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Understanding the adsorption performance of two
glycine derivatives as novel and environmentally

safe anti-corrosion agents for copper in chloride
solutions: experimental, DFT, and MC studies
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The inhibition impacts of two non-toxic glycine derivatives, namely, bicine (N,N-bis(2-hydroxyethyl)glycine)

and tricine (N-(tri(hydroxymethyl)methyl) glycine) on copper corrosion were investigated in 3.5% NaCl

solutions. Surprisingly, there is no report on using bicine and/or tricine as corrosion inhibitors for Cu and

its alloys in a seawater-like environment. The effects of bicine and tricine on the corrosion behavior of

Cu in 3.5% NaCl were examined using the open circuit potential, Tafel polarization, and AC spectroscopy

(EIS) techniques. The corrosion rate decreased as a function of the inhibitor dose. The Tafel and EIS

parameters showed that the inhibitors decreased both the anodic and cathodic corrosion currents and

inhibited the charge transfer process by adsorption on the Cu surface. The inhibition property was
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attributed to the adsorption of inhibitor molecules with the Langmuir model. Tricine showed a superior

inhibition performance of more than 98% at a concentration of ~5 mmol L™t The free energy of

DOI: 10.1039/c9ra08617j
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1. Introduction

Copper is an important metal not only for its corrosion resis-
tance, but also for its wide industrial applications, in which the
metal itself or its alloys are involved. The corrosion resistance of
copper has been attributed to the accumulation of corrosion
products on its surface, forming a protecting layer. This layer
undergoes periodic degradation in the presence of chlorides,
sulfates, sulfides, nitrates, or ammonia pollutants. Such
pollutants can pierce the protecting layers through weak spots
like pores or cracks, thus increasing the corrosion rate.* The
protective film formation is always enhanced in acidic solu-
tions, particularly at low temperatures. In the presence of Cl~
ions, Cu(i) complexes are formed, where the kinetics of anodic
metal dissolution is not affected by the solution pH. The
mechanism of Cu dissolution is similar in both acidic and
neutral solutions.” Recently, the electrochemical dissolution of
Cu in chloride-containing solutions was critically reviewed.?

“Egyptian Petroleum Research Institute (EPRI), Nasr City, 11727, Cairo, Egypt. E-mail:
amr.elgendy40@yahoo.com; Tel: +201001360595

*Chemistry Department, Faculty of Science, Fayoum University, Fayoum, Egypt.
E-mail: hashem_nady@yahoo.com; nhmahmod@ju.edu.sa; Tel: +966535589807;
+201069878104

‘Chemistry Department, College of Science and Arts in Qurayate, Jouf University, 2014,
Saudi Arabia

‘Chemistry Department, Faculty of Science, Al-Azhar University (Boys Branch), Nasr
City, Cairo, Egypt

42120 | RSC Adv, 2019, 9, 42120-42131

adsorption data revealed physical adsorption. The outcomes of Monte Carlo simulations and theoretical
studies well supported the experimental data.

Among the proposed mechanisms, there is agreement that Cu
dissolution involves the oxidation of Cu to form CuCl species,
followed by the formation of CuCl, .**® The polarization
behavior shows an apparent Tafel area corresponding to the
formation of CuCl, followed by the control of the mass transport
and the appearance of a mixed-kinetic region, where the current
increases due to the bivalent Cu species.*® The use of different
inhibitors of Cu corrosion, especially organic molecules, in
different media has been extensively studied.'*® The extent of
inhibitor adsorption, which in turn dictates the inhibition
activity, relies on some factors such as the constituents of the
metal or the alloys, the chemical composition of electrolytes,
electronic characteristics and concentration of the inhibitor
molecules as well as the solution temperature of the corrosive
environment. Organic compounds containing N, S, or O are
among the most used anti-corrosion materials." Although, the
interaction mechanism between the inhibitor molecules and
the Cu surface is still not totally clear, there have been extensive
efforts to clarify how the organic molecules reduce Cu corro-
sion, particularly by correlating experimental results with the
coefficients of the frontier molecular orbitals (HOMO and
LUMO) obtained from quantum chemical studies.'®'® Hetero-
cyclic compounds are known to be effective Cu corrosion
but most of these
compounds are toxic or carcinogenic and very harmful to the
environment. It is thus very important to orient research to
develop biodegradable corrosion inhibitors that possess good

inhibitors in aqueous solutions,'®>***

This journal is © The Royal Society of Chemistry 2019
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corrosion inhibition efficiency and are not toxic. In the last
decade, some published papers suggested eco-friendly corro-
sion inhibitors for different metallic materials.>*>*

Intense research efforts are directed to find new environ-
mentally friendly inhibitor compounds for Cu corrosion in
seawater media. In this paper, we used bicine and tricine as
novel inhibitors to control the corrosion of Cu in aerated 3.5
mass% NacCl solutions. To the best of our knowledge, no report
on bicine and/or tricine as a Cu corrosion inhibitor in Cl -
containing media has been published till date. Both materials
are water-soluble and have minimal tendency to bind to soil or
sediments. They are not expected to be biodegradable but are
non-toxic and unlikely to persist in the environment. The
corrosion rate and % of inhibition efficiency were determined
using OCP, AC and DC electrochemical measurements.

