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Abstract

Dimethylol-5-methylhydantoin (MHD) was used to dyesis five derivatives that includel,3-
di[diethylentriamine)methyl] — 5 - methylhydantqiBTM); 1,3 - di[ (1,2 - diaminopropyl)methyl ]
— 5 —methylhydantoin (DAM);1,3-di[oxyethanolamineihyl]-5-methylhydantoin (DOM), and 1,3-
di[(1,2-diaminoethyl)methyl]-5-methylhydantoin (DMIM these five compounds have been
evaluated as corrosion inhibitors for N-80 carbteelsin raw water (cooling water system). The
adsorption of these compounds has been tested ddgnmamically which was found to be that the
adsorption of them is chemisorption mode on modethermore, some activation thermodynamic
parameters such a#i*, AG*, andA*S of activation have been estimated. In additetrjal to find

a quantitative relationship between the inhibitefificiency and the electronic properties of the
inhibitor molecules was carried out. On the othandy inhibitor MHD has higher efficiency than
other inhibitors because thedwmo, E.umo-Enomo, has higher values in presence of MHD than other
inhibitors, and has positiveG value, while in case of other inhibitors are negavalues, and the
partial charge on hetero atorisn case of inhibitor MHD negative while in othesise positive
values
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1. Introduction

Nowadays the study of carbon steel corrosion phemanhas become an important industrial and
academic topic [1]. Carbon steel is widely usedindustry. One solution to this problem is
application of a corrosion inhibitor, and a greainioer of organic compounds have been used in this
regard. The influence of organic nitrogen compousuish as amines and heterocyclic compounds
on the corrosion of steel has been documented][2-11

It well known that heterocyclic compounds coniag nitrogen atoms are good corrosion
inhibitors for many metals and alloys in variougj@gsive media [12-15].

However, the efficiency of organic inhibitorspgeds on the nature and the state of metallic
surfaces, chemical composition, and the structdréentwbitor. Furthermore, the stability of the
adsorbed inhibitor films formed over the metal aod to protect the metal from the corrosion
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depends on some physico-chemicals properties aithilecule, related to its functional groups, the
possible steric effects, electronic density of dsntype of corrosive medium and so on [16-17].
Thermodynamic parameters such as adsorption leafrption entropy, and adsorption free
energy can be obtained from experimental data @fsthdies of the inhibition process at different
temperatures. The kinetic data such as apparentiach energy and pre-exponential at different
concentrations are calculated, and the effectbefattivation energy and pre-exponential factor on
the corrosion rate of steel were discussed [18-22].
The molecular structure and the electronic parareethat can be obtained through theoretical
calculations, as HOMO (the highest occupied mobacokbital) energy, and LUMO (the lowest
unoccupied molecular orbital) energy, the energp ¢®E=E umo-Eromo) are involved in the
activity of the inhibitors [23]. The effect of malelar structure on the chemical reactivity has been
object of great interest in several disciplinecloémistry [24]. The quantum chemistry calculations
have been widely used to study the reaction meshemnand to interpret the experimental results as
well as to solve chemical ambiguities. This is @agh to investigate the mechanisms of reaction in
the molecule and the level of electronic strucf@gg.
The molecular structure and the electronic pararsetan be obtained by means of theoretical
calculations, by using computational methodologgésjuantum chemistry. Data in the literature
show that most organic inhibitors adsorb on meitgldisplacing water molecules on the surface and
forming a compact barrier film [26-28]. One of st effective ways to judge whether the nature
of interaction is physisorption or chemisorptionidscalculate the thermodynamic parameters for the
adsorption process. Recently, quantitative strecaativity relationship (QSAR) has been a subject
of intense interest in many disciplines of chenyisirhe development of semi-empirical quantum
chemical calculations emphasizes the scientific@gghes involved in the selection of inhibitors by
correlating the experimental data with quantum-dbahproperties. HOMO (the highest occupied
molecular orbital) energy, and LUMO (the lowest acupied molecular orbital) energy, charges on
reactive center and conformations of molecules hbeen used to achieve the appropriate
correlations [29].
The aim of this work was to estimate the thermaahyic parameters for the adsorption of 5-methyl
hydantoin (MHD) and its three types of amine ddmxes from data presented in ref [30] for
corrosion of carbon steel N-80 in cooling waterteys (pH=7) to see whether the adsorption of
these compounds proceeds via physisorption or dmeption mode which has great impact on their
use in cooling water system. On the other hand skimetic parameters, such as enthalpy and
entropy and of corrosion process, have been estinfabm the data concerned the study of the
effect of temperature on the corrosion processoAbs trial to find a quantitative relationship
between the inhibition efficiency and the electoosiructure of the inhibitor molecules was carried
out.

