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Abstract- The corrosion inhibition of carbon steel in acidic medium (1 M HCI) containing a
borated vitreous glasses was studied by electrochemical technique (potentiodynamic
polarization and electrochemical impedance spectroscopy).The various vitreous samples were
synthesized from ammonium dihydrogen phosphate (NH4) 2HPO.), the niobium oxide Nb2Os,
the Bi2O3z bismuth oxide, the B2O3 boron oxide and the niobium oxide Nb2Os. The vitreous
compositions are correlated with the system Bi203-B20O3- (0.5Nb20Os -0.5P.0s) by
stoichiometric mixing. These phases were characterized by X-ray diffraction (XRD) and
infrared spectroscopy (IR). Polarization curve technique reveals that the inhibition efficiency
E% increased with the concentration of the different borated vitreous which appears to be a
anodic type inhibitors in the acidic medium. Electrochemical impedance spectroscopy
confirms this result, indeed the transfer resistance increases with these compounds
concentration. The action mechanism of vitreous phases has been elucidated by a
thermodynamic study.

Keywords- Borated glasses, Corrosion inhibitor, Steel, 1.0 M Hydrochloric acid




Anal. Bioanal. Electrochem., Vol. 11, No. 1, 2019, 19-37 20

1. INTRODUCTION

In many industrial, steel and its alloys are widely exposed to different aggressive
environments. These environments inevitably lead to their attack. Among the protection
methods of the most effective and least expensive may be mentioned the use of corrosion
inhibitors [1-5]. The organic inhibitors are constituted by at least one heteroatom (nitrogen,
oxygen or sulfur) active center of the molecule and have a high electron density. They would
be adsorbed on the surface and form a protective film [6-8]. Inorganic compounds (chromates,
phosphates, molybdates ...) stabilize the oxide layer on the metal surface or render more
alkaline the corrosive medium [9-16]. In this work, our investigations were carried on the
synthesis of inorganic compounds such as glasses borates and their application in corrosion.
The prepared glasses were characterized by X-ray diffraction and infrared spectroscopy. The
corrosion inhibition study was evaluated by polarization and electrochemical impedance.

In this work the novelty related to syntheses of two new borated vitreous glasses
compounds to obtain a new variety of multifunctional glasses, for use as corrosion inhibitors
of carbon steel in 1M HCI. The corrosion inhibition of these compounds was examined by
electrochemical methods

2. EXPERIMENTAL DETAILS
2.1. Synthesis and preparation of borated vitreous glasses

The various vitreous samples were synthesized from ammonium dihydrogen phosphate
(NH4) 2HPO4 (Reidel-Pool), the niobium oxide Nb,Os (Aldrich), the Bi>Os bismuth oxide
(Aldrich), the B2O3 boron oxide (Aldrich) and the niobium oxide Nb2Os (Fluka). The vitreous
compositions are correlated with the system Bi2O3-B203- (0.5Nb20s -0.5P20s5) by
stoichiometric mixing of raw materials according to the reaction scheme:
(1-x-y)Bi203+xB203+y/2Nb20Os+y(NH4),HPO—

(1-x-y) Bi2O3 + xB203 + y/2NbyOs + y/2P,05 +2yNH3+3y/2H,0.

The mixtures were crushed in an agate mortar. The thermal operation is conducted in
alumina crucibles. The first treatment at 350 °C for 15 h allows the decomposition of hydrogen;
it is followed by a homogenizing grinding. Each reaction mixture is then heated to 1050 °C,
higher than the melting temperature and then dipped energetically in an aluminum mold
preheated to 200 °C. The infra-red spectra are recorded entre 4000 and 400 cm™ using a
spectrometer with transformed Fourier of the kind Perkin EImer1600. For XRD study, we used
a Panalatycal Model X 'PERT powder 3, the radiation is Ak«(Cu)=1.5406 A.
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2.2. Electrochemical cell

The experiments were performed with carbon steel with surface area of 1 cm? as working
electrode (weight in %, C=0,21, Mn=0,05, Si=0,38, S=0,05, P=0,09, Al=0,01), platinum
counter electrode (CE) and a saturated calomel electrode (SCE) was used as a reference
electrode . The work electrode was abraded with emery paper (up to 1200 grit), cleaned in
acetone and washed by distillated water and finally dried at hot air before any electrochemical
measurement. The concentrations of inhibitors were ranged from 100 to 300 ppm. The
aggressive medium was HCI 1 mol / L.