2. Experimental

2.1. Materials and sample preparation

Bicine and tricine were bought from Sigma-Aldrich with the
chemical structures presented in Fig. 1. A commercial Cu
sample was obtained from a company involved in NaCl and
Na,SO, production from saltwater in Egypt with the chemical
composition (0.001 Al, 0.02 Ni, 0.003 Mn, 0.007 Zn, 0.033 Sn,
0.002 Fe, 0.004 Si, with Cu as the remainder in mass%). The Cu
working electrode was cut into a cylindrical rod and fixed into
an appropriate glass tube by epoxy resin leaving a 0.2 c¢cm’
external circular cross-section. For the AC and DC electro-
chemical studies, a three-electrode glass cell was utilized
comprising a Cu working electrode (WE), a platinum coil
counter electrode (PE), and a saturated calomel electrode (SCE)
reference electrode (RE) (SCE; E° = 0.245 V vs. the standard
hydrogen electrode, SHE). The WE was treated by abrading with
abrasive emery papers down to 2000 grit, followed by washing
with bi-distilled water before rapidly immersing it into the cell.
Different ranges of the inhibitor (1 to 20 mM L™ " at pH 7, 298 K)
in 3.5% NaCl solutions were studied.

2.2. Electrochemical experiments

The electrochemical techniques were implemented using
a Volta lab 10 PGZ “All-in-one” potentiostat/galvanostat work-
station. The steady-state potential (Es) was obtained by
immersing the electrode in the electrolyte under an unstirred
condition, where the potential change did not exceed 0.1
mV min . The potentiodynamic experiments were conducted
at a scan rate of 10 mV s~ '. The values of the corrosion poten-
tial, E.orr, and corrosion current density, i.or, were obtained

OH
H (0]
\ (o] HOX\)J\OH
HO/\/N\)kOH HO OH
Bicine Tricine

N,N-Bis(2-hydroxyethyl)glycine N-(Tri(hydroxymethyl)methyl) glycine

Fig.1 Chemical structures of bicine and tricine.
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Fig. 2 Variation of the open circuit potential of a copper electrode in
stagnant naturally aerated 3.5 mass% NaCl solutions in the absence
and presence of different concentrations of bicine (a) and tricine (b).

from the Tafel curves. For the EIS measurements, a 10 mV peak-
to-peak sine wave was applied as the excitation signal in the

frequency range from 100 kHz to 10 mHz. The AC
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Fig. 3 Variation of the open circuit potential of a copper electrode in
stagnant naturally aerated 3.5 mass% NaCl solutions in the absence
and presence of 5 mM bicine and tricine.
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(@ and b) Potentiodynamic polarization curves of copper in 3.5% NaCl solutions in the absence and presence of glycine, bicine, and tricine.

(c) Potentiodynamic polarization curves of pure Cu in 3.5% NaCl solution free from and containing 5 mM of cysteine and methionine. (d)
Potentiodynamic polarization curves of copper in chloride-free and chloride-containing solutions in the absence and presence of 10 mM tricine.
(e) Variations of the inhibition efficiency calculated from the polarization measurements at different concentrations of bicine and tricine in 3.5%

NaCl solutions.

measurements were conducted at Eg to be sure that the surface
morphology did not change. The % of inhibition efficiency, 7,
was calculated for each dose from both electrochemical tech-
niques. Different adsorption models were examined. The
experimental results were carried out at least three times with
good reproducibility.

2.3. Quantum chemical model

All the investigated quantum chemical indices (QCIs) for the
researched compounds, namely bicine, tricine, and glycine

42122 | RSC Adv, 2019, 9, 42120-42131

(basic structure), were done using the density functional theory
(DFT) with unrestricted spin using the DMol; module in
Materials Studio software (Accelrys Inc.). In the DFT study, the
generalized gradient approximation (GGA) of the BOP function
was used through the double-numeric basis set (DNP 3.5). Some
of the outputs of the computational calculation from the
geometry optimized compounds were used to estimate some
derived parameters, as shown in Table 4, namely, the energy
gap between the frontier molecular orbitals; S (softness, which
has an indirect relationship with the chemical reactivity, S = 1/

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 The adsorption mode of the zwitter inhibitor onto the
copper surface.

n); m, hardness (reciprocal of softness, n = 1/2[0°E/0*N*],);
dipole moment and ionization potential (I); and electron affinity
(4) as well as ANp,ax = x/27 (the maximum number of electrons
transferred between the inhibitor and metal surface).>”?* All the
previous parameters were obtained in gas, solution, and
protonated phases. For the solvent effect, certain COSMO
control was used, as described previously.*

