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ABSTRACT

In the present study, three hydroxamic acids (HAs) namely acetohydroxamic acid (AHA),
benzohydroxamic acid (BHA) and oxalohydroxamic acid (OHA) synthesised, characterized
and used as inhibitors for mild steel corrosion in the electrolytic solution of 1M HCI.
Corrosion inhibition property of HAs was evaluated using several chemical, electrochemical,
surface and computational methods. Results showed that studies HAs act as effective
corrosion inhibitors and their inhibition efficiencies follow the order: OHA (96.37%) > BHA
(95.69%) > AHA (93.29%). EIS study showed that studied HAs act as interface type
inhibitors. Polarization study revealed that HAs demonstrate themselves as mixed type
corrosion inhibitors and they adsorb on the active sites of metallic surface. Adsorption of
HAs on metal-1M HCI interfaces followed the Langmuir adsorption isotherm model. Surface
morphological analyses of inhibited and uninhibited metallic surface were carried out using
SEM-EDX and XRD methods. DFT analyses showed that studied compounds act as
chelating type of ligands. Effect of Keto-enol tautomerism and different possible
conformational isomers on metallic corrosion inhibition was demonstrated. The
conformational isomers in which >C=0 and —OH (hydroxyl ) groups present in same side
behave as chelating ligands and form relatively more stable complex than that of
conformational isomers in which >C=0 and —OH groups present in opposite side.

Experimental and DFT studies well complimented each other.

Keywords: Tautomers as corrosion inhibitors, conformational isomers, chelating corrosion
inhibitors, Hydroxamic acid and Langmuir adsorption isotherm.
1. Introduction

Corrosion is a process in which metallic materials undergo degradation through
chemical and/ or electrochemical reactions with the components of the surrounding
environment. Corrosion is a natural and spontaneous process in which a pure metal converts
in to its relatively more stable oxide, chloride, carbonate and sulphate etc. Though, complete
prevention of metallic corrosion is practically impossible however the rate of corrosive
dissolution and its adverse effect can be minimized using previously used methods of
corrosion mitigation such as alloying, dealloying, coatings, paintings, passivation and
corrosion inhibitors [1-4]. Basic requirements for a compound to be used as corrosion
inhibitor are shown in Fig.1. Use of synthetic corrosion inhibitors is one of the most effective

methods because of their ease of synthesis and high inhibition effectiveness. Most of the
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well-know corrosion inhibitors are heteroatoms (N, O, P, and S) and aromatic rings
containing compounds. Obviously, polar functional groups such as —-OH, -OMe, —NH,, —
NH-, —-COOH, -CN, —O—, -NO;, -CONH,;, —COOC;Hs and —N=N- etc. [5-12] enhance the
solubility of organic inhibitors in polar electrolytes. Heteroatoms of the polar functional
groups also act as adsorption centers as they can transfer their non-bonding electrons to the
metallic d-orbitals through coordination boding [13-15]. Along with non-bonding electrons of
heteroatoms, multiple bonds of aromatic rings and side chain also favour the adsorption of
organic inhibitors on metallic surface through drn-pzn bonding type of interactions. Problem of
the corrosive dissolution is even more severe during acid cleanings of metallic ores that
acquire the implementation of aggressive solutions such as HCI, H,SO4, HNO3, NaCl and
H3;PO, etc. Some of the common industrial cleaning processes are acid pickling, descaling,

acid descaling and oil-well acidification [15-20].

Hydroxamic acids (HAS) represent a special class of organic compounds that possess
several biological and industrial applications. Hydroxamic acid and its derivatives are
reported as potential biological agents toward anti-asthmatic and anti-inflammatory activities
[21]. Additionally, HAs form highly stable complexes with transition metal cations due to the
presence of several electron rich (donor) oxygen and nitrogen heteroatoms. The HAs can be
regarded as chelating ligands as they possess at least two electron rich sites (non-bonding
and/or m-electrons) that can form coordination bondings with the metallic d-orbitals [22,23].
Because of their high complexation ability, HAs are expected to possess high adsorption
tendency on metallic surface. Therefore, HAs can be used as one of the best alternatives to
traditional existing corrosion inhibitors that generally show low efficiency at relatively high
concentration. In view of this, some of the authors recently reported the corrosion inhibition
effect of hydroxamic acids [24, 25]. Because of their natural and biological activities, HAs
can be regarded as green and environmental friendly alternatives to the traditional toxic

corrosion inhibitors.

