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ABSTRACT

The use of corrosion inhibitors (CI's) is one of the most effective and economical means to combat
corrosion. Owing to increased environmental concerns, there is a need for environmentally benign
and green ClI's. In this regard, although there have been several experimental studies reporting
polysaccharides as promising green Cl's for steels in various acidic media, the underlying
mechanisms are not well understood. Molecular modeling methods based on the density fuctional
theory (DFT) have been mostly limited to the computation of quantum chemical descriptors like the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for
the isolated molecule. We have employed DFT to model the adsorption of carboxymethyl cellulose
(CMC) — an experimentally known polysaccharide CI for steels, with the Fe (001) surface. From the
computed interaction energies, optimized structures and electron density difference plots, it can be
inferred that the interactions are governed by chemical interactions between O-atoms of the OH-
functional groups in CMC (rather than the hetero O-atoms as has been hypothesized earlier for
another polysaccharide, guar gum) and the surface Fe-atoms. Thus, our computations provide
important insights into the nature of CMC-Fe surface interactions which are difficult to gain
experimentally. This approach, when used in conjunction with experiments, can help in the design
and development of novel molecules for use as green Cl’s for metal surfaces.
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INTRODUCTION

The properties of metals and alloys deteriorate when they come in contact with corrosive elements
present in the environment by the process commonly known as corrosion. Aggressive acids (e.g.
H>S0O4, HCI) are widely used in many industrial processes such as acid pickling, acid cleaning, acid
descaling and oil well acidizing etc. ' These acids enhance metal dissolution thus causing early
failure of the metals.

Many organic compounds containing polar functional groups in their molecules have been tested for
corrosion prevention of iron/steel in various acidic media. 3% These inhibitors reduce the corrosion
rate by adsorption of molecule onto the metal surface and decreasing the diffusion rate of corrosive
element onto the metal surface.® The compounds containing heteroatoms O, N, S and P have been
found to act as Cl’'s and inhibition efficiency follows the sequence: O< N< S< P. 68 Most of the
organic and inorganic compounds are toxic, costly, environmentally unfriendly and non-
biodegradable which have prompted researchers to find new CI's that are economically and
environmentally favorable.

Several experimental electrochemical techniques have been reported in literature to study the
inhibition efficiency duly accompanied by surface analysis method such as cyclic voltammetry,
scanning electron microscopy, energy dispersive X-ray spectroscopy, atomic force microscopy,
FTIR analysis, scanning tunneling microscopy etc. ®'* Chitosan, starch, guar gum, carboxymethyl
starch, pectin, hydroxyl-ethyl cellulose and gellan gum etc. have been studied comprehensively as
Cl’s for different metals and alloys (Aluminum, copper, mild steel, cast iron, carbon steel and 304
steel) in acidic medium. 416 But the underlying mechanisms of inhibitor-surface bonding are not
well understood. Thus molecular modeling based approaches such as density functional theory
(DFT) can play an important role in understanding the nature of inhibitor-metal surface interactions
and thus aid selection and design of new molecules as ClI’s. It is possible to predict adsorption
related electronic properties, adsorption geometries and energies from electronic structure
calculation methodology like DFT. In the present study we have applied DFT to study the interaction
mechanisms of carboxymethyl cellulose (CMC) with the Fe surface. It has been experimentally
found that CMC exhibits a maximum inhibition efficiency of 78% at a concentration of 0.04% (wt. %)
in 1 M HCI at room temperature for mild steel'® while for carbon steel it shows 98% inhibition
efficiency in ground water at 250 ppm concentration in presence of 50 ppm concentration of Zn*? 7
Three different conformations of CMC on Fe (001) surface were optimized and the corresponding
interaction energies were calculated.
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COMPUTATIONAL METHODOLOGY

Fe (001) surface modeling

A (5x4)-supercell containing 100 Fe-atoms was created in Materials Studio 4.1'® and optimized
using PWscf code contained within the Quantum Espresso-5.0.2 package'. The generalized
gradient approximation (GGA) of Perdew—Burke—Ernzerhoff was used for the exchange correlation
functional. 2° Rappe’s ultrasoft pseudopotentials were employed for describing the ionic cores. '
The Kohn-Sham wave functions were expanded using plane wave basis sets. A kinetic energy cut-
off of 35 Ry (476.2 eV) and charge-density cut-off of 300 Ry (4081.7 eV) were used in this work. In
order to avoid the interaction between the adjacent periodic supercells, a vacuum of at-least 10 A
was ensured between the adjacent supercells along the z-direction. The Broullion zone integration
was limited to gamma point because of the large system size. The Fermi-surface was treated using
a Methfessel-Paxton smearing technique with a smearing parameter of 0.025 Ry. 22 The structural
relaxations have been performed using conjugate gradient algorithm with a force convergence cut-
off of 0.01 eV/bohr per atom.