2.Results and discussions.

2.1. Electrochemical measurements
The experimental details are shown in ref. [30].

Table 1 the structure of the inhibitors.

Symbol | IUPAC Name abbreviation
MHD Dimethylol-5-methylhydantoin. MHD

A 1,3-di[diethylentriamine)methyl]-5-methylhydantoi DTM

B 1,3-di[(1,2-diaminopropyl)methyl]-5-methylhydaimo | DAM

C 1,3-di[oxyethanolamine)methyl]-5-methylhydantoin. | DOM

D 1,3-di[(1,2-diaminoethyl)methyl]-5-methylhydantoi DMM
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3.1. Thermodynamics considerations
3.1.1. Adsorption isotherm

Basic information on the interaction betwede inhibitor and the alloy surface can be
provided by the adsorption isotherm. In order ttaobthe isotherm, the fractional coverage values
0 as a function of inhibitor concentration must eamed. It well known tha can be obtained
from the corrosion current via [31-33]:

= 1 - llcorr Jinh (1)
Icorr ,uninh

wheref is the surface coveragesriinn the corrosion current density in the presencéeirhibitor
and korrunn IS the corrosion current density in absence ofrthiitor (blank solution).
The0 values obtained in this way are shown in Table 1.
Attempts were made to fit thesevalues to various isotherms including Frumkin, dueuir,
Temkin, and Freundlich.
Many adsorption isotherms were plotted for eadtibitor and the best isotherm for each one of
them was selected according to thetRat has value near to unity value, where thebintris
MHD and DAM obey Frumkin adsorption isotherm, whilee inhibitor DTM obey Freundlich
adsorption isotherm, inhibitor DOM obey Temkin agidimn isotherm, but the inhibitor DMM
obey to Langmuir adsorption isotherm. According is related to equilibrium adsorption constant
(K and concentration of inhibitor morality C via4[3

6
1-6)

6= (;—fl) x[In(c) = (In[ 1+ (;—fl)InKads (Frumkin adsorption isother(®)

where f factor of energetic inhomogenity
6 =KadsxC (Freundlich adsorption isotherm) 3)

6= (_f—l) xInKads+ (_f—l) xInC Temkin adsorption isotherm 4)

where f factor of energetic inhomogenity.
log 6 =nlogC +logKads Langmuir adsorption isotherm (5)

From the above equations, the equilibrium constdnadsorption can be calculated, then the
standard energy of adsorptiaxG%gsby [31]:

1 (AG®,)
K== xexp(o—adw) 6
55 PCRT ©)

where the value 55.5 is the concentration of wiaté¢he solution in mol.di K is the equilibrium
constant of adsorption, C is the concentration atanity.

Table 2. Concentration dependence of the surface coverggealues for inhibitors in cooling
water system at 30°C

Inhibitor concentration MHD DTM DAM DOM DMM
(Ppm)
10 6.03 - 7.08 6.41 2.11
20 7.15 - 0.50 2.92 4.96
30 3.04 3.20 0.01 - 6.23
40 5.83 2.61 0.01 - 6.63
50 9.78 7.28 3.56 - 5.54
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Table 2 shows the data for five tested corrosidwbitors MHD. And its derivatives DTM-DMM

