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Abstract.A novel oligomer-type corrosion inhibitor (PFAQ) was synthesized from p-
phenylenediamine, formalin, and alpha amino succinate under an inert nitrogen atmosphere.
Optimization of the synthesis conditions revealed that the highest yield (=86—88%) was
obtained at a molar ratio of 1:2:2 and a temperature range of 40—-65 °C, while higher
temperatures significantly reduced the yield. Thermodynamic studies based on Arrhenius
kinetics revealed that the activation energy increases with increasing inhibitor
concentration, indicating that the corrosion inhibition mechanism is primarily governed by
physical adsorption on the metal surface. Negative entropy values imply that the rate-
determining step involves association rather than dissociation, leading to a decrease in
disorder. Adsorption studies using various isotherms showed that the Langmuir model best
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describes the adsorption behavior, with a correlation coefficient close to unity. The
adsorption equilibrium constant (K,4) and standard Gibbs free energy (AG° ads) were
calculated in the temperature range of 293-333 K. The negative AG® ads values confirm
that adsorption is spontaneous, and the magnitude of AG° ads indicates a mixed adsorption
mechanism involving both physical and chemical adsorption. Overall, PFAQ demonstrates
strong adsorption capability and effective corrosion inhibition, making it a promising
candidate for protecting steel in aggressive acidic environments.

Keywords: p-phenylenediamine, formalin, alpha amino succinate, FT-IR
spectroscopy, semi-empirical quantum chemical methods

Annotatsiya.Inert azot atmosferasida p-fenilendiamin, formalin va alfa-
aminokislotalar yordamida yangi oligomer tipidagi korroziya inhibitori (PFAQ) sintez
qilindi. Sintez sharoitlarini optimallashtirish shuni ko'rsatdiki, eng yuqori hosil (=86—88%)
1:2:2 molyar nisbatda va 40—65 °C harorat oralig'ida olingan, yuqori haroratlar esa unumni
sezilarli darajada kamaytirgan. Arrenius kinetikasiga asoslangan termodinamik tadqiqotlar
shuni ko'rsatdiki, faollashuv energiyasi inhibitor konsentratsiyasining ortishi bilan ortadi, bu
esa korroziyani ingibirlash mexanizmi asosan metall yuzasida fizik adsorbsiya bilan
boshgqarilishini ko'rsatadi. Salbiy entropiya qiymatlari tezlikni belgilovchi bosqich
dissotsiatsiya o'rniga assotsiatsiyani 0'z ichiga olishini va tartibsizlikning pasayishiga olib
kelishini anglatadi. Turli izotermlardan foydalangan holda o'tkazilgan adsorbsiya
tadqiqotlari shuni ko'rsatdiki, Langmuir modeli adsorbsiya xatti-harakatlarini eng yaxshi
tasvirlaydi, ya’'ni korrelyatsiya koeffitsienti birga yaqin. Adsorbsiya muvozanat konstantasi
(Kaas) va standart Gibbs erkin energiyasi (AG®,s) 293-333 K harorat oralig'ida hisoblab
chiqgilgan. Manfiy AG°®, qiymatlari adsorbsiyaning o0'z-o'zidan sodir bo'lishini tasdiglaydi
va AG°®,s Kattaligi ham fizik, ham kimyoviy adsorbsiyani o'z ichiga olgan aralash
adsorbsiya mexanizmini ko'rsatadi. Umuman olganda, PFAQ kuchli adsorbsiya qobiliyatini
va samarali korroziya ingibirlashini namoyish etadi, bu esa uni agressiv kislotali muhitda
po'latni himoya qilish uchun istigbolli nomzodga aylantiradi.

