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Rosin poly(oxyethylene) ester 4,5-dihydroimidazole maleate Adduct (RIMA-PEG), has been applied
as corrosion inhibitor for carbon steel. Experimental data for the inhibition efficiency using
potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) technique and
theoretical quantum chemical calculations data indicated that their inhibition effect are closely related
to Enomo, ELumo, hardness, dipole moment and charge densities. A mechanism for adsorption of
RIMA-PEG molecules on carbon steel surface is suggested.
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1. INTRODUCTION

The inhibition of steel in acid solutions by different types of organic inhibitors has been
extensively studied [1-7]. Most of organic substance employed as corrosion inhibitors can adsorb on
the metal surface through hetero-atoms such as nitrogen, oxygen, sulfur, phosphorus, multiple bonds or
aromatic rings and block the active sites, decreasing the corrosion rate [8-12]. The intrinsic ability of
surfactant molecules to easily adsorb on surfaces and interfaces is associated with their amphiphilic
structure. They form a protecting interfacial film against the action of corrosion agents in solid-liquid
systems [13]. The adsorption of surfactants on surfaces depends on the structure and concentration of
surfactant molecules in the contacting medium, determining the final adsorption layout with the
formation of monolayers or multilayers of surfactant molecules [14]. Many researchers currently
focusing in synthesis of new materials from renewable natural resources to replace environmentally
and energy unfavorable plastics derived from petroleum chemicals [15-17]. Water-soluble synthetic
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polymers have been prepared and used as surface active agents owing to their amphipathic structure
and surface activity. Nonionic surfactants were prepared in our previous work, from rosin acid and
used as flow improver and oil spill dispersant for petroleum crude oil [18-20]. Recently, the structure
of the rosin was confirmed by Fourier transform infrared (FTIR) and was used as a new class of
inhibitor for carbon steel [21]. It has been observed that the adsorption depends mainly on the
electronic and structural properties of the inhibitor molecule such as functional groups, steric factors,
aromaticity, electron density on donor atoms and = orbital character of donating electrons [22—-28]. The
geometry of the inhibitor in its ground state, as well as the nature of their molecular orbitals, HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) are involved in
the properties of inhibitors activity. Quantum chemistry calculations have been widely used to study
the reaction mechanisms and to interpret the experimental results [29-32]. The structure and electronic
parameters can be obtained by means of theoretical calculation using the computational methodologies
of quantum chemistry [33-34]. Quantum Chemical calculations have become an effective method to
study the correlation of the molecular structure and its inhibition properties [35-39].

In this work, non-toxic modified rosin hydroimidazole have been Synthesized from rosin acid
adducts and applied as corrosion inhibitors for carbon steel. The investigation is performed using
electrochemical methods as well as electrochemical impedance spectroscopy (EIS) measurements. The
work will extend to find a correlation between the inhibition efficiency and the electronic properties of
the studied molecules. A mechanism for adsorption of rosin molecules on carbon steel surface is
suggested

2. EXPERIMENTAL

2.1. Materials

Rosin were heated at 150°C for 4 hours then heated at 200°C for 30 minutes in nitrogen
atmosphere to isomerizes rosin acids to leveopimaric acid, then it were separated by crystallization
from the cold acetone solution of commercial rosin. Rosin acids with acid number 183mg KOH.g™ and
melting point 167°C was obtained from commercial rosin [20]. The separation of the rosin acids from
rosin was carried out to increase the yield and to remove terpens, which have the ability to react with
maleic anhydride. Maleic anhydride (MA), ethylene diamine (EDA), p-toluene sulfonic acid (PTSA),
poly (ethylene glycol), PEG, having molecular weights 400 and 600 designated as PEG 400 and PEG
600 were supplied from Aldrich Chemicals Co. (USA) and used as received. 1M HCI was prepared by
appropriate dilution of analytical grade HCI with double distilled water and used as test solution. .