Herein, three hydroxamic acids (HAs) designated as AHA, BHA and OHA are used as
corrosion inhibitors for mild steel in 1 M HCI medium. Inhibition efficiencies of the HAs
were measured using chemical (weight loss), electrochemical (EIS and PDP), surface (SEM
and EDX) and density functional theory (DFT) methods. All the studied HAs showed
reasonably good protection efficiencies for mild steel in 1M HCI. DFT study is also carried
out to demonstrate the effect of different tautomeric forms o tested HAs on their protection

capability. Generally, HAs are represented as RC(O)N(OH)R' and different conformational
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isomers can be constructed for three studied HAs based on the orientation of R and R’. DFT
study was also performed for different conformations isomers of investigated HAs to
demonstrate the effect of relative orientation of different groups on the corrosion inhibition
performance. Outcomes of the study revealed that AHA, BHA and OHA act as chelating
ligands and form stable complexes with metallic surface. Protection efficiency of the tested
compounds was first of all investigated using weight loss method and supported by
electrochemical studies using potentiodynamic polarization and electrochemical impedance
spectroscopic methods. Surface morphology studies and adsorption behaviour of investigated
compounds was determined using SEM-EDS and XRD methods. DFT study was undertaken
in order to describe the nature metal-inhibitor interactions. DFT study also carried out to
demonstrate the effect of different tautomers and conformational isomers of AHA, BHA and
OHA on MS corrosion in 1M HCI. Several experimental and computational indices were
computed and described. The order of protection efficiencies of tested HAs derived from
chemical, electrochemical and surface investigations were well complimented by DFT

studies.

2. Methods and Materials
2.1. Synthesis of HAs

Acetohydroxamic acid (AHA) was synthesized as per the previously used method [26]. In
brief, 15 ml double distilled water, 12 ml ethanol and 7g crystalline hydroxylamine
hydrochloride were taken in a 500 ml round bottom flask. The mixture was allowed to stir
until the above reaction mixture becomes clear. After that, 20 ml of sodium hydroxide (10
mol/L) was added slowly. Temperature of the reaction mixture was maintained at 20°C. In
the above reaction mixture, ethyl acetate (0.1 mol) added gradually at room temperature and
kept in ice bath for cooling. To the above reaction mixture concentrated HCI was added to
decrease the pH level up to 6. After that, 100 ml ethanol was added to above reaction mixture
to get yellow colored precipitate. The precipitate was dissolved in a mixture of ethyl acetate
and acetone. After proper dissolution, the above reaction mixture cooled to room temperature
and kept overnight in freezer to get white crystals of acetohydroxamic. AHA showed the
melting point of 88°Cx1. Similarly, BHA was prepared using the protocol described
previously [26]. 1.4 of hydroxylamine hydrochloride and 2.1 g sodium carbonate (anhydrous)
were dissolved in 50 ml ether. Above reaction was stirred to get a homogeneous reaction
mixture using a magnetic stirrer. At constant stirring, 2.8 g benzoyl chloride and 3.5 mi

double distilled water were added slowly. The above reaction mixture was stirred for 30
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minute. The residual solvents (mainly ether) were removed using rotatory evaporator and
resultant mixture was kept overnight to get crystalline raw material. Finally, crystallization of
the above crude material with ethyl acetate results in to the formation of pure BHA having
the melting point of 128°C +1. For OHA synthesis, 9.0 g of hydroxylamine hydrochloride
and 7.1 g of diethyl oxalate were added drop-wise with proper shaking at 0°C for 25-30
minutes. The precipitate of raw OHA was obtained after some time that was crystallized in
double distilled water to give pure OHA having melting point of 161°C +1[24]. The chemical
structure, IUPAC name, abbreviations, and FT-IR, 1H and 13C NMR characterization data of

investigated HAs are reported in Table 1 and their respective spectra are shown in Fig. S1.
2.2. Test material and electrolyte

Mild steel sheet having chemical composition of (%) C = 0.18, O =0.08, S = 0.06, P = 0.04,
Cr = 0.04 and reminder Fe was used for the preparation of test specimens for weight loss,
electrochemical and surface analyses. The metallic specimens were abraded using emery
papers of different (400-1200) grades, washed (with water), and degreased with acetone. The
analytical grade HCI (37% HCI MERCK) was used for the preparation of test electrolyte of 1
M HCI electrolytic. Protection efficiency of HAs was determined at their different
concentrations ranging from 20-80 ppm.

2.3. Weight loss measurement

Weight loss or gravimetric study is one of most simple, reliable, effective, reproducible, and
cost-effective methods for the determination of inhibition efficiency of corrosion inhibitors
that does not require employment of any tedious process and expensive instruments. Several
useful indices including corrosion rate (p), surface coverage (€) and inhibition efficiency
(%n) can be derived using weight loss experimentation. Using weight loss technique,
protection efficiency of HAs was measured at their different concentrations in the
temperature range of 298-328 K. The weight loss tests were performed for the immersion
time of 6h. Weight loss experiments (at each concentration) were triply performed and
maximum observed standard derivations were less than 2%. The corrosion rates (p) values for

mild steel corrosion in acidic medium were calculated using the following equation [27]:

A
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where, AW, A and t represent the weight loss (in mg), the metallic surface area (in cm?) and
immersion time (6h), respectively. Using corrosion rate (p) values, the inhibition efficiency

(%n) was evaluated using following equation [27]:

1 2
%n ={¢2—=23 x 100 (2)

p
Where p' and p? represent the corrosion rate values for mild steel corrosion in 1M HCI with

and without HAs, respectively.
2.4. Electrochemical analyses

Potentiostat Gamry Echem Analyst 5.0 Software G- 300 model was applied for
electrochemical studies. The instrument consists of platinum as a counter electrode, mild steel
as a working electrode and SCE as a reference electrode. The electrochemical studies were
performed after immersing the MS in 1M HCI for 30 minute in order to get open circuit
potential (OCP) established. For EIS study, an AC signal of 10 mV amplitude in the
frequency range of 100 kHz-0.01 mHz was employed. The Nyquist curves for MS corrosion
were fitted in suitable equivalent circuit (Fig. 6). The equivalent circuit consists of solution
resistance (R;), a charge transfer resistance (R.) and a constant phase element. The values of
charge transfer resistance and inhibition efficiency (%#) at different concentrations of HAs
were derived using following equation [28]:

%n = % x 100 3)

In above equation, Reinny and Re: represent the charge transfer resistances for MS corrosion
with and without HAs, respectively. For polarization studies, MS potential allowed to scan in
the potential range of -250 to +250 V at the constant scan rate of 1 mV s (with respect to the
potential of SCE) [21]. The obtained anodic and cathodic Tafel curves were extrapolated to
get the values of corrosion current densities (icorr) through which inhibition efficiencies (%)

at several concentrations of HAs were calculated using following relationship [29]:

%T] — icorr_.icorr(inh) X 100 (4)

lecorr

where, icorr and icorr (inn), represent the values of corrosion current densities for MS corrosion in
1M HCI without and with HAs, respectively.

2.5. SEM-EDS and XRD studies
The scanning electron microscope (SEM) coupled with electron dispersion X-ray

spectroscopy (EDS) analyses were carried out to support the electrochemical studies. For



SEM-EDX analyses, MS surfaces are allowed to corrode freely in test electrolyte (1M HCI)
in the absence and presence of 80 ppm concentration of HAs. After 6h immersion time,
surfaces of the corroded specimens were examined using SEM-EDX methods. The ZEISS
EVO SEM 18/ INCA 250 EDS XMAX with a detector (20mm) Oxford model was employed
for SEM-EDS analyses. X-ray diffraction (XRD) analysis was carried out to determine the
nature of protective layer deposited on the surface of metal. The stretch samples collected
from the inhibited (80 ppm) and uninhibited metallic surfaces were used for XRD analysis.
The PAN Analytical, Netherland X-ray diffractometer was used for this purpose.

2.6. DFT analyses

Density function theory (DFT) based quantum chemical calculations were performed to
support the experimental studies. Recently, DFT has emerged one of the most powerful
techniques to demonstrate the interactions between corrosion inhibitors and metallic surfaces.
In the present study, interactions of HAs and MS surface were demonstrated using Gaussian
09 and basis set of G-31 + G (d, p) basic. The DFT studies were performed on different
possible tautomeric and conformational isomers of HAs. Using DFT studies, energies of
frontier molecular orbital pictures (Eqomo and E_uwmo) and different related indices were

derived using following relationships [30]:

IE =—E, om0 ®)
EA= _ELUMO (6)
1 1
77=§(|E_EA):§(_EHOM0 + ELUMO) ()
1
o=—
d (8)
1 1
Z=E(IE+ EA)ZE(_EHOMO —E umo) 9)
AN = Xee — Xinn
2(1ge + Mion) (10)



For the calculation of AN (fraction of electron transfer) values, work function of iron (4.88
eV) was used instead of electronegativity of iron. The lowest energy crystalline iron (110)

surface was selected for fraction of electron transfer (AN110) calculation.

3. Result and discussion

3.1. Weight loss measurements

Effect of AHA, BHA and OHA concentration on MS corrosion in 1M HCI at the different
temperatures is presented in Table 2. It can be clearly seen that protection efficiency of AHA,
BHA and OHA increases with increasing their concentrations and maximum increase was
observed at 80 ppm concentration. Obviously, increase in the AHA, BHA and OHA
concentration results consecutive raise in the surface coverage that result in to the
corresponding increase in their protection efficiency. Inhibition efficiencies of the HAs
followed the order: OHA (96.37%)> BHA (95.69%)> AHA (93.29%). Difference in
protection efficiencies of AHA, BHA and OHA can be explained on the basis of their
molecular structures. The higher protection efficiency of BHA as compared to AHA can be
explained on the basis of the presence of aromatic (phenyl) moiety instead of methyl group of
the AHA. Presence of three additional double bonds of the aromatic ring enhances the
effectiveness of BHA adsorption on MS surface due to drn-np interactions. OHA contains
additional -CO-NH-OH moiety at the place of phenyl ring of BHA. The -CO-NH-OH of
OHA should be considered as more electron donor as compared to the aromatic ring of BHA
as former contains two oxygen and one nitrogen atoms and one double bond in the form of
carbonyl group that can form more strong complex with metallic d-orbital than that of the
three double bonds of latter. Careful observation (Table 2) showed that protection efficiencies
of the AHA, BHA and OHA decrease on increasing the temperature. Increase in temperature
may results into the fractionation, arrangement or/ and decomposition of the HAs molecules
that can adversely affect their protection power. More so, increase in Kinetic energy of the
HAs at elevated temperature can also decrease the adsorption abilities of AHA, BHA and
OHA molecules [31].

