.353 0.788 2.330
Ionization Potential (/) 3.817 5.140 3.612
Electron Affinity (4) 2.464 4.352 1.282
Electronegativity (y) 3.141 4.746 2.447
Chemical Potential (u) -3.141 -44746 -2.447
Chemical Hardness (7) 0.677 0.394 1.165
Chemical Softness (o) 0.739 1.269 0.429
Electrophilicity Index (w) 7.287 281586 2.570
Fraction of electrons 2.850 2.860 1.954

transferred (4N)

The fraction of electrons transferred 1s, a critical¢indicator of the chemical adsorption
strength. The calculated 4N values fof"all studied inhibitors are positive, confirming that the
inhibition mechanism involves the donation of ‘electrons from the inhibitor’s active centers
(carboxylate and amide groups) to théyvacant d-orbitals of the iron atoms. Notably, the AN
values for the sodium salts (trisodidm: 2:850; monosodium: 2.860) are significantly higher
than that of the potassium €alt (tripotassium: 1.954). This theoretical finding perfectly supports
the experimental evidence,thatSodium-based derivatives provide superior corrosion protection.
According to the Hard=Soft Acid-Base principle, "soft" molecules (lower 1) are more reactive
and tend to form/stronget coordinate bonds with metal surfaces. The trisodium salt exhibits a
lower chemical hardnessy(0:677 eV) compared to the tripotassium salt (1.165 eV), indicating
that the sodium desivative is more polarizable and can more effectively interact with the
Steel-3 stirface to form a stable protective film.

The.energy gapAE,ymo — Enomo) 1s an indicator of the kinetic stability and reactivity of
the moleeulewThe relatively low energy gaps for the trisodium and monosodium salts suggest
higher reactivity at the metal-electrolyte interface, which aligns with the rapid formation of the
protective) layer observed in the weight-loss and scale-prevention tests. The absolute
electronegativity values reflect the tendency of the molecules to attract electrons. The balance
between y and 77 in the trisodium salt optimizes its role as an electron donor, consistent with the
99% inhibition efficiency and 98% scale prevention measured at 150 mg/L [70], [71], [72].

By aligning these quantum chemical parameters with the experimental data, it is evident
that the trisodium salt of EDTA isobutylamide possesses the most favorable electronic profile
for multifunctional protection. The higher electron-transfer capability and lower molecular
hardness of the sodium derivatives explain their dominant performance over the
potassium-based analogues in 50°C aqueous environments.
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Conclusions

The sodium and potassium salts of isobutylamides of ethylenediaminetetraacetic acid were
synthesized, their structures were confirmed by IR spectroscopy, and their 10% solutions were
prepared to determine the main physicochemical properties.

The synthesized salts were tested as corrosion and scale formation inhibitors at 50°C, and it
was determined that the sodium salts are more effective than the potassium salts, with their
activity ranking in the order of mono- < di- < tri-.

The highest efficiency as a corrosion and salt precipitation inhibitor at a concentration of 50
mg/LL  was achieved with the trisodium salt of monoisobutylamide of
ethylenediaminetetraacetic acid. At this concentration, it protected the Steel-3 metal plate from
corrosion by 90%, and its effectiveness against salt deposition was also 90%. Thefinhibitory
properties against corrosion and salt deposition increased when the salt was_added«to the
medium at concentrations of 100 and 150 mg/L. At the same time, it was determined that the
effectiveness of all synthesized salts as corrosion and scale inhibitors was ditectly proportional
to their concentration.

The adsorption behaviour of the studied compounds on the steel surface obeyed the
Langmuir adsorption isotherm, while the obtained standard free energy of adsefption values
confirmed that the mechanism is chemisorption.

Quantum chemical calculations revealed that among the synthesized.compounds, the
sodium salts - particularly the trisodium salt - exhibited higher electron transfer
capabilities (4N = 2.850) compared to their potassium analogues. DFT analysis
confirmed that the three anionic carboxylate centers in the trisodium salt facilitate a
broader spatial configuration and maximizéd orbital overlap with the metal surface,
providing a theoretical basis for its peakiprotection efficiency of 99%. These theoretical
descriptors perfectly align with the experimentally established activity order of mono- <
di- < tri-, validating the role of multi-€enter‘coordination in enhancing multifunctional
inhibition performance.Nomenclature

Symbols

Ticezing Freezing point °C
mj Mass of the platebefore,experiment [mg]
m2 Mass of the plate after experiment [mg]
Am Mass 1oss [mg]

14 Corresion rate [g'm?-h]
Vo Cotrosion rate without inhibitor [g'm?2-hT]
Vinh Corrosion rate in presence of inhibitor [g'm?-h]
S Surface area [cm?]
t BDuration [h]
1E Effectiveness [%]
AG%qs The standard free energy of adsorption [kJ-mol ]
Kadas The equilibrium constant of the inhibitor adsorption [L-mol™!]
process

Cinn Molar concentration of the inhibitor [mol-L1]
R? Correlation coefficient -
R Universal gas constant [J-K-'-mol!]
T Absolute temperature K]
Eromo Energy of the highest occupied molecular orbital eV
Erumo Energy of the lowest unoccupied molecular orbital eV
Eoap Energy gap eV
I/ Ionization potential eV
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A Electron affinity eV
AN Fraction of electrons transferred -

Greek letters
p density [g/cm?]
ng’ refractive index -
v kinematic viscosity [mm?/s]
% the degree of surface coverage -
X Electronegativity eV
u Chemical potential eV
7 Chemical hardness eV
o Chemical softness eV-!
w Electrophilicity index eV
Abbreviations
Steel-3 Low carbon mild steel

EDTA Ethylenediaminetetraacetic acid
DFT Density functional theory
SCF Self consistent field

ORCA Quantum chemistry program
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
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