Isolated molecule: CMC dimer

CMC is a polysaccharide derived from cellulose with carboxymethyl groups bound to some of the
hydroxyl groups of the glucopyranose monomers. In our computations, we have modeled CMC
using two monomeric units. The starting conformation of the CMC dimer created using the graphical
visualizer of Materials Studio-4.1 and optimized using PWscf is shown in Figure 1.
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Figure 1 — Optimized chemical structure of carboxymethyl cellulose dimer. (Atoms legend:
aqua = H, yellow = C, dark red = O, violet = Fe)

Modeling of the Fe — CMC Complex System

Three different conformations of CMC on Fe (001) surface were investigated (Figure 2). The vertical
conformation was created in such a way that one of the doubly bonded O atoms of carboxymethyl
group and one of the O atoms of the hydroxyl group are in close proximity with Fe atoms of the
surface [Figure 2 (a)]. On the other hand, the horizontal conformations were created so as to
facilitate maximum interactions with the Fe surface (Figure 2 (b, c)).
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Figure 2 — Initial adsorption geometries of CMC on Fe (0 0 1) surface. (Atom legends: aqua =
H, yellow = C, dark red = O, violet = Fe). Conformation 1, 2 and 3 corresponds to Figure 2 (a),
2 (b) and 2 (c)

RESULTS

Molecular descriptors

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
for the geometry optimized CMC are shown in Figure 3. The computed values were found to be
Eromo = -5.1669 eV, ELumo = -0.9696 eV and the energy gap ELumo-Homo = 4.1973 eV. The energy
band gap signifies the amount of energy required to remove the electron from the last occupied
orbital. The energy gap for CMC is lower than that of several other carbohydrates. 23 As the energy
gap decreases, the reactivity of the molecule increases resulting in higher inhibition efficiency. 242
Thus it can be interpreted that CMC is a better Cl compared to other carbohydrates.

Figure 3 — HOMO-LUMO plot for optimized CMC molecule. (Atoms legend: aqua = H, yellow =
C, dark red = O, violet = Fe)

Optimized Adsorption Geometry and Interaction Energy

Three different adsorption geometries have been explored in order to find out the most stable
adsorption geometry for covalent interactions between CMC and Fe (001) surface. Figure 4 shows
the key variation in the adsorption geometries considered for optimization. In the perpendicular
adsorption geometry the inhibitor molecule (CMC) is oriented perpendicular to the Fe (001) surface
whereas in the parallel adsorption geometries the inhibitor molecule is aligned parallel to the Fe
(001) surface.
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In the perpendicular adsorption geometry (Conf1), the computed interaction energy was ~-48.1
kcal/mol; whereas, in the parallel adsorption geometries (Conf2 & 3) the interaction energies were
found to be ~ -54.6 and -46.6 kcal/mol, respectively. The optimized geometries indicate that there is
a chemical interaction between CMC molecule and Fe atoms of the surface. The average bond
length between the adsorbate oxygen and the surface Fe atoms is 2.09 A which is close to the
covalent radii of Fe and O, ~2.20 A.

To further investigate the effect of van der Waal's dispersion interactions on the interaction
mechanisms, the optimization was carried out with inclusion of dispersion forces. The dispersion
corrections enhance the molecular adsorption bonding which results in increase in the interaction
energies and decrease in the equilibrium distance between the molecule and the surface (Figure 4,
Table 1).

As indicated in Table 1, the interaction energies are significantly higher in case of the parallel
adsorption geometry (Conf2 & Conf3) than the perpendicular one (Conf1) owing to the strong
interaction between the oxygen and carbon atoms of the inhibitor molecule and Fe atoms of the
surface. Among the three adsorption geometries, Conf2 was found to be the most favored
energetically while conf1 is the least favored.

O-Fe-2.16/1.96 E O-Fe-2.15/1.96
C-Fe-2.07 “ C-Fe-2.06
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Figure 4 - Optimized adsorption geometries of CMC on Fe (001) surface. Figure a, b, ¢
show optimized geometries without dispersion forces and Figure a1, b1, ¢1 show
optimized geometries with dispersion forces. The numbers indicate the distance
between the atoms in A. (Atoms legend: aqua = H, yellow = C, dark red = O, violet = Fe)

Table 1 - Interaction energy of CMC molecule with Fe (001) without (DFT) and with

DFT+D) dispersion forces.