3.2. Adsorption isotherm

Adsorption isotherm analysis is one of the most important aspects of metal-corrosion
interactions. Langmuir adsorption isotherm is the most common and frequently used isotherm

models that can be presented using following relationship [32]:



1

Cc
i +C (11)

ads

where, Kags represent adsorption-desorption constant. In the present study, Langmuir
adsorption isotherm model was well fitted with correlation coefficient (R?) values close to
unity. Using Kags values, the standard free energy of adsorption (AGags) values were calculated
using following equation [32]:

AGags = -RT In (55.5 Kads) (12)

Here, numerical value of 55.5 denotes the molar concentration of water and R is the gas
constant and T represents the absolute temperature.The values of Kygs and AGgyqs at different
studied temperatures are presented in Table 3. High numerical values of K,y showed that
AHA, BHA and OHA have strong ability to adsorb on metallic surface. Negative values of
AGgqs revealed that AHA, BHA and OHA spontaneously adsorb on metallic surface using
their electron rich centers. Literature survey reveals that AGyqs value of -40 kJ mol™? or more
negative is consisted with chemisorption while its value of -20 kJ mol™ or less negative is
consistent with physisorption mechanism [25,26]. Results presented in Table 3 showed that
adsorption of the AHA, BHA and OHA on MS surface obeyed the physiochemisorption by
means of minor supremacy of physisorption mechanism as values of AGyys for AHA, BHA
and OHA are more close to -20 kJ/mol as compared to the -40 kJ/mol[33-34].

3.3. Electrochemical analysis
3.2.1. Potentiodynamic Polarization (PDP)

Anodic and cathodic Tafel curves for MS corrosion in 1M HCI with and without AHA, BHA
and OHA at their different concentrations (40 - 80 ppm) are shown in Fig. 3 (a-c) and various
PDP parameters such as inhibition efficiency (%), corrosion potential (Ecor), corrosion
current density (icorr), cathodic (4:) and anodic (4,) Tafel slopes are summarized in Table 4.
From Fig.3 it can clearly seen that shape of anodic and cathodic curves are significantly
affected in the presence of AHA, BHA and OHA indicating that they exert remarkable
anticorrosion effect on both anodic and cathodic reactions [35,36]. More so, careful
observation of the results presented in table 4 showed that corrosion current density values
are much lower in the presence of AHA, BHA and OHA than that of in their absence. This
observation suggests that AHA, BHA and OHA effectively adsorb on the metallic surface

using their electron rich centers and block the active sites responsible for the corrosion [35-
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36]. Observation of the results also showed that presence of AHA, BHA and OHA did not
cause any significant shift in the value of corrosion potential (Ecor) indicating that AHA,
BHA and OHA act as mixed type inhibitors [37-39]. The order of protection efficiencies of
AHA, BHA and OHA derived from PDP study was consistent with the order of protection

efficiency derived using weight loss method.
3.2.2. Electrochemical impedance spectroscopy (EIS)

EIS is one of the most important electrochemical methods to demonstrate the interfacial
behaviours of corrosion inhibitors. Nyquist plots for MS corrosion in 1 M HCI at different
AHA, BHA, and OHA concentrations are shown in Fig. 4 (a-c). Nyquist plots represent a
single semicircle indicating that MS corrosion with and without AHA, BHA and OHA
involve a single charge transfer (SCT) mechanism. The SCT mechanism of MS corrosion in
1M HCI with and without AHA, BHA and OHA was further reinforced by single maxima in
the Bode plots (Fig.5). Increase in the diameter of the Nyquist curves on increasing the AHA,
BHA and OHA concentration is attributed to the increase in the value of charge transfer
resistance due to AHA, BHA and OHA adsorption at the MS-1M HCI interfaces. This finding
suggests that AHA, BHA and OHA act as interface type inhibitors and their presence results
in to formation of protective film at metal-electrolyte interfaces [40]. Equivalent circuit used
for fitting of Nyquist curves is presented in Fig. 6[41]. The double-layer capacitance (Cq) for

MS corrosion can be presented as follows [42]:
Car = Yo(a)max)”_l(l3)

where, n and Y, represent the phase shift and exponent, respectively. o represents the angular
frequency. Different EIS parameters are summarized in Table 5. Increase in the value of R
and decrease in the values of Cg is attributed to the adsorption of AHA, BHA and OHA on
metallic surface and increase in the thickness of electric double layer, respectively [43-45].