2.2.1. Potentiodynamic polarization measurement

The Tafel polarization curves were recorded by scanning the electrode potential from - 900
mV/ECS to -100mV/ECS with a scanning rate of 1 mV/s. the calculate of corrosion kinetic
parameters, by Stern-Geary equation fitting was used. For that, the potential domain not far
from the corrosion potential (*- 100 mV/SCE), it may be considered that both processes
followed the Tafel law [24]. It can be extract from the following equation (1):

= ia + ic = icorr {eXpl:ba X ( E- Ecorr ):I —&xXp [bc X(E N ECO” )]} (1)

where:

-icorr IS the corrosion current density (A cm),

- bc and ba are the Tafel constants of cathodic and anodic reactions (V1), respectively. The
Tafel slopes p(V/dec) in usual logarithmic scale are given by following equation (2):

In10 2.303
- —_—m . —,—,—, 2
p="m=" @
The electrochemical parameters were calculated by nonlinear regression method by
applying equation (1) using Origin software 6.0 types.
For calculation of inhibition efficiency from the corrosion current densities we are using
the relation (3):

npp — Icorr.O Icorr XlOO (3)

corr

From the polarization curves for various concentrations of inhibitor we can extract the
surface coverage (¢) by using the following equation [25]:

=1 e (@)
|

corr
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where i’ _andi_, are the current densities of corrosion test in the absence and the presence

without of inhibitor, respectively.

2.2.2. Electrochemical impedance spectroscopy measurements (EIS)

The electrochemical impedance spectroscopy measurements were carried out using a
transfer function analyzer (VoltaLab PGZ 100), with a small amplitude a.c. signal (10 mV
rms), over a frequency domain from 100 kHz to 100 mHz with five points per decade. The EIS
diagrams were done in the Nyquist representation. The results were analyzed and fitted in terms
of an equivalent electrical circuit using the simulation ZView 2.80
The inhibiting efficiency derived from EIS, #eis is also added and calculated using the
following equation (5):

NEIS = [(Rct — Roct) / Ret ]*100 (5)

where R%;and R are the charge transfer resistance values in the absence and in the presence
of inhibitor, respectively.

3. RESULTS AND DISCUSSION
3.1. Delimitation vitreous domain

The X-ray diffraction enabled to identify the vitreous compositions in the studied system.
Any sample whose spectrum did not contain diffraction lines is considered as belonging to the
vitreous system. Figure 1 shows the defined area. This system has already been subject to
investigation [17-19].
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Fig. 1. Delimitation of Bi,O3-B203.[0.5P.05-0.5Nb20s] vitreous domain
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Two axes of glassy system were studied:
- Axe (BA) :(0.95-x) Bi2O3-x B203-0.05 [P20s5-Nb20s]  with 0.3<x<0.5
- Axe (AZ) : (0.90-x) Bi2Os-x B203-0.1 [P205-Nb20s]  with 0.3<x<0.5.

Tables 1 and 2 give the corresponding molar fractions. Figure 2 shows the X-ray spectra
for the AZ axis compositions. The diffraction spectrum of X-ray from the axis BA is
substantially similar.

Table 1. Molar fractions of (0.95-x) Bi»O3-xB203- (0.025P205-0.025Nb,0s)

Sample X 0.95-x
BAG6 0.30 0.65
BA7 0.35 0.60
BAS 0.40 0.55
BA9 0.45 0.50
BA10 0.50 0.45

Table 2. Molar fractions of (0.90- x) Bi2O3-xB203-(0.05P205-0.05Nb20s)

Sample X 0.90-x
AZ6 0.3 0.6
AZ7 0.35 0.55
AZ8 0.4 0.5
AZ9 0.45 0.45
AZ10 0.5 0.4

3.2. X-ray diffraction

In addition, the X-ray diffraction (XRD) patterns of several compositions of the prepared
of AZ axis samples are shown in Fig. 2. It is observed that homogenous glasses are formed for
different concentration of B2Oa.
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Fig. 2. XRD Spectrums of (0.90-x) Bi2O3z-x B203-0.1 [P205-Nb20s]