in the form of the surface coveragé) (Obtained at different concentrations are expiksee
molarity units, the absence values for the surtamerage ) values in Table 2 means thgthas
negative values due to the corrosion rate valupr@sence of inhibitor is smaller than that in
absence of inhibitor . On the other hand Figurésshow the type of adsorption isotherm for each
one of the corrosion inhibitors in cooling wateis®m (raw water). The data are fitted to the
Frumkin, Freundlich Temkin,and Langmuir adsorptisntherms by using regression methods
then K andAG%%gscan be obtained . it should be noted that at cdreeons that has nétvalue
means that the inhibitor has negative efficiendye (torrosion rate of alloy in presence of the
mentioned inhibitor more than in absence of inbif)itThe correlation coefficient fRwas used to
choose the isotherm that best fit experimental ftataach one of the mentioned inhibitors[35].
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Figure 1. Frumkin's adsorption isotherm for MHD inhibitor oarbon steel alloy in cooling water
system (raw water) at 30°C.
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Figure 2. Freundlich adsorption isotherm for DTM inhibitan oarbon steel alloy in cooling water
system (raw water) at 30°C.
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Figure 3. Frumkin's adsorption isotherm for DAM inhibiton carbon steel alloy in cooling water
system (raw water) at 30°C.
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Figure 4. Temkin's adsorption isotherm for DOM inhibitor oarbon steel alloy in cooling water
system (raw water) at 30°C.
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Figure 5. Langmuir adsorption isotherm for DMM inhibitor @arbon steel alloy in cooling water
system (raw water) at 30°C.
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The surface coverage values at temperature rar@3d@°C can be shown in Table 3

Table 3. Dependence of the surface coveradev@lues for inhibitors in cooling water systemwra
water) at different temperature.

inhibitor Optimal con. Temperature Surface coverage
(Pppm) °C (9)
MHD 50 10 0.37
50 20 0.56
50 30 0.98
50 40 0.60
DTM 50 10 -
50 20 0.83
50 30 0.73
50 40 0.04
DAM 10 10 -
10 20 0.73
10 30 0.71
10 40 0.20
DOM 10 10 -
10 20 0.89
10 30 0.64
10 40 0.01
DMM 30 10 -
30 20 0.61
30 30 0.62
30 40 0.12

On the other hand, Table 4 summaries the obtagwedlibrium adsorption constant (K) and
standard free energy of adsorptiav@sCq9 values for the investigated inhibitors .

Table 4. Equilibrium constants and standard free energieglsebrption for the indicated inhibitors
in cooling water system (raw water) at 30°C.

inhibitor K(M™ AGP® (kJ/mol)
MHD 214.86 -23.61
DTM 0.312 -7.20
DAM 116.75 -22.13
DOM 91.36 -33.11
DMM 180.47 -23.23

The standard free energies of adsorption calcufabea the isotherms in the cooling water system
(raw water) vary from -7.20 to -33.11 (kJ/mol) dwethe effect of substituent group is obvious
when compared compound MHD with its derivatives,evehthe role of steric hindrance that
results of presence of substituted groups in dévies DAT-DMM compared with inhibitor MHD
is obvious, where substituted two groups of (-NHCH,NHCH,CH,;NH) instead of two (-OH)
groups in MHD to yield compound DAT make th&° of corrosion was decreased in case of
inhibitor DAT compared with MHD due to the steriffeet, decreasing the steric hindrance in
compound DMM compared to compound DAT mak@&° value increase where compound H
contain two(-NHCHCH,NH,) groups, substituted methyl group in one methylgneup i.e.,
compared between compound DMM and DAM leads toeiaeeAG° value for compound DAM,
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in case of compound DOM it has highe&° value than all the above compounds because it
contains two (-OCKCHNH,) groups explained that the two(-O) groups taket fyr the
adsorption, then the amination of both two hydrayyups in MHD to yields compounds (DAT,
DAM, &DMM) decrease the adsorption properties toe mentioned inhibitors compared with the
two inhibitors MHD &DOM respectively .

3.1.2. Effect of temperature on the corrosion current

The corrosion reaction can be regarded as an Aiugdype process, the rate of which is given by:
—_ Ea

(RT ) (7)
where o is the corrosion current density, A the Arrhenpus-exponential constant, and i the
activation energy for the corrosion process whegtresents the energy necessary for a molecule to
possess in order to react.

= A xexp

I corr

Table 5 show the variation ofj- values with temperature in cooling water systeaw(water) in
the absence and presence of the tested inhibitors.