The adsorption phenomena of the investigated compounds
over the Cu surface were simulated by Monte Carlo (MC)
simulations through adsorption Locator modules developed in
Materials studio. The most stable surface of the Cu plane was
selected as an adsorbent to simulate the adsorption process; Cu
(111) represented the most thermodynamically stable form. For
the MC simulation, the Cu (111) surface was split with 3 A
thickness and the cleavage plan was expanded to a 15 x 15
supercell; then, a vacuum slab with 25 A thickness was built
above the Cu (111) crystal to remove the periodic boundary
effect. COMPASS force field was used to obtain the minimum
energy for the Cu (111) surface and the simulation method was
atom-based. Throughout the simulation annealing study, the
adsorbed molecule was in a free state, while the Cu surface was

View Article Online
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kept frozen. Here, 10 conformations were obtained from the MC
simulation. For each conformation, several energy parameters
were gained. The most stable one was taken into consideration.

3. Results and discussion

3.1. Steady-state potential (Es;) measurements

The effect of bicine or tricine on the potential-time behavior of
Cu was traced in stagnant 3.5 mass% NaCl solutions over 1 h.
Fig. 2(a and b) show the variation of the open circuit potential,
OCP, of WE in the solutions free from and containing different
concentrations of the tested inhibitors, respectively. Egs was
reached within less than 20 min from immersing WE in the test
solution. Obviously, the presence of the inhibitor shifted E to
more positive potentials. This anodic shift may indicate the
adsorption of the investigated molecules on the active corrosion
centers, leading to the shift in the potential to the anodic
direction. In the absence of the inhibitor molecules, the OCP of
the Cu electrode became more negative within the first 20 min
and then reached the steady-state value, which is a character-
istic of corroding surfaces. Also, at the same concentration of
both inhibitors, the positive shift in Ey in the presence of tri-
cine was more than that recorded with bicine. For comparison,
Fig. 3 presents the change in the OCP of the Cu electrodes in C1™
solutions free of inhibitors and containing 5 mM of the inhib-
itors. It is clear that tricine is relatively more effective as an
inhibitor of Cu corrosion in the chloride solutions.

3.2. Polarization measurements

The potentiodynamic polarization curves for the Cu electrode
immersed in 3.5% NacCl solutions in the absence and presence
of the investigated inhibitors are shown in Fig. 4. As shown in
Fig. 4a, the polarization curve of the Cu electrode in the
chloride-containing solutions exhibits two anodic peaks that
can be ascribed to Cu oxidation. The kinetics and mechanism of
the anodic dissolution of bare Cu in chloride-containing envi-
ronments have been studied extensively.****> The electro-
chemical dissolution mechanism of Cu in chloride solutions is

Table 1 The corrosion parameters of the copper corrosion in stagnant naturally aerated neutral 3.5 mass% NaCl solutions free from and
containing different concentrations of bicine or tricine at 25 °C. The surface coverage and surface concentration are also included

Concentration Surface area Surface conc.
(mM L) icorr (MACmM ™) Eeor (MV/SCE) B, (mVdec™) B,(mVdec ) % SD(£) 0 (ecm?) (mol L™! em™?)
Blank 7.64 —389 —78.8 56.6 — —

Bicine

1 3.17 —638.1 —89.8 131.2 58.5(i1.4) 0.59 0.12 14.4 x 10°*

3 1.34 —329.3 —146.8 94.8 82.5(:|:2.2) 0.83 0.17 20.4 x 1074

5 1.26 —306.4 —162.2 86.9 83.5(:|:2.6) 0.84 0.17 20.6 x 10°*

10 0.18 —245.2 —83.9 44.5 97.6(:|:3.4) 0.98 0.20 24.1 x 10
Tricine

1 0.23 —200.5 —77.1 89.1 97.0(:|:0.40) 0.97 0.19 17.6 x 10°*

3 0.22 —262.5 —92.8 33.3 97.1(:|:0.71) 0.97 0.19 17.6 x 10~*

5 0.13 —273.0 —69.5 63.9 98.Z(j:0.14) 0.98 0.20 17.8 x 10°*

10 0.13 —305.6 —70.4 45.1 98.4(i0.21) 0.98 0.20 17.9 x 10~*
This journal is © The Royal Society of Chemistry 2019 RSC Adv, 2019, 9, 42120-42131 | 42123
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Fig. 5 (a) Bode plots of the copper electrode in 3.5% NaCl solutions in
the absence and presence of bicine and tricine; inset: equivalent
circuit model used to fit the EIS experimental data. (b) Experimental
Nyquist plots recorded in 3.5% NaCl solution for Cu in the absence
(inset) and presence of 10 mM tricine. The solid lines represent the
fitted data according to the equivalent circuit model of (a) inset.