Molecule Conformation Interaction energy % Change
(kcal/mol)

DFT+D

1 -48.1 -77.6 61.51
2 -54.6 -124.3 127.4
3 -46.6 -102.8 120.18

Electronic Charge Density Difference

In order to investigate the changes in electronic structure as a result of CMC adsorption on Fe (001)
surface, the plots for the electronic density difference, Ap(r) were calculated by using the following
expressions:

Ap(r) = Protar(T) = Psurface(T) — Pinnivitor(T)
Where protal(r), Psurface () @and pinhivitor () are electron densities of Fe-CMC complex, Fe (001) surface
and isolated CMC molecule, respectively.
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The electronic density difference plots with an isosurface value of 0.003 e/A® for all the three
conformations are shown in Figure 5. The brown regions represent charge accumulation while the
blue regions indicate charge depletion. The formation of O-Fe and C-Fe bonds is clearly shown by
charge redistribution between the corresponding O, C and surface Fe atoms. The charge flow
occurs from the bonded atoms (O-Fe, C-Fe) towards the centre of the O-Fe and C-Fe bonds. The
distribution of charge is similar for all the three conformations hence the adsorption strength is
governed by number of bonds formed between the inhibitor molecule and the metal surface. Thus
by looking into the charge distribution between CMC and Fe (001), it can be interpreted that
conformation 2 is most favored.

Figure 5 — EIectrondensity difference plots for optimized adsorptlon geometrles of CMC-Fe
(001). (Atom legends: aqua = H, yellow = C, dark red = O, violet = Fe)

CONCLUSIONS

The adsorption binding of inhibitor molecule CMC to Fe (001) surface was investigated by means of
DFT calculations. The lower HOMO-LUMO gap of CMC from other carbohydrates indicates that
CMC might be a better inhibitor. The computed interaction energies for CMC was found to be
sensitive to initial conformation and also strongly influenced by the inclusion of dispersion
corrections in the calculations. Three different conformations of CMC on Fe (001) surface were
investigated and conformation 2 was found to be the most energetically favored adsorption
mechanism. Without dispersion corrections, the interaction energies fall in between -45 to -55
kcal/mol while inclusion of dispersion corrections leads to increased values in the range -75 to -125
kcal/mol for. The computed O-Fe and C-Fe bond distances and electron density difference plots
indicate chemisorption between CMC and Fe (001) surface. Thus, our computations give important
insights into the nature of CMC-Fe surface interactions which is difficult to gain through
experimental techniques. Our approach, when used in conjunction with experiments, can help in the
design and development of novel molecules for use as green corrosion inhibitors for metal surfaces.

REFERENCES

1. M. Solomon, S. Umoren, |. Udosoro, A. Udoh, Inhibitive and adsorption behaviour of
carboxymethyl cellulose on mild steel corrosion in sulphuric acid solution, Corrosion Science.
52 (2010) 1317-1325.

2. S. Umoren, M. Banera, T. Alonso-Garcia, C. Gervasi, M. Mirifico, Inhibition of mild steel
corrosion in HCI solution using chitosan, Cellulose. 20 (2013) 2529-2545.

NIGIS * CORCON 2017 * 17-20 September * Mumbai, India

Copyright 2017 by NIGIS. The material presented and the views expressed in this paper are solely those of the author(s) and do not necessarily by NIGIS.



10.

11.

12.

13.

14.

15.

F. Bentiss, M. Traisnel, M. Lagrenee, Inhibitor effects of triazole derivatives on corrosion of
mild steel in acidic media, British Corrosion Journal. 35 (2000) 315-320.

A. El-Shafei, M. Moussa, A. El-Far, The corrosion inhibition character of thiosemicarbazide
and its derivatives for C-steel in hydrochloric acid solution, Materials Chemistry and Physics.
70 (2001) 175-180.

I. Dehri, M. Ozcan, The effect of temperature on the corrosion of mild steel in acidic media in
the presence of some sulphur-containing organic compounds, Materials Chemistry And
Physics. 98 (2006) 316-323.

B. Rani, B. Basu, Green Inhibitors for Corrosion Protection of Metals and Alloys: An
Overview, International Journal of Corrosion. 2012 (2012) 1-15.

A. Chetouani, A. Aouniti, B. Hammouti, N. Benchat, T. Benhadda, S. Kertit, Corrosion
inhibitors for iron in hydrochloride acid solution by newly synthesised pyridazine derivatives,
Corrosion Science. 45 (2003) 1675-1684.

A. Al-Amiery, F. Binti Kassim, A. Kadhum, A. Mohamad, Synthesis and characterization of a
novel eco-friendly corrosion inhibition for mild steel in 1 M hydrochloric acid, Scientific
Reports. 6 (2016) 19890.

N. Zulfareen, K. Kannan, T. Venugopal, S. Gnanavel, Synthesis, characterization and
corrosion inhibition efficiency of N-(4-(Morpholinomethyl Carbamoyl Phenyl) Furan-2-
Carboxamide for brass in HCI medium, Arabian Journal Of Chemistry. 9 (2016) 121-135.