T 1/Tx10° INicorr INicorr INicorr INicorr INicorr INicorr
(K) (KD (Blank) | (MHD) | (DAT) | (DAM) | (DOT) | (DMM)
283 3.53 2.49 0.39 0.35 0.09 0.23 0.67
293 3.41 3.20 1.79 1.68 1.54 0.92 2.04
303 3.30 3.80 3.30 2.72 2.94 1.64 3.2
304 3.19 4.36 4.72 3.98 4.13 2.3% 4.23

On the other hands, Figures.6-10 present the Aiwkeplot of the natural logarithm of the
corrosion current density versus 1/T for the aba@rosive media at their optimum

concentrations.
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Figure 6. Arrhenius plots for the corrosion of carbon stakby in cooling water system (raw
water) with and without MHD inhibitor at their optum concentration (50ppm) at 30°C.
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Figure 7. Arrhenius plots for the corrosion of carbon stakiby in cooling water system (raw
water) with and without DAT inhibitor at their optum concentration (50ppm) at 30°C.
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Figure 8. Arrhenius plots for the corrosion of carbon stakby in cooling water system (raw
water) with and without DAM inhibitor at their optum concentration (10ppm) at 30°C.
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Figure 9. Arrhenius plots for the corrosion of carbon stekby in cooling water system (raw
water) with and without DOT inhibitor at their opium concentration (10ppm) at 30°C.
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Figure 10. Arrhenius plots for the corrosion of carbon stakby in cooling water system (raw
water) with and without DMM inhibitor at their optum concentration (40ppm) at 30°C.

The E, values determined from the slopes of these pletstaown in Table 6

Table 6. Activation energy for the corrosion carbon steet@oling water system (raw water) with
and without the tested inhibitors at their optimcomcentrations

Solution & (kJ/mol)
Blank 5.50
MHD 12.82
DAT 10.56
DAM 11.97
DOT 6.26
DMM 10.19

Note in general all the above inhibitors hasvBlues higher than blank where, the best inhibitor
shows the highest value of activation energy ferabrrosion process. On the other hand, the
effect of substituent group is obvious when comga@mpound MHD with its derivatives, where
substituted two groups of (-NHGBH,NHCH,CH,NH,) instead of two (-OH) groups in MHD to
yield compound DAT make the activation energy afasion was decreased, this due to the steric
hindrance ,but presence multi N-atoms more thaibiton DMM compared with DAT, where the
DMM contain  two(-NHCHCH;NH,) groups while, inhibitor DAT has two(-
NHCH,CH,NHCH,CH;NH,) groups make DAT has higher activation of eneriggnt DMM.
Furthermore, substitution of each one of hydrogimain both amino alkyl chains in DMM by
two methyl groups, i.e., in case of DAM leads tere@ase the activation of energy. Hence,
Comparison between the two inhibitors DOT and DMM,, substituted two O-atoms in both
aminoalkyl chains for DOT by two N-atoms to yieldMM raise the activation energy of DMM
compared with DOT. On the other hand Ea indicatireggadsorption of the inhibitor molecule on
the metal surface [36]. The values of Ea increasgmesence of the optimal concentration of the
inhibitor.

The structure of all compounds as shown bellowiguie 11.
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Figure 11. The chemh&tructures of the inhibitors

3.1.4. Temperature effect and thermodynamic activation parameters
The enthalpy of activatiom\d*) can be obtained from the following relation [37

AH *=Ea-RT (8)
The free energy of activatiodG*) which is defined as the difference in the aation energy
between the activated state and the initial sthteeoreacting species is calculated using Eyring's
relation [36]:
— AG *

~ ) )

where K is the rate constant, k the Boltzmann'sstaom, h the Plank's constant and T is the
absolute temper true. Moreover, the entropy olvatbn (AS*) is obtained using equation:

AG* = AH* -TAS* (20)
The thermodynamic activation parameters calculatsishg the above relations are listed in
Tablell.

K = (‘%) - exp(
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Table 7. The thermodynamic activation parameters in cooluager system (raw water) medium
in the absence and in the presence of inhibitors.

