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ABSTRACT

The aim of the work is to assess the inhibitiorfqrerance of hexa propylene glycol cyclotiphosphazgtPGCP)
on the corrosion of carbon steel in 3% NaCl solntiand examine its inhibition mechanism, furthermdee
elucidate the possible adsorption model on the axting carbon steel surface and advance the undedstg of
interactions between the inhibitor molecules arel ¢arbon steel surfaces. The effect of this intiitoh the carbon
steel was studied by weight loss and quantum claadculations. The adsorption of HPGCP on thebear steel
surface was well described by the Langmuir adsorptinodel. The inhibition mechanism was determingd b
potential of zero charge measurements and som&@hc parameters.

Key words: Quantum chemical calculations, potential of zeltarge, HPGCP, carbon steel, 3% NacCl.

INTRODUCTION

The chemistry of heterocyclic molecules containingctional groups and heteroatoms such as nitrogeygen,
phosphorus and sulphur is attracting current isterelife sciences, due to their specificity fdolbgical targets,
due to their specificity for biological targets. 8® compounds are also of importance for buildiokyrpuclear
complexes as models for bioorganic systems [1-4hufnber of these compounds were found to be extelle
inhibitors of steel corrosion [5-6]. The presendeh® heteroatoms in these molecules has a majectedn the
inhibition efficiency and consequently on the phmeoon of absorption of these compounds can forheeia
strong coordination bond with metal atom or a pasflm on the surface [7-10].

In this work, Hexa propylene glycol cyclotiphospbae (HPGCP) has been prepared by the solvolysi$GsEP
epoxy resin [11-13] in basic solution of NaOH tweestigate its inhibition effect on the corrosionaafrbon steel
in3% NaCl solution.The effect of this inhibitor dhe carbon steel was studied by weight loss andtgoa
chemical calculations. The adsorption of HPGCPhendarbon steel surface was well described by gremuir
adsorption model. The inhibition mechanism was rmiteed by potential of zero charge by electrochainic
impedance spectroscopy (EIS) measurements.
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MATERIALS AND METHODS

2.1 Materials

Hexaglycidyl cyclotriphosphazene (HGCP) was syriteskin one-step according to the procedure liteeafl1].
The reaction was a nucleophilic substitution oflogbosphazene chlorine by the epoxy function o3-2poxy-1-
propanol in presence of triethylamine. HGCP isreoluble product in water but in order to lad ilukte and test it
as corrosion inhibitor, we transform HGCP to Thex&lg@ropylene glycol cyclotiphosphazene (HPGCP).sThi
latewas obtained by solvolysis of HGCP with basicison of NaOH (Fig. 1).
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Figure 1.Solvolysis of HGCP in basic solution basesh NaOHto product (HPGCP)

2.2 General procedure to product Hexa propylene gbol cyclotiphosphazene(HPGCP).

In the dry-box, a solution of 10 g of hexaglyciayiclotriphosphazene (HGCP) (0.017 mol) in 20 migfieous
solution containing 4.18 g of NaOH (0.10mol) waspared at room temperature. The mixture was n&dchbnd

filtered to remove salt and water. The obtainedipod was then dried over p&0,. A brown solid product, very
soluble in water, was finally obtained in good giEdbout 95%.

2.3. Quantum chemical calculations
The quantum chemical calculations were performedmrintel (R) core (TM)Quad CPU (2.4 GHz and 5 GB
RAM) workstation.

For the theoretical study, complete geometry oi@tibns of HGCP and HPGCP were performed usindptesity
Functional Theory (DFT) with the Beck’s three paeten exchange functional and the Lee Yang—Parrlowail-
correlation functional (B3LYP) [14-16] with 6-31+{€p)basis set of atomic orbitals. It was drawmgsGauss
View, 5.0implemented in Gaussian 03 package [1#]s Bpproach was shown to yield geometries in ageeé
with experiment for a wide variety of systems. Rarmore, DFT was considered a very useful technigqumobe
the inhibitor/surface interaction.

The corresponding geometries were optimized withany geometry constraints for geometry optimization
Frequency calculations were executed simultaneausiiyno imaginary frequency was found indicatingiaimal
energy structure. According to Koopman'’s theorei,[E omo and Eywo Of the inhibitor molecule are related to
the ionization potential, I, and the electron affirA, respectively, by the following relations:

I= - EHOMO (1)
A= - ELUMO (2)

The number of transferred electrond\j was also calculated according to Eq. (3) [19].