Kalit so'zlar: p-fenilendiamin, formalin, alfa aminoksinat, FT-IR spektroskopiyasi,
yarim empirik kvant kimyoviy usullar

AnHoTamu.HoBeiii wHrHOUTOp KOppo3um onuromepHoro Ttumna (PFAQ) Obun
CHUHTE3UPOBaH U3 N-GeHuIeHanamMuHa, popMaanHa u aabha-aMUHOCYKIIMHATA B UHEPTHOU
a30THON aTtMocdepe. OnTUMHU3AIMS YCIOBUI CHHTE3a MOKa3ana, YTO HaUOOJBIINI BBIXO.
(=86—88%) OBLT MOy4YeH MPU MOJSPHOM COOTHOIIEHUM 1:2:2 W auarma3zoHe TeMIleparyp
40-65 °C, B TOo BpeMs Kak 0oyiee BBHICOKME TEMIEPATYPbl 3HAYUTEIBHO CHUKAJIHU BBIXO/I.
TepMoanHaMuyecKre UCCIIEOBaHNS, OCHOBaHHbIC Ha KHHETUKE AppeHUyca, MOKa3aiu, 4To
DHEPrYs AaKTUBAIUM YBEIWYMBACTCA C YBEIUYCHHUEM KOHIICHTPAIMM WHTHOWTOpA, YTO
yKa3bIBa€T Ha TO, YTO MEXAaHW3M HMHTHOMPOBAHHS KOPPO3UM B OCHOBHOM ONPEIEISIETCS
dbu3ndeckoil amcopOnuel Ha MOBEPXHOCTH MeTauia. OTpuIlaTeIbHbIC 3HAYCHUS SHTPOITHH
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MO/IPa3yMEBAIOT, YTO JIUMUTHPYIOLIEH CTaJuel sIBISETCS acColMallus, a He JUCCOIralus,
4YTO NPUBOJAMUT K YMEHBIIEHHUIO paszynopsjaodeHHocTd. HcciempoBanusi amcopOuum ¢
UCIIOJIb30BAaHUEM Pa3IMYHBIX H30TE€PM IMOKa3ald, 4TO Mojenb JIaHrMiopa HauwIydiiuMm
0o0pa3oM OMHMCHIBAET MOBEJICHUE aICcOPOIHU ¢ KOA(D(HUIMEHTOM KOPPEISAIUH, OIU3KUM K
equanie. KoHncranta aacopOmmonnoro paBHoBecus (Kads) m cranmaptHas cBoOomHas
sHeprus [mb6ca (AG®ys) ObuM paccuMTaHbl B nauama3one Temmepatyp 293-333 K.
Otpuiiarenshbie 3HaueHUsT AG®,s MOATBEPXKIAIOT CHOHTAHHBIA XapakTep aacopOumu, a
BennunHa AG°,s yKa3blBaeT Ha CMEUIAHHBIA MEXaHU3M aJcopOLMH, BKIIOYAIOIINN Kak
bu3nUecKylo, Tak U XUuMu4ecKkyto aacopomuio. B nenom, PFAQ nemMoHcTpupyeT BBICOKYIO
a71cOpOLIMOHHYIO CIIOCOOHOCTh U 3(h(PEKTUBHOE MHTUOMPOBAHUE KOPPO3UH, YTO JETAET €ro
MEPCIIEKTUBHBIM KaHIUAATOM JIJIS 3aIIUTHI CTAJN B arPECCUBHBIX KHUCIBIX Cpeax.

Kuirouesrble ciioBa: p-peHusieHauaMut, GopMainut, anbha-aMuHocykuusar, FT-1R -
CHEKTPOCKOMuUsl ¢ mpeoOpazoBanneM Dypre, MOTYIMIUPUYECKHE KBAHTOBO-XUMHUYECKHE
METO/IbI