as follows:* the current density increases till the anodic peak a;
is attained, which is ascribed to the anodic dissolution of Cu to
a cuprous ion, Cu’, according to the equation Cu — Cu' +e".
Then, an insoluble adsorbed species of cuprous chloride, CuCl,
is formed in the presence of ClI~ ions (Cu’ + CI~ = CuCl) and
a decrease in the current density is recorded. The increase in the
Cl™ ion concentration leads to attack on the insoluble CuCl
film, which transforms into a soluble CuCl,” complex (CuCl +
Cl” = CuCl, ).** CuCl, is believed to control the kinetics of the
anodic dissolution of Cu in the inhibitor-free solutions, whereas
at Cl~ ion concentrations higher than 1 M, CuCl;*>~ and CuCl*~
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complexes may be formed.** At Cl™ ion concentrations lower
than 1 M, the dissolution of Cu takes place through the
formation of CuCl, which is not protective enough and is con-
verted to soluble CuCl™ by reacting with excess Cl *°. In an
aerated chloride solution, the cathodic counter-reaction is
actually oxygen reduction: O, + 2H,O + 4e~ — 40H . The
insoluble corrosion products formed on the electrode surface
may suppress the rate of both anodic dissolution and oxygen
reduction. Therefore, the corrosion of Cu is controlled by O,,
Cl-, Cu', and CuCl™ mass transfer to and from the electrode
surface.*»* The potentiodynamic polarization behavior of the
Cu electrode was recorded in the absence and presence of
different concentrations of bicine and tricine. Obviously, the
presence of the glycine derivatives shifted the polarization
curves towards lower current densities. Also, the same behavior
was observed with an increase in the inhibitor concentration.
The recorded polarization curves were parallel, which indicated
that the mechanism of the corrosion process was not affected by
adding the inhibitor and was controlled just by suppressing the
rates of the anodic and/or cathodic reactions.***” The blank
anodic Tafel side showed an anodic peak at positive potentials,
which disappeared after the injection of the inhibitor mole-
cules. This may be due to the adsorption of the inhibitor
molecules on the WE surface. The adsorption process leads to
the suppression of the oxidation rate, which happens at the
start of corrosion.**® Fig. 4(a and b) represent the Tafel curves
of WE measured after reaching E¢ in stagnant 3.5 wt% NaCl
solutions free from and containing 3 and 5 mM bicine or tri-
cine. For comparison, glycine and some effective inhibitors
such as cysteine and methionine were also used and the results
are shown in Fig. 4(a and c). In an inhibitor-free solution,
a current peak was recorded, which refers to the formation of
CuCl on WE.* Also, glycine did not give effective corrosion
inhibition, as seen from the anodic branch. Moreover, the
addition of cysteine and methionine showed lower inhibition
efficiency than that for the inhibitors under investigation. The
figure shows clearly that tricine is more effective as an inhibitor
and establishes its inhibition performance via the adsorption of
its molecules over the corrosion active sites by a large number of
heteroatom centers. The adsorption process is influenced by the
molecular structure as well as the nature and the type of charge
on the substrate.**** Thus, the corroding Cu surface to be
protected is usually free from oxides, and this allows the
inhibitors to exert their action either by retarding the cathodic
and/or the anodic processes. The excellent corrosion inhibition
characteristics of these molecules can be associated with the
lone pair of electrons on the N atom and the presence of side

Table 2 The fitting impedance parameters of the copper electrode in stagnant naturally aerated neutral 3.5 mass% NaCl solutions free from and

containing 5 mM bicine or tricine at 25 °C

Inhibitors Ry/Q R /kQ em? Ca/pF cm ™2 R{/kQ cm? Cg¢/uF cm™2 Ry/kQ cm? 1% SD(+)
Blank 2.2 0.28 22.8 1.1 182.3 1.4 —

Bicine 26.7 1.8 8.8 5.1 250.6 6.9 84.4(:i:3.70)
Tricine 39.9 23.7 8.5 123.8 10.3 147.5 98.8(+1.14)

42124 | RSC Adv, 2019, 9, 42120-42131
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chains also containing lone pairs of electrons. Being amino acid
molecules, they will be present in the form of zwitter ions in
neutral solutions.”” Both molecules form zwitter ions contain-
ing a negatively charged carboxyl group and a protonated amino
group. Thus, it is very difficult for inhibitor molecules with
a positive charge to get adsorbed on a positively charged
substrate because of the repulsion force. In such a condition,
Cl™ ions should be first adsorbed on the substrate surface by
electrostatic adsorption, which creates excess negative charge at
the metal-solution interface.”****> Consequently, the positively
charged inhibitor can form a protective layer by adsorption and
this was confirmed by Fig. 4d, which shows the polarization of
WE in the chloride-free and chloride-containing solutions
without and with adding 10 mM of tricine. From Fig. 4d, we can
see the synergetic effect of C1~ ions and the inhibitor molecules,
where tricine molecules have a small effect on the Cu corrosion
in the chloride-free solution, and this is due to the mechanism
mentioned above. The following Scheme 1 shows how the
zwitter ions formed will be attracted to the active sites, where
the Cl™ ions are already present.