AN: XFe-Xinh (3)

2 (11 Fe” Minn )
Wheregreaand,, denote the absolute electronegativity of iron ahd inhibitor molecule, respectivelyyr.
andyi,ndenote the absolute hardness of iron and the tohitriolecule, respectively. These quantities alated to
electron affinity (A) and ionization potential (B0].
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RESULTS AND DISCUSSION

3.1 Characterization of Hexa propylene glycol cyctiphosphazene(HPGCP)

In this paper, we describe the synthesis Hexa peopyglycol cyclotiphosphazene(HPGCP). The methhedlves
the solvolysis of HGCP in aqueous basic solutionta@ioing NaOH. This route leads to the exclusivenfation of
Hexa propylene glycol cyclotiphosphazene(HPGCP).

The reaction was a nucleophilic attack of epoxie$i&CP by hydroxyl anion of basic solution. Thisacéon
causes the ring opening of epoxy group.

Ring-opening reactions can proceed by either SN@Nit mechanisms [21],depending on the nature oéploxide
and on the reaction conditions. If the epoxidasgmmetric, the structure of the product will vagcording to
which mechanism dominates. When an asymmetric dpoxndergoes solvolysis in basic solution, ringropg
occurs by an SN2 mechanism, and the less subsiitatdon is the site of nucleophilic attack, legdio what we
will refer to as product Hexa propylene glycol otghhosphazene (HPGCP) (Fig. 2).

Mechanism
less hindered carbon
RO N OR RO N OR
\ \ NS
" A SR OH ro—p” \\P/‘O*CHz‘CH*CHZ*OH H,0 ro~" ~P—0—CH,~CH~CH,~OH
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I N/ N AN o N AN Ot
N 2N 0 /P\ /P\
A RG OR RJ OR
RO OR .
Hexa propylene glycol cyclotiphosphazene (HPGCP)
HGCP

Figure 2. Mechanism of ring opening reaction of epades duringsolvolysis of HGCP in basic solution tsed on NaOH

The leaving group is an alkoxide anion, becausesti®no acid available to protonate the oxygeorptd ring
opening. An alkoxide is a poor leaving group, dhds the ring is unlikely to open without a ‘pufidm the
nucleophile.

The FTIR spectra of HGCP and HPGCP were displaydjiure 3. It is observed that the absorption peetiveen
1266 and 1200 cthcorresponds to the P=N stretching, and bands di@ir8 crit for P-O-C units are observable,
while the absorption peaks at 852 toorresponding to oxiran ring bond in the spectnfrlGCP disappear in the
spectra of HPGCP. Instead, the absorption peaR2i#,2965 crilindicates only the (asymmetric and symmetric
of C—H units) in the spectrum of HGCP, a strong kange absorption peak between 2800'@nd 3600 takes place
in the spectrum of HPGCP corresponding to the hydrstretching (-OH) and asymmetric and symmetfi€CeH
units. This proves the ring opening of epoxy groups

3.2. Global molecular reactivity
Frontier orbital theory is useful in predicting adstion centers of the inhibitor molecules respblesiof the
interaction metallic surface/molecule [22—-24]. Tieems involving the frontier molecular orbitals (EM could
provide dominative contribution, because of theense dependence of stabilization energy on orleitergy
difference AE = E_UMO' EHOMO)'

The HOMO energy (Bowo) is often associated to the electron donatingtgluf the molecule; therefore, inhibitors
with high values of Eowo have a tendency to donate electrons to appropai@teptor with low empty molecular
orbital energy. Conversely, the LUMO energy (o) indicates the electron accepting ability of thelesule, the
lowest its value the higher the capability of adoapelectrons. The gap energy between the frootieitals AE) is
another important factor in describing the molecwdativity, so when the gap energy decreased, rihéitor
efficiency is improved [25].That is tosay, a larg©@MO-LUMO gap implies high stability for the moldeuin
chemical reactions.
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In this study, quantum chemical calculations wergfgrmed to investigate the relationship between tmolecular
structures of cyclophosphazene derivatives and thieibition effects. The two optimized molecularutures and
the frontier molecule orbital density distributiofithe studied molecules are shown in figure 4, #aedcalculated
guantum chemical parametersdko, E.umo. AE (ELumo - Erowmo), the electronegativityyf, the dipole momentuy,
the global hardnesg) and number of transferred electrondj were calculated are given in Table 1.
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Figure 3.FTIR spectra of HGCP and HPGCP
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Figure 4. Optimized molecular structures, HOMO andLUMO distribution for HGCP and HPGCP
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Table 1. Geometrical parameters of the studied inhitors calculated at B3LYP/6-31++G (2d, 2p)