3.3. IR study

Figures 3 and 4 show the infrared spectra of (BA) and (AZ) axis respectively. The
frequencies and powers are summarized in Tables 3 and 4.
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Fig. 3. IR Spectrums of (0.90-x) Bi2O3-x B203-0.05 [P205-Nb20s]

We notice a widening of the bands. Indeed, in the glassy state, the molecules or groups of
atoms are not isolated. These entities are in strong interaction with each other. In a glass sample,
a unit cell can be defined and the entire sample must be considered as a single cell containing
a giant molecule with an infinite number of entities that vibrate.

From figure 3, we noticed that the band between 420 cm™ and 490 cm™ is covering of
various structural units. It can be attributed to the B-O-B vibrations [20-22]. The boron atoms
in coordination IV are responsible for the appearance of the band between 500 cm™-540 cm?
and the band at 750 cm™ [23-24].The band between 600 cm™- 690 cm™ was assigned to the
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vibrations of the B-O-P bond in alkaline borophosphate glasses [20-29]. Scagliotti and Al have
evoked bands around 1000 cm™ related to O-P-O vibrations which do not appear in our
spectrum [30]. The band between 1190 cm™ -1240 cm s attributed to the vibration of the B-
O terminal groups in pyroborate units [24,28,31-32]. The band towards1270 cm™ is attributed
to the asymmetric elongation mode B-O in orthoborate units (BO3).

Table 3. Frequencies I.R assignments of (0.95-x) Bi2O3-x B203-0.05[P20s-Nb20s]

Sample BAs BA, BAs BAy BA1o
X 0.30 0.35 0.4 0.45 0.5
squelettes Bi-O-Bi 413 434 410 403 426
ou squelettes B-O-Bi 468 446 457 454
ou squelettes B-O-B 484 482 510 496
métaboratesvas-o-nb 636 657 669 672 675
métaboratesvas-o-p 692 692 693 693 695
orthophosphates 695 721 - - -
boroxol 905 860 885 -
orthoborates BO3 997 965 961 953 904
BO (BO* 1025 1034 1026 1030 1048
pyroborates B-O 1221 1227 1230 1238 1241
Vas(BO) dans BOs 1316 1383 1383 1383 1384
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Fig. 4. IR spectrums of (0.90-x) Bi2O3-x B203-0.1 [P20s-Nb20s]
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Table 4. Frequencies I.R assignments of (0.90-x) Bi2O3-x B203-0.1 [P205-Nb2Os]

AZg AZ; AZg AZy JAVAT)

X 0.30 0.35 0.4 0.45 0.5
squelette Bi-O-Bi 478 468 459 460 460
ou squelettes B-O-Bi - 515 497 484 508
ou squelettes B-O-B 537 533 542 500 536
métaboratesva g-o-nn 654 670 670 671 -
métaboratesvag-o-p 692 692 693 691 687
Boroxol 884 896 891 894
BO (BO* 1025 1034 1068 1027 1037
Pyroborates B-O 1291 1290 1264 - -
vas(BO) dans BOs 1383 1383 1383 1383 1384

Otherwise, the increase of Nb.Os and P2Os concentrations results in:

- Decrease in the intensity of the band corresponding to the B-O-P groups.

- Disappearance of the Bi-O-B bands and those assigned to the orthoborate and orthophosphate
groups.

- Displacement of the band corresponding to the pyroborates BO™ to the high frequencies.