The presence of Cl™ ions with either bicine or tricine mole-
cules stabilized their adsorption on the active sites and hence
decreased the corrosion rate.”*> The % of inhibition increased as
the concentration of the inhibitor increased due to the increased
surface coverage. The corrosion percentage, 7%, can be calcu-
lated from the recorded current density according to 7% = [ icorr
— leor(inh)//lcorr X 100, where Zcorr and icom(inn) represent the
corrosion current densities for Cu WE in chloride solutions free
from and containing an inhibitor, respectively. The Tafel
parameters, i.e., icorry Ecorry 0a and B¢, and n% are presented in
Table 1. The Tafel slopes were calculated from the linear
branches of the Tafel lines. The i.., and E.,. values were
extrapolated from the intersection of the Tafel branches, and i¢orr
was used for the calculation of the corrosion rate (CR). The
surface coverage, , was calculated and presented in the same
Table 1. The anodic and cathodic Tafel slopes have their general
values for Cu or Cu alloy corrosion.”*** The most effective
inhibition performance of more than 98% was obtained in the
presence of 5.0 mM tricine. The calculated value of the surface
coverage corresponding to this high efficiency was 0.2 cm”. These
values indicated that the whole metal surface was involved in the
corrosion process and a small amount of the inhibitor was
capable of inhibiting the corrosion process up to ~98%.

The polarization curves in Fig. 4 reveal that either bicine or
tricine inhibits the two corrosion (i.e., the anodic and cathodic)
reactions of Cu corrosion under the chloride environment. This
means that bicine or tricine acted as a mixed-type corrosion
inhibitor. Surprisingly, both molecules adsorbed on Cu (WE)
and formed a barrier layer that blocked the corrosion centers,
thus leading to higher inhibition efficiency than those obtained
by hazardous organic molecules.* It is quite clear that the 7%
value of tricine at each concentration was relatively high (cf
Fig. 4a and b), and a maximum value of 98.4% was obtained at
a concentration of 10 mM (for bicine, it was 97.6%) (cf. Table 1
and Fig. 4e). This value suggests the use of these molecules as
for Cu corrosion under a chloride

effective inhibitors

environment.

This journal is © The Royal Society of Chemistry 2019
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naturally aerated neutral 3.5% NaCl solutions with the bicine and tri-
cine concentration at 25 °C obtained from the EIS measurements.
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3.3. EIS measurements

EIS investigations of Cu WE were implemented in stagnant,
naturally aerated neutral 3.5 mass% NaCl solutions to gain
further insights into the inhibition process. The experimental
EIS results were recorded after 1 h of electrode immersion in the
blank and in the solution containing the inhibitor, where
a steady state was achieved. The obtained data were fitted with
a pure equivalent circuit (EC) to calculate a numerical that
depicts the physical and/or chemical properties of the investi-
gated system.*"** The Bode plots of the Cu electrode in the
blank solution and in solutions containing 5 mM bicine or
tricine are presented in Fig. 5. Obviously, the Bode plots show
resistive and capacitive regions at high and intermediate
frequencies, respectively; however, at low frequencies, they do
not exhibit a clear resistive area (phase angle = 0°) (cf. Fig. 5).
Moreover, there were two overlaps at high and intermediate
frequencies. Clearly, by adding an inhibitor, the phase angle
acquired lower values at the intermediate frequencies, which is
referred to as the passivation phenomenon.” The impedance
data were fitted using appropriate EC values, as shown in Fig. 5a
(inset), where an empirical factor « (0 = a =< 1) was used to
consider the deviation behavior arising from surface inhomo-
geneity, surface roughness, and adsorption effects, as shown by
Z =R+ (Ret/(1 + (2TtfRcCar)™)-*** In the proposed EC model, Rg
and R represent the solution and the charge transfer (corro-
sion) resistances, respectively. Both resistances are in parallel to
a capacitor that characterizes the double-layer capacity, Cq;.
Also, an additional resistor, R, and capacitor, Cy, were intro-
duced to consider the formed surface film. The EC calculated
parameters are presented in Table 2. It can be noted that the Rq
values increase as the inhibitor concentration increases. This
can be explained by the decrease in solution conductivity due to
the presence of organic molecules. Also, the R¢ values in the
solutions containing the inhibitors, especially tricine, increased
to around 10-fold that of the solutions without the inhibitor.
Tricine showed the highest corrosion resistance at a concen-
tration of 5 mM (the Ry values of bicine and tricine are 5.1 and
123.8 kQ cm?, respectively). Fig. 6(a-c) present the Bode and
Nyquist plots in the absence and presence of a bicine inhibitor.
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Tricine showed a similar behavior. The Bode plots demon-
strated two-time constants, as stated before. The calculated
parameters of the data fitting are presented in Table 3. The
inhibition activity can also be obtained from the corresponding
R ct(inh) — R ct(blank)

EIS data according to n% = , where Re(plank)