3.4. SEM-EDS analyses

SEM images and EDX spectra of MS surfaces corroded in 1M HCI with and without AHA,
BHA and OHA are shown Fig. 7 (a-d) and Fig. 8 (a-d), respectively. It can be clearly seen
that morphology of the MS surfaces are much smoother in the presence of AHA, BHA and
OHA than that of in their absence. This observation reveals that AHA, BHA and OHA adsorb
on metallic surface and protect from corrosive degradation. The adsorption of the AHA, BHA

and OHA on MS surface was further supported by EDX spectral analyses. Increase in the
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intensity of EDX signal for oxygen and presence of additional signals for heteroatoms (Table
6) in the presence of AHA, BHA and OHA validate the adsorption mechanism of corrosion
inhibition.

3.5. X-ray diffraction (XRD) analysis

Recently, XRD has immersed as one of the potential tool for the identification of crystalline
phase and to identify the nature of protective layer deposited onto metallic surface. Fig. 9
represents the XRD patterns of the inhibited and uninhibited scratched samples. Fig. 9a
depicts the XRD pattern of scratched sample of mild steel surface in the presence of 1 M
HCI. The XRD pattern shows three peaks at 26 = 37.2°, 43.5°, 44.7° and 54.8° which is
resulted due to deposition of surface metallic oxides (Fe;0, and FeOOH) [31, 46]. Careful
observation (Fig. 9b-d) showed that XRD patterns of the scratched samples containing AHA,
BHA and OHA showed XRD peaks of little intensities. The decrease in intensities of XRD

patterns indicates the non-crystalline nature of deposit protective oxide layers.
3.6. Quantum chemical calculations

DFT based quantum chemical calculation is one of the most significant and frequently used
computational methods to demonstrate the adsorption and interaction behaviour of corrosion
inhibitors [47-50]. Recall that several DFT based parameters such as E umo (Lowest
Occupied Molecular Orbital), Enomo (Highest Unoccupied Molecular Orbital), dipole
moment (u), energy gap (AE), electron transfer fraction (AN), global hardness () and
electronegativity (y) are computed from the keto and enol forms and some of the major
conformational isotherms of AHA, BHA and OHA and are presented in Table 7. From the
frontier molecular orbital picture it can be seen that HOMO and LUMO are localized over the
entire parts of the AHA, BHA and OHA molecules. This observation suggests that they act as
strong electron donor as well as strong electron acceptor. Obviously, HOMO defines the part
of inhibitor molecules responsible for electron donation and a higher value of Epomo IS
consistent with high electron donating ability. Conversely, LUMO defines the part of
inhibitor molecules responsible for electron acceptance and a lower value of E ymo IS
consistent with high electron accepting ability [51, 52]. Careful observation of the results
presented in Table 7 showed that AHA, BHA and OHA are associated with relatively high
values of Exomo and lower values of E uwmo therefore they offer strong donor-acceptor
interactions with the metallic surface and act as effective corrosion inhibitors[53]. Frontier
molecular orbital pictures (HOMO and LUMO) for AHA, BHA and OHA are shown in Figs.
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10-12. DFT studies were carried out for keto and enol forms of the AHA, BHA and OHA
molecules along with some common conformational isomers. Different conformational
isomers are constructed based on the orientation of hydroxyl (-OH) attached with nitrogen
with respect to the carbonyl (>C=0) functional group as presented in Figs. 10-12.

It is important to mention that C-N bond of AHA Keto-I acquires the bond length of 1.37A
which is relatively lesser as compared to the normal C-N bond length. The reduction in the C-
N bond length is might be due to resonance between carbonyl (>C=0) functional group and
unshared pair electrons of nitrogen. Intermolecular H-bonding between >C=0 (carbonyl) and
—OH (hydroxyl) groups can also plays a significant role in the reduction of C-N bond length.
The H-bond length in Keto-I form (AHA) was 1.96A. In AHA Keto-II form (>C=0 and —-OH
present in the opposite side), observed C-N bond length was 1.40 A. Similarly, C-N and H-
bonding acquire the bond lengths of 1.38 A and 1.93 A, respectively.

The OHA has two hydroxamic acid groups therefore theoretically three major conformational
isomers are possible as presented in Fig. 12. It important to notice that AHA, BHA and OHA
in their keto and enol forms do not show any remarkable change in the DFT parameters.
Similarly, different conformational isomers also did not show any remarkable change in their
values of DFT indices. However, careful observation of the DFT results presented in Table 7
showed that conformational isomeric forms of AHA, BHA and OHA in which >C=0 and —
OH (hydroxyl) groups present in same side are more effective corrosion inhibitors than that
of their enol-tautomeric forms. This can be explained on the basis of complexation behaviour
of AHA, BHA and OHA with metallic d-orbital. Obviously, in keto-tautomeric form in which
>C=0 and —OH (hydroxyl ) groups present in same side behave as chelating ligands and form
relatively more stable complex than that of the conformational isomeric forms of AHA, BHA

and OHA in which >C=0 and —OH groups present in opposite side.
3.7. Corrosion inhibition mechanism