3.4. Corrosion inhibition
3.4.1. Optimal formulation of additives

Initial SIE investigations have been carried out to determine the optimal formulation of the
additives to improve the corrosion resistance of the carbon steel. The Nyquist impedance
diagrams obtained for (AZ) do not have perfect semicircles due to the frequency dispersion
(Fig. 5). The electrochemical parameters derived from these diagrams and the values of the
inhibition efficiencies are given in Table 5. We see that the charge transfer (Rct) increase in
with additives. The maximum value is reached for AZ6. Thus, the electrochemical study was
carried out on the AZ6 and BAG6 formulation.
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Fig. 5. EIS spectra at the corrosion potential of steel in HCI 1 M without and with 200 ppm of
series AZ

Table 5. Electrochemical parameters from the EIS spectra and the values of the inhibition
efficiency of carbon steel in 1.0 M HCI without and with 200 ppm of AZ series

Rc(ohm.cm?) Qui(pficm?) E% ©)
Blank 35 284 - -
AZ6 550 120 93.6 0.93
AZ7 340 163 89 0.89
AZS8 248 183 86 0.86
AZ9 179 201 80 0.80
AZ 10 120 251 71 0.71
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Fig. 6. Polarization curves of steel in HCI 1 M with additives at different concentration
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3.4.2. Concentration effect

Our approach consists in optimizing the concentration of the two compounds AZ6 and BA6
in order to obtain the best inhibitory efficiency.

Table 6. Electrochemical parameters of carbon steel at different concentrations of BA6 in 1.0
M HCI.

C (M) de Ecorr —Bc Icorr E (%) C)
BA6 (mV/Ag/AgCI) (mV/dec) (RA cm?)

Témoin -497 92 983 - -
100ppm -429 111 320 67 0.67
150ppm -406 203 231 76.5 0.765
200ppm -447 108 44 95.5 0.955
300ppm -439 115 112 88.6 0.886

Table 7. Electrochemical parameters of carbon steel at different concentrations of AZ6 in 1.0
M HCI

Cinh(M) de Ecorr Bc leorr E% ©]
AZ6 (mV dec-1) (LA/cm?)

Témoin -497 -92 983 - -
100ppm -478 -95 361 63 0.63
150ppm -479 -102 204 79 0.79
200ppm -498 -80 70 93 0.93
300ppm -454 -110 121 87.6 0.876

Figure 6 present the polarization curves of the carbon steel in 1M HCI with and without the
compounds AZ6 and BAG. The addition of AZ6 at different concentrations from 100 ppm to
300 ppm to the corrosive solution led to a displacement of the corrosion potential Ecorr to the
anodic values, in contrast to the BA6 addition, where the corrosion potential is virtually
unchanged.

Moreover, we observe a decrease of the cathodic current in the presence of the two glasses,
the variation of the current in the anodic side is less pronounced. It would appear that these two
compounds strongly inhibit the evolution of hydrogen and slightly anodic reaction. Thus, we
recorded a decrease in the corrosion current with a maximum efficiency at a concentration of
200 ppm in AZ6 and BAG (Tables 6 and 7).
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These results indicate that BA6 and AZ6 glasses act as mixed type inhibitors with a
predominant cathodic efficiency. The values of the cathode slope (bc) remain practically
constant indicating that these molecules do not affect the hydrogen evolution mechanism [6].

3.5. Electrochemical impedance spectroscopy (EIS)

The corrosion inhibition of the carbon steel in acidic medium (1M HCI), in the presence of
BAG and AZ6, was analyzed by Electrochemical impedance spectroscopy (EIS). The figure 7
present the impedance spectra traced at the corrosion potential Ecorr after 0.5 h of immersion.
from these spectra we remark a single capacitive loop, attributed to the transfer of charge
process, whose diameter increases with the concentration of compounds BA6 and AZ6
[33].The figure 8 show the equivalent circuit model employed to extract the electrochemical
parameters .

500 T T T T T T T 400 T T
BA6 AZ6
450 | ® planK 350 = planK
400 ® 100ppm e 100ppm
* 150ppm 300 - *  150ppm
350 A 200ppm A 200ppm
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E 200} A 4 N -
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Fig. 7. Impedance diagrams of the steel electrode at Ecorr after 0.5 h of immersion in acidic
medium with and without AZ6

Cay |
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Ry

AN
Fig. 8. The equivalent circuit model used to fit the Impedance diagrams

The higher value of charge transfer and inhibition efficiency are obtained at a concentration
of 200 ppm for both glasses AZ6 and BA6 confirming their inhibitory effect (Table 8 and 9).
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Table 8. Electrochemical parameters extracted from EIS data of carbon steel at different
concentrations of BA6 in 1M HCI