R ct(inh)
and Rginn) are the corrosion resistances of the metal in the
blank solution and in the presence of the investigated inhibitor.
The values of n are included in Table 3. The polarization
resistance, Ry, is determined by the sum of the inhibitors' film
resistance, Ry, and the charge-transfer resistance, R, for the
electrode covered by the inhibitor molecules:*® R, = R + Ry. The
values of R, are also presented in Table 3. The values of the
inhibition efficiencies calculated from R . and the polarization
resistance R, increased with adding a higher concentration of
the inhibitors (cf Fig. 6¢), and the maximum value was >98% at
5.0 mM tricine. The EIS results are consistent with the data
obtained by polarization and provide further confirmation of
the effectiveness of bicine and tricine as inhibitors of Cu
corrosion in chloride solutions. The values of the empirical

0.020 4
0.015 1
-~
2 0.010-
N’
Y
Q
0.005
0.000 m Bicine :R2,0.9984: Slope, 0.9922
’ e Tricine :R2,0.9988: Slope, 0.9999

0.000

0.005 0.010

c M)

0.015 0.020

Fig. 7 Langmuir isotherms for the adsorption of bicine and tricine on
the copper surface in stagnant naturally aerated neutral 3.5 mass%
NaCl solutions at 25 °C.

Table 3 The electrochemicalimpedance parameters of the copper electrode in stagnant naturally aerated neutral 3.5 mass?% NaCl solutions free
from and containing different concentrations of bicine or tricine at 25 °C. [R, = Rct + R{l

Concentration

(mM L) R(/Q Re/kQ cm? Ca/pF cm ™2 R{/kQ cm? C¢/uF em™2 R,/kQ cm? 1% SD(+)
Blank 2.2 0.28 22.8 1.099 182.3 1.38 —

Bicine

1 5.9 0.53 14.9 1.1 226.4 1.63 47.2(:i:2.44)
5 26.7 1.8 8.8 5.1 250.6 6.9 84.4(:t3.70)
10 34.1 71.2 0.9 50.2 5.0 121.4 99.6(i1.60)
Tricine

1 19.9 20.5 3.1 96.3 2.6 116.8 98.6(:t1.20)
5 39.9 23.7 8.5 123.8 10.3 147.5 98.8(:i:1.10)
10 42.4 46.6 1.4 131.1 9.7 177.7 99.4(i0.71)
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Table 4 Calculated Mulliken charges for the inhibitors

Mulliken charges with non-hydrogen and carbon atoms using GGA/DNP
(4.9)

Atom N2 04 05 038 010 011 012
Bicine —0.325 —0.405 0.097 —-0.514 — —0.523 —
Tricine —0.356 —0.425 —0.452 —0.524 —0.524 —0.537 —0.528

factor a were very close to unity, which indicated that the system
acted like ideal RC.*

3.4. Adsorption isotherm

The adsorption isotherms of bicine and tricine on the Cu
surface are very important in determining the electrochemical
reaction mechanism. Generally, two types of metal inhibitor
interactions can be considered: one where physical adsorption
takes place by the electrostatic attraction between the charged
Cu surface and the charged inhibitor and the other where
chemical adsorption involves either charge transfer or sharing
from the scrutinized inhibitor and the Cu surface. The
adsorption process can be strengthened with the presence of an
inhibitor with heteroatoms that are able to donate an electron
to a transition metal, Cu, with vacant d orbitals.*® For adsorp-
tion investigations, the degree of surface coverage (f) at various
concentrations obtained from Tafel measurements was used,
where § = [icorr - icorr(inh)]/icorr-

Several modes of adsorption isotherms like Langmuir,
Temkin, and Frumkin were checked, where the best matching
obeyed the Langmuir model (% = %Jr C); here, K is the
adsorption constant related to the free energy of adsorption

(AGags)- K =

AG .
eXP (_ﬁ) 5t where Csolvent 1S the water

solvent
molar concentration (55.5 mol dm™?), R is the universal gas
constant, and T is the absolute temperature. A straight line with
a slope near unity was shown by plotting C/6 as a function of C.
Such a linear relationship was shown for bicine and tricine (¢f.
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Fig. 7). Moreover, the calculated AG,q° values were
—27.9 k] mol™! and —32.2 k] mol™! for bicine and tricine,
respectively. Generally, a value of —40 k] mol " is a threshold
value between chemi/physisorption.** Thus, from the obtained
AG,qs° values, the adsorption process was a mixed type between
physical and chemical processes.>® Nevertheless, the relatively
higher AG,q4s° value for tricine indicated stronger adsorption
than that for bicine. This explains the recorded higher inhibi-
tion efficiency.