It is well established that most of the organic compounds interact with metallic surface using
donor-acceptor or charge sharing mechanism. Mostly, they interact with physiochemisorption
mechanism. Physisorption is mostly occurs via the interaction between charge metallic
surface charged inhibitor molecules whereas chemisorption takes place through charge
sharing between metallic orbitals and inhibitor molecules. Several factors including
temperature, nature of metal and electrolyte, immersion time etc. affect the adsorption

behaviour of the inhibitor molecules. Nevertheless, adsorption of inhibitor molecules results
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into the formation inhibitive films that isolate the metal from corrosive environment [54]. It is
established that in acidic medium, adsorption of organic inhibitors containing heteroatoms in
their molecular structures proceeds through physisorption and finally chemisorption. The
compounds tested as corrosion inhibitors in the present study contain numerous electron rich
centers through which they can effectively adsorb and inhibit metallic corrosion. These
electron rich centers transfer their non-bonding and w-electrons into surface metallic orbital
and form coordination bondings [55,56]. The adsorption behaviour of different tested

corrosion inhibitors is illustrated in Fig. 13.
4. Conclusions

In the present study, corrosion inhibition effect of three hydroxamic acids namely
acetohydroxamic acid (AHA), benzohydroxamic acid (BHA) and oxalohydroxamic acid
(OHA) for mild steel corrosion is evaluated using chemical, electrochemical, surface and

DFT methods. Following conclusions were drawn:

1. AHA, BHA and OHA act as effective corrosion inhibitors for mild steel in 1M HCI

2. Their effectiveness followed the order: OHA (96.37%)> BHA (95.69%)> AHA
(93.29%).

3. Potentiodynamic polarization study showed that AHA, BHA and OHA behaved as
mixed type corrosion inhibitors.

4. EIS study showed that AHA, BHA and OHA behaved as interface type.

5. Adsorption of AHA, BHA and OHA at the interface of MS and 1M HCI obeyed the
Langmuir adsorption isotherm model.

6. DFT study suggests that AHA, BHA and OHA interact with donor-acceptor
interactions.

7. In conformational isomeric forms of AHA, BHA and OHA in which >C=0 and —-OH

(hydroxyl) groups present in same side behave as chelating ligands.
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Figure 2: Langmuir plots of Log C (ppm) vs Log (6/1-6) for adsorption of OHA, BHA and
AHA molecules on MS surface in 1M HCI.

24



E (mV vs. SCE)

-200- (A)
-# Blank
& 40 ppm K
-4 60 ppm .:'
-+ 80 ppm o
— =400+
w
O
7]
)
>
>
E
W 600
105 104 1073 102 10 100
Current (A/cm?)
-200-
- Blank (B)
& 40 ppm
-400 —
<600 —
105 104 103 102 101 10°

Current ( A /cm?)

25




-200

- Blank ‘C)
& 40 ppm
-4 60 ppm
-~ 80 ppm
W -400-
O
(%)
o
>
>
E
W .600-
106  10° 104 1073 102 101 100

Current (A/cm?)

Figure 3: Potentiodynamic polarization curves for mild steel in molar concentration of
hydrochloric acid (1 M HCI) and different concentrations (40-80 ppm) of (a) OHA, (b) BHA
and (c) AHA at room temperature.

26



140 —m—40 ppm ' ' (A) ' T N~:'2‘" o Blank
| =2 5o pem I
120 A— 80 ppm é 6 ... ..0..
B g 4 -1
100 N2
O1 2 3 4 5
| Z real @ cm2,
80 - T
60+ A * A 4
A . A
40 Ae ® o A
A’ n U ¢ A _
20 2" L * A
| n ° A
0 LN . ‘

0 20 40 60 80 100 120 140 160 180 200

Z real (Q cm2)

140 ; . r . r 14 -
|[ = 40ppm (B) L1z B
120 A 60 Ppm G 8 ..000..
¢ 80 ppm gg %, ]
N 2
100 12 3 4 5]
o Z real Q cm2, |
£ 80
o
G
o 60- * ¢ 4 1
3+ L 2 ¢
E 4]
N L L J
A A R 0‘ .
20 -
4 a ”
[ A »
0 T T T T T T T
0

20 40 60 80 100 120 140 160 180

Z real (@ cm2)

27



100 T T T T T T 44
E 40 ppm (C) ‘E}gw
o o
80 . ppm g |
,\I 2
0o1 2 3 42 5 |
NA Z real  cm4,
£ 60 -
o
G .
=~ L g
> 40 . ¢ -
E I A *
N oa 4 A *
20 - A * -
1 L
i A i
O—P T T T T T T T T

Z real (© cm2)