Product Method Epomo(€V) E Lumo(€V) AE 1} A | X n AN

(eV) @ (V) (V) (V) (eV)
HGCP DFT -5,243 -0,679 5841 9,112 0,679 5,243 2,962,282 0,885
HPGCP DFT -8,91 -4,01 4,9 11,21 4,01 8,91 6,46 2,45 0,110

It is seen that the highest&o is obtained for HPGCP, this result is not sufiitieo conclude that HPGCP is more
efficient than HGCP. Therefore, the high value&@fyo are likely to indicate a tendency of the moledolelonate
electrons to appropriate acceptor molecules with égampty molecular orbitals. Indeed, the excellemtr@sion
inhibitors are usually the heterocyclic compoundscl not only give electrons to the unoccupied tatlsf metal,
but also to accept free electrons from it [26].

The dipole moment (1) provides information on tiéapty of the whole molecule. High dipole momesaiues are
reported to facilitate adsorption by influencing tinansport process through the adsorbed layer §jeral study
have stated that the inhibition efficiency increaséth dipole moments values [28,29]. The dipolemeats of
HGCP and HPGCP are 9,112 D and 11,21 D, respegtiwglich are higher than that of,® (u = 1.88 D). The
high dipole moment value of these compounds prgbiallicates strong dipole—dipole interactions bemvéhem
and metallic surface [30].

The theoretical values gf.andnge are 7 and 0 eV/mol, respectively [31]. The fractad electrons transferred from
inhibitor to the iron moleculeAN) was calculated. According to other reports [&], if the value of the fraction of
electrons transferred\N) is below 3.6, which indicates the tendency af@ecule to donate electrons to the carbon
steel surface, then the higher its value the béftercorrosion inhibitive efficiency. The obtaingdlues ofAN
reported in Table 1, show that the HPGCP have ifjeekt value oAN (0.110) and HGCP have the lowest value
(0.845), which implies good disposition of HPGCP donate its electrons to the carbon steel surfabenw
compared to HGCP because of the opening of epmgs rireate more hydroxide groups responsible tqtos
adsorption in surface carbon steel.

The optimized geometries of the studied compoumdshé neutral form including their HOMO and LUMO
distributions density are shown in figure. 4.

It can be seen that HGCP and HPGCP have a simildQ distribution. In addition, the HOMO electrordensity
in HPGCP was distributed on its entire, while in € HOMO electronic density was restricted to tbhescof
cyclophosphazene.

3.3. Adsorption isotherm

From the above finding, we can say that HPGCP soditd on carbon steel. As far as the inhibitioocessif is
concerned, it is generally assumed that the adsarpf the inhibitor at the metal—solution interéais the first step
in the action mechanism of inhibitors in aggressivedia. Four types of adsorption may take placelinng
organic molecules at the metal solution interfgdd: electrostatic attraction between charged mdéscand the
charged metal, (2) interaction of unshared elecpains in the molecules with the metal, (3) intéiac of =-
electrons with the metal, and (4) a combinatiothefabove [33].

Chemisorption involves charge sharing or chargasfea from the inhibitor molecules to the surfacefdrm a
coordinate-type bond. In fact, electron transfetyscal for transition metals having vacant, lomeegy electron
orbitals. Electron transfer can be expected witimpound having relatively loosely bound electrordg [3

A correlation betweer® and inhibitor concentration (C) in the electrolytan be represented by the Langmuir
adsorption isotherm, which expressed as [35, 36]:

0
1-0 = KadsC inh ()
Or
C:Inh — 1 +
0 K, Gn 1)

where K is the equilibrium constant of the adsampfprocess and C the inhibitor concentration.
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The best fitted straight line was obtained frompta of Ch against C (Fig. 5). The correlation coefficienf)(Ras
used to choose the isotherm that best fit withetkerimental data (Table 2).

Figure 5. Plot of the Langmuir adsorption isothermof HPGCP on the carbon steel surface at 298K
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Table 2. Corrosion rate of carbon steel and inhibibn efficiency at different concentrations of HPGCHn 3% NaCl obtained from weight
loss

Conc(e&;ranon Gravimetric measurements
Blank 00 -
10° 92 %
10° 93 %
10° 94 %
HPGCP 10° 96 %

It is known that K4 denotes to the strength between adsorbate andbadsolarge values of J imply better
inhibition efficiency [37].