Medium AH = E;-RT AG = RT[In(kT/h)-InK] | AS = (AH - AG)/T
(kJ/mol) (kJ/mol) (kJ/mol)
MHD 10.30 65.43 -0.182
DAT 8.04 66.88 -0.194
DAM 9.45 66.33 -0.188
DOT 3.74 69.58 -0.217
DMM 7.67 65.50 -0.191

A comparison of the activation parameters (Tabledtyesponding to the interpretations to the

results of Table 5, and the inhibited systems mgicthat, the corrosion process is enthalpy-
controlled, i.e,. The positive values 8H" reflect that the process of adsorption of thehitbis

on the carbon steel surface is endothermic prod@ssthe other hand the negative values of

entropy of activation are in line with an assosly activated process. Thus, the negative values
of entropy implies that the activation complex he rate determining step represents association
rather than dissociation , indicating that a dexeda disorder takes place on going from reactants
to the activated complex [37].

3.2. Quantum chemistry calculations

The quantitative structure activity relationshif@3SAR) of the MHD and its derivatives as
corrosion inhibitors for carbon steel alloy in ting water system (raw water) have been done
according to Allam [38] that depend on SPARTAN'@ngmpirical program. The experimental
values of the corrosion inhibition efficiency wesbktained from literature [30]. Table 8 shows the
calculated quantum chemical properties for compsuigovo(ev), BEumo(ev), and free energy.
Enowmo is often associated with the electron donatingjtglmf molecule, whereas bvo indicates
its ability to accept electrons.

Figures 12-16 show the estimated parametersragiduns of the inhibition efficiency obtained
from the experimental data. Asi&uo is often associated with the electron donatingjtglmf the
molecule, high values of oo are likely to indicate a tendency of the molectdedonate
electrons to appropriate acceptor molecules withdoergy and empty molecular orbital.

120
100

2=0.9587 bt

O T T 1

0.0965 0.097 0.0975 0.098
EHOMO (eV)

Figure 12. Relationship betweea\m and inhibition efficiency for MHD.
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Figure 13. Relationship betweendgno and inhibition efficiency for DAT.
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Figure 14. Relationship betweengvo and inhibition efficiency for DAM.
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Figure 15. Relationship betweengguo and inhibition efficiency for DOT.
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Figurel6. Relationship betweendguo and inhibition efficiency for DMM

Figures 12-16 explained that increasingofro values causes increasing inhibition efficiency,
because the activation energy of the corrosionticacs increased that corresponding with results
in Table 6 and explained that MHD has higher efficly than other inhibitors.
From Table 8, it is clear thatybuo increases as the inhibition efficiency increasgufes.12-16
show the relationship betweenidmo and inhibition efficiency. The positive sign ofydmo
indicates that the ability of inhibitor to adsorbenl the alloy increased, and the type adsorption is
chemisorptions, where Allam insist that the negatialues of Bowo refers to physisorption
mode[38] which is an agreement with the resulta@f,ys .Estimated from the thermodynamics
calculations, see Table 8. By using regressionyaiglthe relationship between theoko and the
inhibition efficiency can be represented by théolwing equation:
Eovo = 6.64%10- 4[In(eff%) +142.29] (12)

On the other hand, Figures 17-21 depicts the ioelship between the energy gap and the
inhibition efficiency. It is clear that the inhimn efficiency increases linearly with the energypg
Again , by using regression analysis the relatignshn be written as:

E.umo =[eff% +31.1831+8.602x E, ;o 1 % (0.115) (12)

Figures 17-22 showed that increasing Ate gap (Eumo-Enomo) between the energy levels of
the corrosion reaction leads to increasing thebitibn efficiency. Hence, MHD as inhibitor has
higher efficiency compared with other inhibitors.