Figure 4: Nyquist plots for mild steel in molar concentration of hydrochloric acid (1 M HCI)
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Figure 7:SEM microphotographs of mild steel in molar concentration of hydrochloric acid (1
M HCI) after 6h immersion period at 298 K (a) after immersion in 1 M HCI, (b) after
immersion with 80 ppm OHA, (c) after immersion with 80 ppm BHA and (d) after immersion
with 80 ppm AHA
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Figure 8:EDS spectra of mild steel coupons in molar concentration of hydrochloric acid (1 M
HCI) (a) after immersion in 1 M HCI, (b) after immersion with 80 ppm OHA, (c) after
immersion with 80 ppm BHA and (d) after immersion with 80 ppm AHA.
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Fig. 9. XRD pattern of scratches sample of mild steel in 1 M HCI (a) after immersion in 1 M
HCI, (b) after immersion with 80 ppm OHA, (c) after immersion with 80 ppm BHA and (d)
after immersion with 80 ppm AHA.
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Fig. 10. The optimized structure (left), HOMO (middle) and LUMO (right) for keto and enol
forms of AHA respectively.
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Fig. 11. The optimized structure (left), HOMO (middle) and LUMO (right) for keto and enol
forms of AHA respectively.
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Fig. 13: Possible adsorption mechanism of a) AHA b) BHA and, ¢c) OHA onto metal surface
in 1 M HCI aqueous solution.
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Table 1: IUPAC names, Chemical structures, abbreviations and analytical data of the
investigated inhibitor (AHA, BHA and OHA) molecules.

S. IUPAC name Structures Analytical and spectral data
No.
1  N-hydroxyacetamide o) CoHsNO,; Mol. wt.:75.07D; M. P.:
(Acetohydroxamic acid) AHA )J\ _OH 88°C+1, IR (KBr): 3227.85, 2868.93,
HsC H 1659.64, 1449.79, 1376.02; ‘HNMR
(DMSO, & ppm): 8.72, 2.1, 2.2;
BCNMR (DMSO, &, ppm): 173.9,
38.8
2  N-hydroxybenzamide o) C;H;NO;; Mol. wt.:231.20D; M. P.:
(Benzohydroxamic acid) BHA @-{ 128°C 1, IR (KBr): 3298.05,
NH 2754.55, 1646.72, 1636.44, 1315.86;
'HNMR (DMSO, &, ppm): 7.61, 7.8,
2.60; BCNMR (DMSO, & ppm):
164.6, 128.81, 39.94
N LN 2-dihydroxyoxalamide HO—NH C,H4N204; Mol. wt.:120.06D; M. P.:
(Oxalohydroxamic acid) OHA o 161°C  #1, IR (KBr):3271.87,
HN——C 1654.81, 1442.14; 'HNMR (DMSO,
\ N 5, ppm): 10.2, 2.5; *CNMR (DMSO,
HO 8, ppm): 157.20

3
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Table 2: Parameters derived from weight loss measurements in the absence and presence of

inhibitors at different concentrations (20-80 ppm) and temperature (298 — 328 K) for mild

steel in 1 M HCI.
Inhibitor Conc. Corrosion Rate, Inhibition Efficiency (%I1E)
p, (mgcm?h™)
(Ppm)

298K 308K 318K 328K 298K 308K 318K 328K

OHA Blank 0.854 1.562  3.088 4.665 - - - -
20 0.085 0.245  0.631 1.021 90.04 8431 79.57 78.11
40 0.069 0.201  0.587 0.880 91.92 86.56  80.99 81.14
60 0.049 0.168  0.513 0.755 94.26 89.24  83.39 83.82
80 0.031 0.122  0.445 0.704 96.37 9219 85.59 84.91

BHA Blank 0.766 1.585  3.447 4.878 - - - -
20 0.098 0.255 0.744 1.302 87.20 83.91 7841 73.31
40 0.075 0.214  0.589 1.213 90.20 86.49 8291 75.13
60 0.050 0.198  0.502 1.156 93.47 8750 85.44 76.30
80 0.033 0.172  0.455 1.103 95.69 89.14  86.80 77.39

AHA Blank 0.954 1.445 3.144 4,551 - - - -
20 0.131 0.252  0.568 1.222 86.26 8256 81.93 73.15
40 0.112 0.213 0514 1.178 88.26 85.26  83.65 74.12
60 0.087 0.178  0.495 1.104 90.88 87.68  84.25 75.74
80 0.064 0.153  0.466 0.998 93.29 89.41 85.18 78.07

Table 3: Gibb’s free energies (AGags) and adsorption constants (Kags) values without and with
inhibitors at different concentration (20-80 ppm) and temperature (298 — 328 K) for mild
steel in 1 M HCI.



Inhibitor Temp. (K) R Kads AGags

(L mol™) (kd mol )
OHA - - - -
298 0.9993 416.66 -24.890
308 0.9983 294.12 -24.833
318 0.9988 322.58 -25.882
328 0.9978 322.58 -26.705
BHA - - - -
298 0.9992 312.50 -24.177
308 0.9980 500.00 -26.198
318 0.9969 555.50 -27.318
328 0.9978 303.03 -26.524
AHA - - - -
298 0.9989 344.83 -24.422
308 0.9995 344.83 -25.240
318 0.9999 322.58 -25.882
328 0.9985 333.33 -26.794

Table 4: Parameters derived from Tafel polarisation in the absence and presence of inhibitors
at different concentration (20-80 ppm) and temperature (298 — 328 K) for mild steel in 1 M
HCI.