Corrosion tests were performed on a carbon steel sheet having the following chemical
composition (wt %): 0.3% C, 0.02% Si, 0.03% Mn, 0.045% Sn, 0.04% P and the remainder Fe. A
carbon steel disc of the same chemical composition was mounted in Teflon with an exposed surface
area of 1 cm? was used as working electrode. The electrode was mechanically polished with different
grades of silicon carbide papers, degreased in ethanol to obtain a fresh oxide-free surface, washed with
bi-distilled water and dried at room temperature.
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2.1.2Quantum Chemical Calculations

All the quantum calculations were performed with complete geometry optimization by using
standard Gaussian09 software [40].

2.2 Procedure

2.2.3 Preparation of rosin poly(oxyethylene) ester 4,5-dihydroimidazole maleate
Adduct (RIMA-PEG)

A mixture of freshly distilled PEG 400 or PEG 600 (1.1 mol), RIMA (1 mol), PTSA (1%)
based on total weight of reactants and 100 ml xylene were placed in 0.5 L round-flask fitted with Dean
Stark apparatus. The mixture was allowed to reflux until the theoretical water was collected. Xylene
was distilled off from the reaction product by rotary evaporator under reduced pressure. The product
was separated by salting out use saturated NaCl solution and extracted with isopropanol using
separating funnel. The purified products were isolated after evaporation of isopropanol. . Details about
the methods of preparation and the identification of chemical structure of the prepared RIMA-PEG
were completely described in our previous work [21].

2.3 Measurements

Electrochemical tests were conducted using Volta lab 40 (Tacussel-Radiometer PGZ301)
potentiostat controlled by Tacussel corrosion analysis software model (Voltamaster 4). All the
measurements were performed using a three-electrode system arrangement, with carbon steel as the
working electrode A platinum electrode and a saturated calomel electrode (SCE) were used as the
reference and counter electrode, respectively. The working electrode was prepared from a cylindrical
carbon steel rod insulated with polytetrafloroethylene tape (PTFE). The area exposed to the aggressive
solution was 1cm?. Impedance measurements were performed using Tacussel-Radiometer PGZ 301
Frequency Response Analyzer in a frequency range from 10° to 10 2 Hz with 10 points per decade. An
AC sinusoid £10mV was applied at the corrosion potential (Ecorr).

3. RESULTS AND DISCUSSION

3.1 Effect of temperature

The effect of temperature on the inhibition efficiency of RIMA-PEG 600 inhibitor at 600 ppm
concentration was determined at temperatures range of 25, 35, 45 and 55 °C using potentiodynamic
polarization curves. The results are displayed in Fig. 1. The corresponding data estimated from the
polarization curves are given in Table 1.
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Figure 1. Effect of temperature on the cathodic and anodic polarization for carbon steel in 1 M HCI
with 250 ppm of RIMA-PEG 600 inhibitors.

Table 1. Effect of temperature on the electrochemical parameters for carbon steel electrode immersed
in 1 M HCI in the presence of 250 ppm of RIMA-PEG600 inhibitor.

25 o517 0.02 2470 98.9 120 0.240 97.15
35 537 0.06 514.84 112.0 117 0.717 97.6
45 521 0.089 4447 101.5 113.6 1.041 98.28
55 -514 0.107 144.57 110.3 125.2 1.253 98.61
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Figure 2. Arrhenius plot of carbon steel immersed in 1 M HCI solution.

The dependence of inhibition efficiency on temperature is shown in Fig. 2. The data shows that
the inhibition efficiency of RIMA-PEG 600 increases with increasing temperature. The increase of
inhibition efficiency and its dependence on temperature suggests that a chemi-sorptive bond between
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the RIM-PEG molecules and the iron surface is probable. It can be concluded that the inhibitor has
experienced a significant increase in its degree of protectiveness with increasing temperature. The data
can be explained on the basis of flat mode of adsorption of RIMA-PEG 600 molecules, which in turn
covers a large area of the exposed surface and hence, inhibiting effectively the corrosion process. This
suggests that the adsorbed layer covers quickly the entire surface and simultaneously blocks the
active site of corrosion on the surface. A similarity in results has been reported elsewhere for
increasing the inhibition efficiency with increasing temperature [41-46]. It has been reported
previously by a number of authors that the logarithm of the corrosion rate of steel in acid solution is a
linear function with 1/T following Arrhenius equation [47-51]:

Ink =-E,/RT+InA 1)

where, K is the corrosion rate, E, is the apparent activation energy of the corrosion reaction, R
is the gas constant, T is the absolute temperature and A is a frequency factor. Fig. 2 represents the
Arrhenius plots (In k vs. 1/T) of carbon steel corrosion in 1M HCI solution. The activation energy (Ea)
was calculated and found to be 18.93 kJ mol™.

3.2 EIS measurements

The effects of RIMA-PEG inhibitors at different concentrations on the impedance behavior of
iron in 1 M HCI solutions are shown in Figs. 3 and 4.
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Figure 3. Nyquist plots for carbon steel immersed in 1M HCI solution in the absence and presence of
various concentrations of RIMA-PEG 400 inhibitor.
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Figure 4. Nyquist plots for carbon steel immersed in 1M HCI solution in the absence and presence of
various concentrations of RIMA-PEG 600 inhibitor.
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Figure 5. The equivalent circuit model for the electrochemical impedance measurements.

It is clear from Nyquist plots (Figs. 3-4) recorded for carbon steel electrode immersed in 1M
hydrochloric acid solution at 25 -C in absence and presence of various concentrations of the RIMA-
PEG inhibitors that imperfect semicircles were obtained. This behavior can be attributed to frequency
dispersion [52]. For analysis of the impedance spectra contain one capacitive loop, a simple equivalent
circuit consisting of a parallel combination of a capacitor, Cg, and a resistor, Ry, in series with a
resistor, Rs, representing the solution resistance. The proposed equivalent circuit is shown in Figure 5.
The electrode impedance, Z, in this case is represented by the mathematical formulation [53]:

Z =Rs + [ (Ry/1+(2nfRCa)’] )
where a denotes an empirical parameter (0< o <1) and f is the frequency in Hz. Eq. (2) takes

into account the deviation from the ideal RC-behavior in terms of a distribution of time constant due to
surface heterogeneity, roughness effects, adsorption of inhibitors and variations in properties or
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compositions of surface layers. Various electrochemical parameters derived from Nyquist plots are
calculated and listed in Tables 2-3.

Table 2. Data from electrochemical impedance spectroscopy measurements  of carbon steel in
1MHCI solution in the absence and presence of vrious concentrations of RIMA-PEG 400
inhibitor.

0 1.522 49.28 1020

50 1.754 246 0.102 79.9
100 3.13 308.9 0.081 84
150 6.8 320.8 0.1 85.01
200 2.04 387.2 0.025 87.27
250 3.24 438.8 0.145 88.7

Table 3. Data from electrochemical impedance spectroscopy measurements  of carbon steel in
1MHCI solution in the absence and presence of various concentrations of RIMA-PEG 600

inhibitor.
Rs R; (ohm cm?) Cal
(ohm cm2) (uF cm®)
0 1.522 49.28 1020 d
50 87.2 387.2 44.35 87.2
100 91.3 566.9 25.97 91.3
150 93.39 746.2 0.106 93.39
200 94.82 952.8 0.66 94.82
250 95.07 1017 0.078 95.07

The values of R; were given by subtracting the high frequency impedance from the low
frequency one as follows [54]:

R = Z (at low frequency) — Z (at high frequency) (3)

The values of electrochemical double layer capacitance Cq were calculated at the frequency
fmax, at which the imaginary component of the impedance is maximal (—Zmax) by the following
equation [55]:

Cai = [1/2nfmax] [1/ R{] 4)

The values of percentage inhibition efficiency( 1%) were calculated from the values of R;
according to the following equation [56]:
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IE% = (Reginn) — Rt)/R tinn) (5)

Where Riand Ryinn) are the values of the charge transfer resistance in the absence and presence
of the inhibitor, respectively. The impedance data listed in Tables 2-3 indicate that the values of both
Rt and 1% are found to increase by increasing the inhibitor concentration, while the values of Cgy are
found to decrease. This behavior can be attributed to a decrease in dielectric constant and/or an
increase in the thickness of the electrical double layer, suggesting that the inhibitor molecules act by
adsorption mechanism at carbon steel/acid interface [57]. The data obtained from EIS are in good
agreement with that obtained from potentiodynamic polarization.