3.5. Theoretical calculations

The electrochemical experiments showed that both bicine and
tricine could effectively inhibit Cu from corrosion in a 3.5%
NaCl solution. Moreover, tricine exhibited better inhibition
capability than bicine. To validate the aforementioned data and
deeply analyze the influence of the electronic parameters and
geometrical structure on the corrosion inhibition performance
of bicine and tricine, theoretical calculations and MC simula-
tions were implemented. To this end, geometry optimization
with unrestricted spin was accomplished by the popular DFT
theory using both GGA with the DNP 4.4 levels as implemented
in Materials Studio software (Accelrys Inc.) applied on the gas,
solvated and protonated species.’*>® All calculated energies
were computed from the geometry optimized structure (with
the energy minima), where the calculated Mulliken charges
were computed at the GGA/DNP 4.4 level for the atoms in bicine,
tricine, and glycine molecules (Table 4). The distribution
charges over the inhibitor atoms showed the presence of donor
and acceptor regions, where charge transfer takes place. In
general, in both inhibitor molecules, all H atoms have positive
charges, while all O and N atoms have negative charges; all C
atoms showed positive charges in bicine, while C; in tricine
showed negative charge (C; = —0.001). Furthermore, the most
active centers in both inhibitors were O atoms (Oy; = —0.523
and O;; = —0.537) for bicine and tricine, respectively. Based on
these values, the protonation affinity takes place on O4; in
bicine and tricine. The electron delocalization over carbonyl
groups, -C=0, supported the presence of the conjugation

Table 5 Quantum energetic and reactivity parameters of the neutral, solvated, and protonated compounds computed by (GGA/DNP 4.4) basis

sets
Glycine Bicine Tricine

Quantum parameters Gas Solvated Protonated Gas Solvated Protonated Gas Solvated Protonated
Enomo (€V) —5.520 —5.133 —4.135 —4.796 —4.516 —4.024 —4.042 —4.236 —4.002
Eromo (€V) —0.886  —0.941 —2.962 —0.877  —1.004 —2.990 —1.122  —1.236 —3.409
AE (eV) = Erumo — Enomo 4.634 4.192 1.173 3.919 3.511 1.034 2.919 3.000 0.592
u (Debye) 0.855 1.011 1.675 1.011 1.649 2.633 1.505 2.786 2.881
Global hardness, (eV molfl) 2.317 2.096 0.586 1.959 1.755 0.517 1.459 1.501 0.296
AN = Xre — Xinh 0.275 0.344 0.794 0.877 1.004 2.990 0.649 0.581 1.3073

2(7]Fe + ninh)
I(ev molfl) 5.520 5.133 4.135 4.796 4.516 4.024 4.042 4.236 4.002
X (eV molq] 3.203 3.037 3.548 2.837 2.760 3.507 2.583 2.736 3.706
A (ev molfl) 0.886 0.941 2.962 0.877 1.004 2.990 1.123 1.236 3.409

This journal is © The Royal Society of Chemistry 2019
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system in both inhibitors, which acted as an adsorption center
by enhancing the powerful m-electron donation to the Cu
surface.

The adsorption of a molecule on the metallic surface often
relies on the donor/acceptor property. The donor/acceptor
frontier orbitals (HOMO)/(LUMO) are the vital orbitals for
molecule adsorption. These orbitals can decide the interaction
route of the inhibitor molecule with a Cu surface. Higher Eyyomo
and lower E;ymo values lead to an interaction enhancement
between the inhibitor and the Cu surface.” It follows that the
greater value of Eyomos for tricine molecules than that for

View Article Online

Paper

bicine molecules or glycine as the base material in all the
molecular species (gas, solvated, and protonated) (cf Table 5)
points to higher probability to lose valence electrons, increasing
the power toward donating e~ to Cu atoms and making it more
likely to inhibit corrosion®”*® than bicine, as stated in the
experimental results. The HOMO region was localized over all
the -O- atoms of hydroxyethyl centers, while the LUMO was
tagged over the carboxyl sites for the investigated compounds
(¢f. Fig. 8). Enomo and Erymo had negative values, which indi-
cated charge transfer from the investigated inhibitor
compounds to the Cu surface. These data demonstrated that

Optimized
Glycine a I: g
Glycine
Protonated
Bicine

Bicine
Protonated
¢ ,
Tricine
%
Tricine
Protonated

- J

HOMO

o5
o

Fig. 8 The optimized structures and the frontier molecular orbitals (HOMO and LUMO) for the gas, solvated and protonated species obtained

with DFT/GGA/DNP 4.4.
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Table 6 The calculated descriptors (in kcal mol™?) of glycine, bicine, and tricine on Cu (11 1) for the neutral and protonated species