Inhibitors Concentration Tafel polarisation parameters
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(Ppm)

leorr Ecorr Ba B Yonpeory  YOIEwL)
(Wcmz) (mV vs SCE) (mv dec-l) (mv dec-l)
Blank 86.31 -518 270.9 305.5 - -
OHA 40 8.707 -507 85.22 142.6 89.91 91.92
60 6.285 -500 77.60 188.2 92.71 94.26
80 4.557 -491 82.67 161.3 94.72 96.37
BHA 40 11.13 -522 58.81 58.33 87.10 90.20
60 08.86 -504 75.24 128.5 89.73 93.47
80 05.18 -507 84.41 140.4 93.99 95.69
AHA 40 12.25 -510 110.4 192.0 85.80 88.26
60 09.36 -504 124.4 222.1 89.15 90.88
80 07.58 -518 107.1 131.3 91.21 93.29

Table 5: Parameters derived from electrochemical impedance spectroscopy (EIS) in the
absence and presence of inhibitors at different concentration (20-80 ppm) and temperature
(298 — 328 K) for mild steel in 1 M HCI.
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Inhibitor Conc. (ppm) Rs () Ret (Q em?) Cal (0F cm™) %Rl %I EwL
Blank 0.985 05.22 122.4 - -

OHA 40 1.522 88.40 83.51 94.09 91.92
60 0.906 131.2 80.23 96.02 94.26

80 0.844 181.7 69.95 97.12 96.37

BHA 40 1.022 29.83 107.8 82.50 90.20
60 1.561 73.48 87.45 92.89 93.47

80 2.314 166.2 63.02 96.85 95.69

AHA 40 1.554 25.22 74.01 79.30 88.26
60 1.582 74.09 52.23 92.95 90.88

80 3.498 119.6 31.14 95.63 93.29

Table 6: Percentage composition (wt %) of elements of mild steel surface in the absence and

presence of inhibitors (80 ppm each) obtained from EDS spectral method.

45



Media

Mild Steel (MS)
MS in 1 M HCI

MS in AHA + HCI solution
MS in BHA + HCI solution

MS in OHA + HCI solution

Composition (wt %)

Cl
99.60 -
92.92 5.88
88.71 0.31
87.15 0.40
87.15 0.48

O
0.08
1.20

3.41

3.30

3.42

C

0.18

4.44

5.04

5.13

S
0.06

0.03

3.13

411

3.80

Cr

0.04

Table 7: DFT parameters derived for different tautomers and conformational isomers of

AHA, BHA, OHA.

Compound Ervomo | ELumo AE IE EA n X c
(eV) (eV) (eV) V) | (eV) (eV)
AHA
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Keto-| 650 | 018 | 668 | 650 | 018 | 334 | 334 | 0.299
Keto-lI 6.90 | 020 | 7.10 | 6.90 | 020 | 355 | 355 | 0.281
Enol-I 627 | 078 | 7.05 | 6.27 | -0.78 | 352 | 352 | 0.284
Enol-I1 614 | 080 | 6.94 | 614 | 080 | 347 | 347 | 0288
BHA
Keto-I 647 | -136 | 511 | 647 | 136 | 255 ] 391 | 0.392
Keto-lI 684 | -122 | 562 | 684 | 122 | 287 | 403 | 0348
Enol-I 611 | -1.07 | 504 | 611 | 1.07 | 252 | 359 | 0.39
Enol-1| 6.02 | -092 | 510 | 6.02 | 092 | 255 | 324 | 0.392
OHA
Keto-| 718 | -1.78 | 540 | 7.18 | 1.78 | 270 | 448 | 0.370
Keto-II 6.93 | -0.86 | 606 | 6.93 | 0.86 | 3.03 | 3.89 | 0.330
Keto-111 6.75 | -1.76 | 499 | 6.75 | 1.76 | 249 | 4255 | 0.401
Enol-I 626 | -112 | 514 | 626 | 112 | 257 | 3.69 | 0.389
Enol-11 6.30 | -0.82 | 548 | 6.30 | 0.82 | 274 | 356 | 0.364
Enol-11I 601 | -1.06 | 496 | 601 | 1.06 | 248 | 353 | 0.403
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Highlights

. Three hydroxamic acids (HAs) used as corrosion inhibitors for mild steel in 1M HCI.

. Their effectiveness followed the sequence: OHA (96.37%) > BHA (95.69%) > AHA
(93.29%).

HAs acted as mixed type corrosion inhibitors.

. Adsorption of HAs on metal-1M HCI interfaces followed the Langmuir adsorption
isotherm model.

Effect of Keto-enol tautomerism and different possible conformational isomers was
demonstrated using DFT methods.
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