3.3 Quantum Chemical Calculations

Figure 6. Structure of RIMA-PEG 600.

Electric charges in the molecule are obviously responsible for electrostatic interactions. The
distribution of the charges is important in many chemical reactions and for physico-chemical
properties of compounds. Thus, charge-based parameters have been widely employed as chemical
reactivity indices. The charge distribution in a molecule was calculated by standard Gaussian09
software [40] depending upon Mulliken population analysis [58], which provides a qualitative
understanding of the structure and reactivity of molecules [59]. The charge density of the atoms was
calculated for RIMA-PEG molecule with n= 12 and 9. It was found that the highest electronegative
atom is nitrogen atom number 29, which is considered as the most reactive center for adsorption. Fig.
6 shows the structure of RIMA-PEG 600. It was reported previously that the atom which had the more
negative atomic charges had the ability to donate easily its electron to the unoccupied orbital of metals
[60]. The molecular orbital, HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied
molecular orbital) and dipole moment p (D) total energy are calculated and presented in Table 4.
HOMO orbital acts as an electron donor, since it is the outermost (highest energy) orbital containing
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electrons. The energy of the HOMO is directly related to the ionization potential and the energy of the
LUMO is directly related to the electron affinity. The HOMO-LUMO gap, i.e. the difference in energy
between the HOMO and LUMO, is an important stability index [61]. A large HOMO-LUMO gap
implies high stability for the molecule in chemical reactions [62].

Table 4. The calculated quantum chemical properties for RIMA-PEG molecules

Quantum Chemical parameters

Erumo (eV) -0.33348 ' -0.33350
ELumo (EV) 0.16353 0.16351

n (eV) 0.248505 0.248505
Dipole moment (D) 7.3657 5.8574

The energy gap between HOMO and LUMO is small and indicating a higher electron donating
ability of the inhibitor to the metallic surface. According to molecular orbital theory the hardness of
the molecules can be calculated from the following equation [63]:

N = (eLumo — €Humo)/ 2 (8)

A soft molecule has a small energy gap and is more reactive than a hard molecule with a large
energy gap. RIMA-PEG molecule has a small energy gap as shown in table 4 indicating the softness of
the molecule (soft-soft interaction)

The high efficiency of the RIMA-PEG molecule may be attributed to the high value of HOMO
energy of the inhibitor, which facilitates the susceptibility of the molecule to donate electron to the
unoccupied orbital of the metal. In addition, the small value of HUMO-LUMO energy gap reinforces
the adsorption of the inhibitor on the metallic surface due to a strong columbic interaction. The most
widely used quantity to describe the polarity is the dipole moment of the molecule [64]. It is defined as
the product of charge on the atoms and the distance between the two bonded atoms. The total dipole
moment reflects only the polarity of a molecule and may be approximated as the vector sum of
individual bond dipole moments. The efficiency of the inhibitor increases with lower dipole moments
[65-66]. RIMA-PEG molecule with n=12 has a lower value of dipole moments than RIMA-PEG
molecule with n=9 (Table 4), which give an evidence for the higher efficiency of RIMA-PEG
molecule with n=12

3.4 Mechanism of inhibition

Many mechanisms have been proposed for the inhibition of metal corrosion by organic
inhibitors. Generally, it has been assumed that the first stage in the action mechanism of the inhibitor
in the aggressive acid media is based on its adsorption on the metal surface [67]. The processes of
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adsorption of inhibitors are influenced by the nature of the metal surface, the chemical structure of the
organic inhibitor, the distribution of charge in the molecule, the type of aggressive electrolyte, and the
type of interaction between organic molecules and the metallic surface [68-69].