Inhibitor energy Glycine Bicine Tricine

Species Neutral Protonated Neutral Protonated Neutral Protonated
Total energy —3.614515 —23.65612 —33.6445 —16.91 —38.301 —13.83
Adsorption energy —25.3002 —197.681 —48.8203 —2926.69 —183.711 —7193.29
Rigid adsorption energy —23.5797 —43.1209 —46.3066 —46.49 —41.2363 —22.85
Deformation energy —1.72057 —154.56 —2.5137 —2880.19 —142.476 —7170.44
dE,q/dNi —25.3002 —197.681 —48.8203 —2926.69 —183.713 —7193.29

the hydroxyethyl centers attack the Cu surface and adsorption
may occur. Also, the energy gap (AE) value is a great indication
of the chemical reactivity and the stability of the metal-inhib-
itor interactions. Tricine exhibited AE values (2.9194, 3.0000,
and 0.5920) lower than those of bicine (3.9193, 3.5117, and
1.0343) and glycine (4.6342, 4.1916, and 1.1731) in the gas,
solvated, and protonated molecules, respectively. These values
demonstrated that tricine was more reactive and had higher
inhibition efficiency than bicine or glycine (Table 5). The
smaller the AE value, the higher the softness properties. On the
contrary, hard molecules have high AE and can be inefficient
corrosion inhibitors.* The data obtained from Table 5
demonstrate that tricine has a greater softness value than bicine
and glycine. Thus, tricine has higher inhibition efficiency than
bicine. It is worth noting that the protonated species have
higher reactivity than the other species, and this indicates that
the protonated species are more likely to bind on the Cu surface
than a neutral compound. The AN parameter is a measure of
the number of e~ offered from the investigated compounds to
the Cu surface. Also, AN describes the direction and intensity of
the electron transfer, where AN > 0 e™ are transferred from the
inhibitor molecule to the Cu surface and vice versa.*® From
Table 5, it is apparent that electrons are transferred from the

(Neutral Bicine)

"

WA AN,
A
',.r'.i',n-:,.v,c',,v',d,,

SIS
SR,
A

o'

J
b
oy .w::‘.«'.

9
Gre) O
(Y Dl e e
AP o
AN A TS
A WA
W, A
M A AN

o

Fig.9 (Left) Side view and (right) top view of the molecular simulations
for the most favorable modes of adsorption mode for the tested
inhibitors on the Cu (111) surface for the neutral structure.
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inhibitor molecules to the Cu metal due to the positive AN
values. According to the AN values, the order of the scrutinized
compounds will be tricine > bicine > glycine, which supports the
experimental results indicating higher efficiency for tricine over
that for bicine.

Monte Carlo (MC) simulations were performed to give
a better insight into the inhibitor-Cu surface interaction. The
optimization geometry for bicine, tricine, and glycine was per-
formed before running the adsorption process. The adsorption
locator model was applied to identify the perfect adsorption site
for the Cu surface against the inhibitor molecule. To under-
stand the perfect adsorption site, the following lowest calcu-
lated energies (kcal mol ") are listed in Table 6: the total energy
(substrate/adsorbate energy), rigid adsorption energy (unre-
laxed adsorbate components adsorbed on the substrate),
deformation energy (relaxed adsorbate components adsorbed
on the substrate), adsorption energy (rigid adsorption energy +
deformation energy), and (dE,qs/dNi) (metal-inhibitor energy,
where one of the inhibitor molecules has been removed). The
interaction between bicine and tricine with the Cu (111) plane
for neutral species is presented in Fig. 9 as a representative. In
addition, the adsorption energy against the Cu (111) surface for
tricine was more than that for bicine (Table 6). This theoretical
vision is in line with the obtained experimental data, where the
lone pairs of e~ for the N and O atoms of the investigated
inhibitors enable a stable coordination interaction with the
surface (inhibitor — Cu) through donating these electrons
(lone pairs and m-electrons of C=0) to the d-orbitals of the Cu
surface. From Fig. 9, we can observe that bicine and tricine are
adsorbed on Cu (111) through the carboxyl group of the inhib-
itors. This will make the Cu surface not interact with the chlo-
ride solution. In conclusion, the adsorption process for the
inhibitors was a side-by-side mode, which increased the
coverage of the surface and thus led to high inhibition effi-
ciency. The different energetic forms for both inhibitors (total
adsorption, rigid adsorption, and deformation energies)
exhibited negative values. The negative value of the adsorption
energy for both inhibitors proved that the adsorption process
takes place spontaneously. The order of binding energy (tricine
> bicine > glycine) confirmed the order of the laboratory data.

4. Conclusion

Bicine and tricine were shown to be effective corrosion inhibi-
tors for Cu corrosion compared to glycine in chloride solutions.

RSC Adv, 2019, 9, 42120-42131 | 42129
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The molecules acted like mixed-type inhibitors with inhibition
efficiency of ~98% in the presence of 5 mM tricine. The inhi-
bition process was assigned to the adsorption property through
the O atoms and/or the N atoms of the molecules on the active
centers of the metal surface by the formation of a barrier film.
The adsorption model obeyed the Langmuir adsorption
isotherm and the calculated values of AG,q4, for both inhibitors
on Cu were in the range from —28 to —32 kJ mol ', which
indicated physical adsorption. A quantum simulation was per-
formed by DFT calculations using both the GGA/DNP 4.4 levels.
This calculation exhibited good agreement between the
quantum indices and experimental data. The data extracted
from the MC simulations demonstrated that both inhibitors
could adsorb on the Cu surface by both the donation of the -
charge for carbonyl groups and the unshared pair of electrons.
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