Cinh (M) of BA6 Rct(ohm.cm?) Ca(puficm?) E% ©)
témoin 35 284 -

100ppm 104 240 66 0.66
150ppm 149 224 765  0.765
200ppm 700 88 95 0.95
300ppm 305 111 885  0.886

Table 9. Parameters extracted from EIS data of carbon steel at different concentrations of AZ6
in 1M HCI

Cinh (M) of AZ6  Rct(ohm.cm?) Cai(uf/cm?) E% C)
Témoin 35 284 -

100ppm 94 240 62.7 0.627
150ppm 175 191 80 0.80
200ppm 550 120 93.6 0.936
300ppm 274 144 87 0.87

The variation of Cq may be result from a decrease in the local dielectric constant and / or
an increase in its thickness [34]. This would indicate that the BA6 and AZ6 molecules would
adsorb to the steel/l M HCI interface by replacing the water molecules, thus inhibiting the
dissolution reaction [6,35].

3.6. Effect of temperature

The thermodynamic study can provide the information on interactions type between
inhibitor and steel. These interactions are related to the nature of the electrode used, the
chemical structure of the inhibitor and the electrolyte. Two main types of interaction can
describe the adsorption of the compounds: physical adsorption or chemisorption.

The polarization curves, with and without 200 ppm of BA6 and 200 ppm of AZ6, at
different temperatures, are shown in figures 9 and 10. We note that the values of corrosion
current icorr increase with temperature as reported by several authors. The corresponding
electrochemical parameters are shown in tables 10, 11 and 12.
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Fig. 9. Polarization curves of carbon steel in acidic medium 1.0 M HCI at different temperature
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Fig. 10. Polarization curves of carbon steel in blank solution 1.0 M HCI with 200 ppm of AZ6
and BAG at different temperature

Table 10. Electrochemical parameters extracted from polarization curve of carbon steel at
different temperatures in 1.0 M HCI solution

Ecorr(MV/ag/agel) lcorr(MA/CM?) P mV
5C _498 0.983 -92
35 Co -491 16 -178
45 Co 475 2.42 -165

55 C° -465 3.1 -151
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Table 11. Electrochemical parameters of steel at different temperatures in HCI 1M with BA6

BAG6 Ecorr(mV/ECS) Icorr(pA/cm?) Bc mV
298 -447 44 -108
308 -410 162 -171
318 -476 302 -45
328 -489 598 -113

Table 12. Electrochemical parameters of steel at different temperatures in HCI 1M with BA6

AZ6 Ecorr(mV/ECS) Icorr(mA/cm?) Bc mV
298 -498 70 -80
308 -444 178 -86
318 -512 342 -98
328 -491 620 -110
T T T T T T T T T 8,5 T T T T T T T T T
sl - BA6 ® Blank
L] lank 80 -
— o] ® SOOppm of ba sl - S 200ppm 2
. - 70 | ~—
g oL \\\‘ | é 6,5 - .
S S ’E“t eor e
.l . | Sl ~_
~ - 50 | - .\\
4 - i
®" 4,5
.
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 410 i 1 1 1 1 L 1 1 1 1
3,00 3,05 3,10 3,15 3,20 3,25 3,30 3,35 3,40 3,00 3,05 3,10 3,15 3,20 3,25 3,30 3,35 3,40
1000/T k™ 1000/T K™

Fig. 11. Ln (icorr) as a function of (1/T) in 1.0 M HCI medium in the absence and the presence
of and without 200 ppm

The plots of Ln (icorr) as a function of the 1/T are presented in Figure 11. We can observe
that a linear variation with correlation coefficients (c.c) close to 1. Thus, the energy activation
E. for the corrosion process of carbon steel was calculated from the Arrhenius model by
following the equation (6):

. Ea
Lnicor = LN A - -

(6)
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-Rct: Transfer resistance
-Ea: activation energy,

- A: Pre-exponential factor,
R: Universal gas constant
-T: Absolute temperature.