INTRODUCTION. Metal corrosion is a widespread problem that reduces service
life and increases maintenance costs. Traditional synthetic inhibitors can be toxic and
environmentally harmful, motivating the search for greener solutions. Plant extracts and
plant-based nanoparticles offer promising, sustainable corrosion inhibition due to their
natural active constituents and low toxicity[1,2]. Three amino acids with different
functional groups—L-methionine, L-arginine, and L-aspartic acid—were investigated as
corrosion inhibitors for carbon steel in 0.5 M HCI in the presence of potassium iodide.
Electrochemical measurements, surface analyses, and theoretical calculations revealed a
pronounced synergistic inhibition effect between the amino acids and KI, leading to
significantly enhanced inhibition efficiency, particularly at elevated temperatures. The
synergistic mechanism and the influence of amino acid molecular structure on inhibition
performance were systematically analyzed[3,4]. Two amino acid—based green corrosion
inhibitors, 4-(tert-butylbenzoyl)methionine and 4-(tert-butylbenzoyl)cysteine, were
synthesized via a one-step acylation method and evaluated for Q235 steel in 1 M HCI. Both
inhibitors significantly reduced corrosion rates by chemical adsorption, with P-Meth
exhibiting higher inhibition efficiency, confirmed by -electrochemical, surface, and
molecular dynamics analyses[5,6]. Amino acid alkali salts are eco-friendly, stable, and
low-cost additives for acidic corrosion inhibitors. This study shows that taurine and
aminohexanoic acid reduce Co and Ni leaching and enhance the performance of carboxylic
and phosphonic acid inhibitors. Thus, they are promising sustainable alternatives to
conventional alkaline additives[7,8]. Metal corrosion causes significant economic losses
and safety hazards, yet effective and water-soluble inhibitors remain limited. This study
evaluates two quinoxaline derivatives, BrSQX and MeSQX, as inhibitors for mild steel in
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1.0 M HCI using weight loss, electrochemical, surface, and theoretical analyses. Both
compounds showed high inhibition efficiency, with MeSQX performing slightly better, and
their adsorption followed the Langmuir isotherm, indicating chemisorption and protective
film formation[9,10].

This work aims to study the synthesis and structure of a new type of corrosion
inhibitor based on p-phenylenediamine.

MATERIALS. Compounds of p-paraphenylenediamine, formalin, and alanin were
used for this study. All chemical reagents were purchased as "chemically pure" from "Merit
Chemicals" company.

METHODS. IR- analysis. The IR spectra of the synthesized compounds were
recorded using a Bruker Tensor 27 FTIR spectrometer (Germany) in the range of 4000—400
cm.

SYNTHESIS OF THE CORROSION INHIBITOR (PFAQ)

In the synthesis of this corrosion inhibitor, 0.1 mol of p-phenylenediamine and 0.2
mol of formalin were stirred under reflux in a nitrogen atmosphere for 30 minutes at a
temperature range of 44-50 °C. Then, 0.1 mol of the initially formed compound and 0.2
mol of alpha amino succinic acid solution dissolved in double-distilled water were slowly
added dropwise while stirring. During this process, the temperature was maintained in the
range of 55-65 °C.

Table-1.

Dependence of the yield of PFAQ corrosion inhibitor synthesis on the molar

ratio of the initial reactants and temperature
p-phenylenediamine | Temperature 0C Yield % | Temperature 0C Yield %

formalin+ alpha
amino succinate

1:1:1 56.67 41.15
1:2:2 86.37 82.36
2:2:1 4065 73.21 65<t 61.26
2:1:3 55.62 32.56
1:2:1 69.43 42.25
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As shown in Table 1, the highest yield was obtained at temperatures in the range of
40-65 °C and an initial molar ratio of 1:2:2. When the temperature exceeded 65 °C, the
product yield decreased significantly.

Results and Its Discussion

Kinetic Study Results of the Inhibitors

Knowing the thermodynamic energy of the system is very important for determining
the mechanisms of corrosion inhibitors. Accordingly, the energy of the thermodynamic
system in which corrosion occurs is measured in both inhibited and uninhibited states at
different inhibitor concentrations. This can be determined using the Arrhenius equation.