Also , the relationship between the charge on tiwgen atom of the NH group and the
inhibition efficiency is tested (see Figures.22:28)is clear that the charge values positive pkce
in case of MHD because each one of the inhibitais dfficiency less than 75% , but as general
form decrease the value of charge in N-atom towilaednegative corresponding to increase the
efficiency of the inhibitor as in Table 8

The quantitative relationship can be representeithéyollowing equation:

0 = (74.13157- eff%) x (0.119) (13)

where the is the partial charge on the nitrogen atom. ludthdve noted that all equations (11-14)
the modified forms from the equations adopted fref]38].
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Figure 17. Relationship betweenyeuo-ELumo and inhibition efficiency for MHD
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Figure 18. Relationship betweenjeuo-ELumo and inhibition efficiency for DAT
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Figure 19. Relationship betweendgmo-ELumo and inhibition efficiency for DAM
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Figure 20. Relationship betweenibvo-ELumo and inhibition efficiency for DOT
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Figure 21. Relationship betweendomo-ELumo and inhibition efficiency for DMM.

Table 8 Calculated quantum chemical properties for comgeun

Compound MHD DAT DAM DOT DMM
Eromo (V) 0.09752 0.09732 0.09730 0.09724 0.0972
ELumo (eV) 14.93 12.05 11.83 11.05 11.31
ELumo- Enowmo (€V) 14.83 11.95 11.73 10.95 11.21
Free energy (kcal/mol) 52.79 -45.61 -53.28 -79.78 71.09
Charge on N (Nb) -2.82 0.16 0.39 1.19 0.93
Inhibition efficiency % 97.81 72.78 70.83 64.09 FBb.
Mwt (gm/maol) 172 344 284 260 258
120
100
.\aox
= 4
% 60
40 -
20 -
| © )
-5 0 10

Figure 22. Relationship between charge on nitrogen atomirambition efficiency for MHD.
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Figur e 23. Relationship between charge on nitrogen atom rinidbition efficiency for DAT.
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Figure.24. relationship between charge on nitrogen atom ahitition efficiency for DAM.
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Figure 25. Relationship between charge on nitrogen atomiramitition efficiency for DOT.
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Figure 26. Relationship between charge on nitrogen atom ainithition efficiency for DMM.

Figures 22-26 explained that as partial chargeevaluthe hetero atoms in the inhibitor decreased
toward negative value, the inhibition efficiencgieased because it takes part to adsorption of the
inhibitor on the metal surface. Thus, only inhibiMHD has negative partial charge value make it
has higher efficiency than other inhibitors

Furthermore, Figures 27-31 depicts the relatiorwbenh the free energy and the inhibition
efficiency. It clear also that the inhibition efacy increases linearly with the energy gap thhoug
the following relation:

AG = (eff% - 84.38198)x (16.45) 14 (14)
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Figure 27. Relationship between free energy and inhibitifficiency for MHD.
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Figure28. Relationship between free energy and inhibitidicieihcy for DAT.
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Figure 29. Relationship between free energy and inhibitifficiency for DAM.
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Figure 30. Relationship between free energy and inhibitiditieincy for DAM.
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Figure3l. Relationship between free energy and inhibititficiency for DMM.

Figures 27-29 explained that increasingAi@ values for the corrosion reaction toward positive
direction is a criterion to increase the inhibitiefficiency of the inhibitors. In fact only MHD has
positive AG value means that MHD has more inhibition propsrtompared with other inhibitors,
therefore, it has higher efficiency than the otihéaibitors.

Conclusion

1. The activation energy @evalues determined from temperature dependenigohcreased in
the same order as the inhibition efficiencies.

2. The values obtained for the standard free enemfiesdsorption and the increasing toward
positive values for fomo indicate physical adsorption of these inhibitarg&rbon steel alloy.

3. A comparison of the activation parameters corredpmnto the free and the inhibited systems
indicate that, the corrosion process is enthalpyrotied.

4. the negative values of entropy implies that thévatibn complex is the rate determining step
represents association rather than dissociation.

5. The positive values of the enthalpy of activatiefiect that process adsorption of the inhibitors
on steel alloy surface is endothermic process.

6. There is a strong quantitative betweelo, energy gap, the charge on nitrogen atom and the
inhibition efficiency for the tested compounds. Kuiog these relationships, many corrosion
inhibitors with good inhibition efficiency can bgrghesized.

7. The higher inhibition efficiency of the inhibitoan be observed by it having highesidmo,
ELumo -Exomo , positiveAG value, negativé value.
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