/]
/% H o -
ﬁ,’ \ L cl
/]
o \"CH COO[CHLHOINH J..-f/" ENN N
Vg
o) ? OH[CHZCHZS]O
f — HCOO
7
by
g
0 7
Ve H
; \
/ L
/| Iy N
@ ’\_N\ 2 OH[CHZCHZ(C:)]O
QOOCHHAH ;
@® ; __ HCoo
7
7
g
7
Y
®
7
A B

Figure 7. Schematic representation of adsorption behavior of RIMA-PEG on mild steel in 1 MHCI
solution: (a) mild steel surface with positive charge, (b) Adsorption on mild steel surface
through oxyethylene group of RIMA-PEG

In most inhibition studies, the formation of donor-acceptor surface complexes between p-
electrons of an inhibitor and the vacant d-orbital of metal were postulated [70]. Nitrogen-based
compounds are effective inhibitors for mild steel corrosion in aqueous solutions [71]. The presence of
lone pairs of electrons on the nitrogen atoms of the additional nitrogen atoms delocalised and thus
produced a delocalization energy that stabilised the compound. It is also known that the adsorption of
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the inhibitor can be influenced by the nature of the anions in acidic solution. The presence of CI" in the
solution should be mentioned. They are characterized with strong adsorbability on the metal surface
which brings about a negative charge favoring the adsorption of cation type inhibitors [72].

The RIMA-PEG consisting of a five-member ring (imidazole) combined with hydrophenancere
ring. It has two nitrogen atoms, which have unshared electron pair remains free and facilitates the
reaction with acids to give salts. RIMA-PEG are organic bases but the presence of an imine (—NH)
group in the molecule determines well-outlined acidic properties as well. This means that the addition
of an acid or a base to the aqueous solution of this compound will transform the neutral molecule into a
cation or an anion [73]. The performance of RIMA-PEG in HCI can be explained on the basis of the
calculated charge density of atoms. It is well known that the more negative the atomic charges of the
adsorbed centre, the more easily of the atom to donate its electrons to the unoccupied orbital of metal
[61]. Nitrogen atom with number 29 has the highest charge density and becomes the active adsorption
center. A schematic representation of the adsorption behavior of RIMA-PEG on mild steel in 1 M HCI
solution is shown in Fig. 7 (a-b). The RIMA-PEG molecule will be adsorbed on the positively charged
metal surface through the nitrogen atom number 29 (Fig. 7a). Thus, a close packed triple layer will
form on the metal surface and inhibit the entry of iron ions to the solution. Hence, with an increase in
the positive charge on the metal surface, the adsorption of RIMA-PEG would increase and the RIMA-
PEG content in the solution would decrease. The strong inhibition efficiency of RIMA-PEG molecule
was attributed to the small value of HUMO-LUMO energy gap, dipole moment and the hardness of
the molecules (n), which reinforces the adsorption of the inhibitor on the metallic surface due to a
strong columbic interaction. A few RIMA-PEG molecules may, however, become adsorbed through
their oxyethylene group of PEG on the metal surface (which possesses vacant dr-orbitals (Fig. 7b).
The formation of such protective film was confirmed by electrochemical impedance spectroscopy
(EIS). The calculated high inhibition efficiency (I %) can be attributed to strong adsorption ability of
RIMA-PEG molecules on carbon steel surface.

4. CONCLUSIONS

The main conclusions of the present study are summarized in the following points:

1- RIMA-PEG can be used with an excellent efficiency for corrosion inhibition of carbon steel
in 1M HCI solution,

2- The strong inhibitive effect of RIMA-PEG can be attributed to the small value of HUMO-
LUMO energy gap, dipole moment and the hardness of the molecules (), which in turn reinforces the
adsorption of the RIMA-PEG on the metallic surface.

3-The inhibition efficiency of the water soluble rosin as corrosion inhibitors indicates that their
inhibition effect are closely related to EHOMO, ELUMO, hardness, dipole moment and charge
densities.

4- A mechanism for adsorption of RIMA-PEG molecules on carbon steel surface is suggested.
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