CR=Aexp(=) (2.6)

Here, Ea represents the activation energy expressed in kJ/mol, RRR is the universal
gas constant with a value of 8.314 J/mol-K, TTT i1s the temperature expressed in Kelvin,
and AAA is the pre-exponential factor.

When comparing the activation energy (Ea) of inhibited solutions with that of the
uninhibited solution, it can be observed that the addition of the inhibitor increases the
activation energy, and as the inhibitor concentration increases, the activation energy also
increases. A higher activation energy is indicative of physical adsorption, whereas
unchanged or lower activation energy suggests chemical adsorption.

The activation energy (E,) values increased significantly with increasing inhibitor
concentration. Therefore, in corrosion prevention, the primary role of the inhibitor is to
adsorb physically onto the metal surface. From the highly negative values of entropy, it can
be inferred that during the rate-determining step of corrosion, the formation of the activated
complex is more associated with association rather than dissociation, which leads to a
decrease in disorder.

The adsorption process can be defined as the adsorption of inhibitor molecules on the
metal surface accompanied by the desorption of water molecules, and it can also be
described as an exchange process. From this, it can be understood that the inhibitor adsorbs
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onto the metal surface and covers it; as the inhibitor concentration increases, the surface
coverage (0) also increases, leading to higher coverage and improved efficiency. The
surface coverage 0 is mainly a parameter that reflects the inhibitor’s effectiveness and is
considered up to 100%. Several types of isotherms are used to describe this process. The
Freundlich adsorption isotherm was obtained and can be expressed as follows:

0 =K u,C" (2.7)
yoki
logl = logK, 45 + nlogC (2.8)

Here, 0<n<1; f-sirt is the surface coverage; C is the inhibitor concentration; and K,gs-
IS the equilibrium constant of the adsorption—desorption process.

Additionally, the adsorption behavior of these corrosion inhibitors was also
investigated using the following isotherms:

Lengmyur: Cie“g = KL + Cing (2.9)

ads
Frumkin: 1fé(;—;‘:’wwcp(—ZfBgmv) = Ku4sCing (2.10)
Tyomkin:  exp(fOyrav) = KaasCing (2.11)

Here, Cing 1s the inhibitor concentration in the solution (mg/l), 0-is the degree of
surface coverage, and K,qs 1s the adsorption equilibrium constant.

The standard free energy of adsorption (AG°ys) i1s calculated using the following
equation (2.12):

AGS4s = AHgs — TASSys  (212)

Here, R is the universal gas constant, T is the absolute temperature in Kelvin, and pw
is the density of water in g/L. The values of g/l. Kas va AG®qs are calculated using the
adsorption isotherm equations given above.

The negative value of AG°,qs indicates that adsorption has reached a high level. For
the Langmuir adsorption isotherm, AG s ranged from —40.5 kJ mol™! to —43 kJ mol™. For
the Temkin isotherm, the AG°,qs values ranged from —32 kJ mol™! to —40 kJ mol ™. A value
of AG®qs around —40 kJ mol™ corresponds to a balance between chemical and physical
adsorption. It is generally accepted that if AG®qs 1s up to —20 kJ mol™, the adsorption is
physical (physisorption), while values more negative than —40 kJ mol™ indicate chemical
adsorption (chemisorption

The Frumkin isotherm for the PFAQ inhibitor in the working solution of 1 M HCI +
200 mg/LL NaCl was obtained from the relationship between Ig [0/(1-0)] logCing (Figure
3.29). The correlation coefficients (0.9134, 0.9125, 0.9387, 0.9525) are not close to 1,
indicating that the inhibitor adsorption does not follow the Frumkin isotherm.
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Figure 1. Temkin isotherm of the PFAQ inhibitor in a working solution of 1 M
HCI1 + 200 mg/1 NaCl

The Temkin isotherm for the PFAQ inhibitor in the working solution of 1 M HCI +
200 mg/L NaCl was obtained from the relationship between IgCingning 6 (Figure 1).
Considering that the correlation coefficients of the PFAQ corrosion inhibitor are
significantly different from 1 (0.8651 at 293 K, 0.8621 at 303 K, 0.8768 at 313 K, and
0.8376 at 333 K), it indicates that the inhibitor adsorption does not follow the Temkin
isotherm.
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Figure 2. Langmuir isotherm of the PFAQ inhibitor in the working solution of 1 M
HCl1 + 200 mg/L NacCl.