K.K. Alaneme, Y.S. Daramola, S.J. Olusegun, A.S. Afolabi, Corrosion Inhibition and
Adsorption Characteristics of Rice Husk Extracts on Mild Steel Immersed in 1M H2S0O4 and
HCI Solutions, Int. J. Electrochem. Sci.10 (2015), 3553 — 3567.

J. Saranya, M. Sowmiya, P. Sounthari, K. Parameswari, S. Chitra, K. Senthilkumar, N-
heterocycles as corrosion inhibitors for mild steel in acid medium, Journal Of Molecular
Liquids. 216 (2016) 42-52.

S. Kumar, H. Vashisht, L. Olasunkanmi, I. Bahadur, H. Verma, G. Singh et al., Experimental
and theoretical studies on inhibition of mild steel corrosion by some synthesized
polyurethane tri-block co-polymers, Scientific Reports. 6 (2016) 30937.

E. Szocs, G. Vastag, A. Shaban, G. Konczos, E. Kalman, Investigation of copper corrosion
inhibition by STM and EQCM techniques, Journal Of Applied Electrochemistry. 29 (1999)
1339-1345.

S. Umoren, M. Solomon, Recent Developments on the Use of Polymers as Corrosion
Inhibitors - A Review, The Open Materials Science Journal. 8 (2014) 39-54.

D. Arthur, A. Jonathan, P. Ameh, C. Anya, A review on the assessment of polymeric
materials used as corrosion inhibitor of metals and alloys, International Journal Of Industrial
Chemistry. 4 (2013) 2.

NIGIS * CORCON 2017 * 17-20 September * Mumbai, India

Copyright 2017 by NIGIS. The material presented and the views expressed in this paper are solely those of the author(s) and do not necessarily by NIGIS.



16.

17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

E. Bayol, A. Gurten, M. Dursun, K. Kayakirilmaz, Adsorption Behavior and Inhibition
Corrosion Effect of Sodium Carboxymethyl Cellulose on Mild Steel in Acidic Medium, Acta
Physico-Chimica Sinica. 24 (2008) 2236-2243.

N. Manimaran, S. Rajendran, M. Manivannan, J. Angelin Thangakani and A. Suriya Prabha,
Corrosion Inhibition by Carboxymethyl Cellulose, Eur. Chem. Bull. 2013, 2(7), 494-498

Accelrys |, Materials Studio 4.1, San Diego, CA, USA 2006.

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni et al., Quantum
Espresso: a modular and open-source software project for quantum simulations of materials,
Journal Of Physics: Condensed Matter. 21 (2009) 395502.

J. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made Simple,
Physical Review Letters. 77 (1996) 3865-3868.

A. Rappe, K. Rabe, E. Kaxiras, J. Joannopoulos, Optimized pseudopotentials, Physical
Review B. 41 (1990) 1227-1230.

M. Methfessel, A. Paxton, High-precision sampling for Brillouin-zone integration in metals,
Physical Review B. 40 (1989) 3616-3621.

S. Khalil, E. Ali-Shattle, N. Ali, A Theoretical Study of Carbohydrates as Corrosion Inhibitors
of Iron, Zeitschrift Fir Naturforschung A. 68 (2013). doi:10.5560/zna.2013-0037.

N. Khalil, Quantum chemical approach of corrosion inhibition, Electrochimica Acta. 48 (2003)
2635-2640.

T. Arslan, F. Kandemirli, E. Ebenso, |. Love, H. Alemu, Quantum chemical studies on the
corrosion inhibition of some sulphonamides on mild steel in acidic medium, Corrosion
Science. 51 (2009) 35-47.

E. Oguzie, Y. Li, S. Wang, F. Wang, Understanding corrosion inhibition mechanisms—
experimental and theoretical approach, RSC Advances. 1 (2011) 866.

E. Oguzie, C. Adindu, C. Enenebeaku, C. Ogukwe, M. Chidiebere, K. Oguzie, Natural
Products for Materials Protection: Mechanism of Corrosion Inhibition of Mild Steel by Acid
Extracts of Piper guineense, The Journal Of Physical Chemistry C. 116 (2012) 13603-13615

P. Bedolla, G. Feldbauer, M. Wolloch, C. Gruber, S. Eder, N. Dorr et al., Density Functional
Investigation of the Adsorption of Isooctane, Ethanol, and Acetic Acid on a Water-Covered
Fe(100) Surface, The Journal Of Physical Chemistry C. 118 (2014) 21428-21437.

NIGIS * CORCON 2017 * 17-20 September * Mumbai, India

Copyright 2017 by NIGIS. The material presented and the views expressed in this paper are solely those of the author(s) and do not necessarily by NIGIS.