The results showed high value ofjKindicating a strong interaction and a strong guoksan.

The relation between equilibrium constant of adsorpK,4sand the standard free energ}g(E‘gds was given by the

following equation [38] (Table 3) :
AG,

K= ex ads
55.55 PR ®

where R is the universal gas constant, value 55.8% water concentration in the solution (M).

Table 3. Langmuir adsorption parameters.

Kad ﬂG= 2
HPGCP a0 ds R
(M™x10) | (k3 mol D)
Gravimetric measurements 1,18 -44.62 0.9999
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It is well known that values of the order of 20rkdl or lower indicate a physisorption, those ofesrdf 40 kJ/mol
or higher are associated with chemisorptions aesaltr of the sharing or transfer of electrons fromorganic
heterocyclic molecules to the metal surface to faroo-ordinate.

The calculated value for hexa propylene glycol aiiphosphazene is slightly superior to - 40 kJ/muadlicating
strong interaction of HPGCP onto the carbon stedase [39, 40].

3.4. Adsorption mechanism

The inhibitors usually act at the metallic surfageforming an adsorption film or by inducting therhation a layer
of corrosion products. This adsorption dependshn dharge of the metallic surface, the charge erdipole
moment of the inhibitor molecule and the adsorptibother ionic species present on solution [41].

The surface charge of a metal can be determinambimparison of its corrosion potenti&l.§,) with respective the
potential of zero charge (PZC), which plays an ingutt role in the adsorption electrostatic prodég%.

To know if the charge of the electrode is positbrenegative the difference between the corrosicemi@l and
PZC of the corroding metal was determined. Thusetaof impedance spectra for carbon steel in 3%l Na@
potential gamme between -709 mV/Ag/AgCl and -409/A%/AgCl was obtained.

The results deduced from the measured impedancé s selected electrode potentials were depiotédure 6.
The potential of zero charge (PZC) is - 659 mV/Ag@A which is more negative than the corrosion pigéfs -
559 mV/Ag/AgCI. This result suggests that the carbteel surface is positively charged [43].

1800 -
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900 -

600 |- Ecorr / -
300 &/ -

pzC
L |

C, (uF/cm?)

A 1 A 1 1 A 1 A 1 A 1
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Figure 6. Plot of G vs. applied electrode potential (E/ Ag/AgCl) in kAnk solution

The adsorption of HPGCPon the metal surface caanragther directly on the basis of donor—acceptteractions
between the oxygen and the vacant d-orbitals ef staface atoms or an interaction of organic ggrmocompounds
with already adsorbed groups. Immediately afterwasdthe corrosion reaction starts, ferrous iosursounded by
two oxygen atoms as explained in figure 7.
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Fig.7. Polarization form suggested to be formed othe carbon steel surface

The following explanations are postulated: HPGQrferes in the dissolution reaction by adsorptbthe metal
surface. The inhibitor competes with the molecuwésvater and Clions for sites on the water covered anodic
surface as shown in figure 8.

Saline water (3% NaCl)
0, + H,0
Saline water (3% NaCl)
e [HPGCP] ™
0; + H,0 1 5
Hzﬂ—f-é-(jz_‘t, 2" = 204" Fea+
P ______L—_______ __17
_ Carbon steel surface o
Cl H,0
Hy0 + = 0,+ 2~ 4 2 oy~ Fest
po—— £7 + [HPOCPT 0z + Ha0
Carbon steel surface
HPGCP]™
[ ] H,0
1
Hz()-r»E()Z_;. 2™ = 20H- Fel+
o —e——.

Carbon steel surface

Figure 8. Schematic representation of competitivedsorption of HPGCP in sodium chloride
CONCLUSION

It can be concluded on the basis of the resultioédethat:

1) The selection of parameters is in important stefh@oretical study. The relationship between thampater(s)
and activity should be strong, and therefore edficy predictions will be more promising.

2) The HOMO energy calculations show that HPGCP madéehas the higher energy therefore he could betbett
corrosion inhibitor in this study.

3) The density distributions of the frontier molecutabitals (HOMO and LUMO) show that HGCP and HGCP-S
adsorb through the actives centres nitrogen, oxymelr electrons of the cyclophosphazene.

4) The adsorption of inhibitor molecules on the carbtael surface obeys a Langmuir adsorption isotherm

5) The carbon steel surface carry positive chargbertést solution.
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