The Langmuir isotherm was plotted from the relationship between IgCigning 6
(Figure 3.22). Since the correlation coefficient of the PFAQ corrosion inhibitor is
approximately equal to 1, it was confirmed that the inhibitor adsorption on the metal surface
follows the monomolecular adsorption theory according to the Langmuir isotherm.

Table-2

Thermodynamic Functions of Adsorption of the PFAQ Corrosion Inhibitor in 1

M HCI + 200 mg/L NaCl Solution Based on the Langmuir Isotherm
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AHoads ASoads
5 9
T, K Kads R AGoads kJ/mol J/mol
293 0,0704 -10,36
303 0,0730 0,9805 -10,80 15,397 0,0898
313 0,0697 -11,04
323 0,075 -11,58

From Table 2, it can be seen that the Gibbs free energy values indicate that the
process is spontaneous, since a negative Gibbs free energy value confirms that the reaction
proceeds spontaneously.

T, K
-10

T T T T T T T T T T T T T T T 1
300 310 320 340

]
hy
L]

v =-0.0898x + 15,397
R*=0.9989

AG® (kJ/mol)

12 4

Figure 3. Temperature dependence of AG®°ads in the working solution of 1 M
HCI + 200 mg/L NaCl.

From the above relationship between C/Oning, the Langmuir isotherm was obtained
(Figure 3.23). The results derived from the Langmuir isotherm show that the correlation
coefficient is close to unity, indicating that the adsorption process follows monomolecular
adsorption. Using the value of K,y determined from the relationship between Cing/0, the
standard Gibbs free energy of adsorption K,4s was calculated in the temperature range of
303-333 K (Figure 3.23). The decrease in Gibbs free energy with increasing temperature
indicates that the process occurs spontaneously. The inhibition efficiency of the corrosion
inhibitor increases due to the enhanced rate of complex formation between the inhibitor
molecules and the steel surface, which leads to an increase in disorder. As a result, the
adsorption entropy is positive.

CONCLUSION

The PFAQ corrosion successfully
phenylenediamine, formalin, and alpha amino succinate under an inert nitrogen atmosphere.
Optimization of the synthesis conditions showed that the highest yield (=86—88%) was

obtained at a molar ratio of 1:2:2 and a temperature range of 40—65 °C. A significant
84
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decrease in yield was observed at temperatures above 65 °C. FT-IR analysis confirmed the
presence of characteristic functional groups such as -NH, —-CH, —CH:, and C=0, indicating
successful polymer formation and the presence of active heteroatom centers.
Thermodynamic analysis of the corrosion process revealed that the activation energy (Ea)
increased with increasing inhibitor concentration, suggesting that the inhibitor primarily
acts through physical adsorption on the metal surface. Adsorption isotherm studies showed
that the adsorption behavior of PFAQ follows the Langmuir isotherm, indicating
monomolecular adsorption on the steel surface. The negative values of AG°ads indicate the
spontaneous nature of the adsorption process. The AG°ads values around —40 kJ/mol
suggest that the adsorption mechanism involves a mixed mode of physical and chemical
adsorption. Positive values of adsorption entropy (AS°ads) imply that the formation of
complexes between inhibitor molecules and the steel surface increases disorder, enhancing
inhibition efficiency.

Overall, the PFAQ inhibitor forms a stable protective film on the metal surface and
effectively inhibits corrosion in aggressive environments, making it a promising candidate
for steel protection.
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