To better understand the corrosion inhibition process, it would also be interesting to
determine the enthalpy and the entropy of activation. These parameters were extracted from
the Arrhenius equation (7):

i R AS AH
Lnla;w =(n() + Ta) - R—Ta (7)

Where h: Planck constant, N: Number of Avogadro, R: Universal gas constant, AHa: Enthalpy
of activation, ASa: Entropy of activation.
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Fig. 12. Ln (icon/T) as a function of (1/T) in 1 M HCI with and without 200 ppm (a) BA6; (b)
AZ6

Indeed, the plot of Ln (icor/T) as a function of 1000 / T (Figure 12) gives straight lines
whose slopes have made it possible to determine AH*5 and the intersection with the ordinates
axis, AS*, for BA6 and AZ6 (Table 13). From this table we can observe that the AHa is lower
than Ea which means that the molecule of these inhibitors form a stable layer on the steel surface
[36].
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Table 13. The value of thermodynamic parameters Ea, AH*a, AS*, for carbon steel in 1.0 M
HCI with and without 200 ppm of additives

E. KJ/mol AHz* KJ/mol AS:* KJ/mol
HCI 1M 315 28 -107
HCI +200 ppm BA6 69 66.3 -122
HCI + 200ppm AZ6 58.6 44 -63.2

The large negative values of entropies ASa* imply that the activated complex in the rate
determining step represents an association rather than a dissociation step, meaning that a
decrease in disordering takes place on going from reactants to the activated complex [37].The
activation energies Ea being higher for the solutions containing the compounds BA6 and AZ6
would assume that the adsorption is a physical type.

3.7. Adsorption isotherm

The adsorption isotherm give information on the interaction between the metal and
inhibitor. Surface coverage was calculated by following equation (8):

c_ 1
;=zTC (8)
The 6 values for different inhibitor concentrations are tested by applying various isotherms

(Frumkin, Temkin and Langmiur). The best one was the Langmuir isotherm. According to this
isotherm, 6 is related to concentration inhibitor C via equation (8) and (9):

— Angs
LogK = —1.74 — (— —2.303”) 9)
where

-K was the adsorptive equilibrium constant
- AG®ads Was the free energy of adsorption [38].

Indeed, the Figure 13 shows that the plots of C/e as a function of concentration correspond
to a straight line with a slope close to 1, this indicate that the adsorption of the two compounds
on the carbon steel in the acidic solution obeys the Langmiur model.
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Fig. 13. Langmuir adsorption isotherm plot for carbon steel in 1 M HCI at different
concentrations of AZ6 and BAG at 298 K

The free energy AGgs value of the adsorption calculated by the above formula is equal to
-17.43 kj/mol for BAG6 and equal to -17.2 for AZ 6. This negative value indicate that the
adsorption of BA6 and AZ6 on the surface of steel was a spontaneous process [39]. When the
the values of AGgs higher than -20 ki/mol indicate a physisorption and if the value lower than
is associated with chemisorption [40-45]. The AG%qs value of BA6 and AZ6 being slightly
greater than -20 kJ/mol confirms that the adsorption process of BA6 and AZ6 is the
physisorption nature.

4. CONCLUSION

The glasses of the Bi203-B203.[0.5P205-0.5Nb20s] system were prepared and then
characterized by X-ray diffraction, this allowed the delimitation of the vitreous zone. The
Fourier Transform Infrared spectroscopy study showed that pyroborate units appear for high
boron content in the vitreous domain. The increase of the Nb.Os and P>Os contents leads to a
decrease in the B-O-P and Bi-O-B groups with a gradual disappearance of the orthoborate
groups and displacement of the band corresponding to the BO™ pyroborates to the high
frequencies.

The corrosion inhibition of the carbon steel corrosion in 1.0 M HCI solution by the glasses
of the Bi203-B203.[0.5P205-0.5Nb20s] system was examined by different electrochemical
methods. The results showed a significant decrease in the corrosion current and an important
increase in transfer resistance when the vitreous compounds were added to the corrosive
solution. This inhibition depends on the composition of the vitreous phase. The inhibitory
efficiency reaches 95% at a concentration of 200 ppm for the two additives. The system acts
primarily as an anodic inhibitor by formation a stable film on electrode surface.

The thermodynamic study showed that this film was formed by physisorption. The
adsorption mechanism obeys to the Langmuir adsorption model.
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