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The inhibition performance of Flubendazole (FBZ) drug on the corrosion of the 6061AlI-Si alloy in
0.1M HCI has been observed by AC impedance (EIS), Tafel diagrams, electrochemical frequency
modulation (EFM) and mass loss (ML) methods. The inhibition efficiency (IE) rises by raising the
Flubendazole extent (FBZ) and diminished by raising the temperature. Polarization curves have shown
that the Flubendazole acts as a mixed-kind inhibitor. FBZ adsorption on the alloy surface was obeying
Temkin isotherm. Thermodynamic adsorption functions (AG®,gs, AHags and AS®,gs) and the activation
parameters (E . ,AH*,AS*) were calculated and analyzed. Surface analysis using Scanning Electron
Microscopy (SEM) has confirmed the existence of a protective film of drug molecules onto Al alloy
surface. The surface analysis of Al alloy was performed by scanning electron microscope (SEM),
AFM (atomic force microscopy) and (FT-IR) Fourier transform infrared spectra.
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1. INTRODUCTION

Aluminum is used in several industrial and engineering applications as a result of its cost
effectiveness and excellent properties. Therefore, Aluminum and its alloys are used in various
environments containing acids, alkalis and salt solutions where they undergo corrosive attacks [1]. The
most effective and practical method to decrease corrosion processes is the addition of inhibitors to the
metal’s environment. Foregoing studies showed that heterocyclic compounds are employed as
corrosion inhibitors because of the presence of a number of active centers (O, N, S, P, and & electrons)
which can form a protective thin film on a metal [2]. Drugs are a better choice due to the fact that they
are environmentally nonthreatening and contain amazingly amusing source of naturally synthesized
organic compounds. The choice of some drugs used as corrosion inhibitors is based on the following
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justifications: (a) drugs are mainly soluble in aqueous media, (b) drug molecules contain O, N and S as
donatin centers, (c) drugs are non-polluted and (d) drugs can be easily synthesized [3-6]. Some drugs
were reported in the literature as effective corrosion inhibitors in acidic media such as: streptomycin
[7], sulfacetamide [8,9], sulfadiazine and sulfamethazine [10], rhodanine [11], orphenadrine [12],
sparfloxacin [13], cefazolin [14], trimethoprim [15], cefepime and cefoperazone [16], tramadol [17],
cefalexin [18], cefixime [19], mebendazole [20], cefadroxil [21], ciprofloxacin, norfloxacin and

ofloxacin [22].

The current study reports the performance of Flubendazole, the objective of this research is to
examine the inhibiting behavior of Flubendazole on the corrosion of Al-Si alloy in 0.1 M HCI utilized

chemicals and electrochemical tests. The sample surface analyses were also analyzed.

2. MATERIALS AND TECHNIQUES

2.1. Materials and solutions

The metal sample conformation in weight % is: Si 0.67, Fe 0.19, Cu 0.24, Mn 0.01, Mg 1.00,

Cr 0.05,Zn 0.01,Ti 0.02 and Al the rest
2.2. Inhibitor
Table 1describs the Flubendazole (FBZ) structure.

Table 1. Chemical assemblies of the FBZ

0 o

\>_G benzimidazol-2-yl] carbamate
N

H

H
N
‘ IIII>_
r N

Ci6 Hi2 FN3O3

Structure IUPAC Molecular
Name weight
Methyl N-[6-(4
0 fluorobenzoyl)-1H- 313.28 g/mol

2.3. Chemicals and solutions

Al-Si alloy specimens were used. The aggressive medium used is HCI 37%. Solutions of 0.1 M
HCI were prepared by dilution with distilled water. The Flubendazole stock solution 10° ppm was used

to prepare (50, 100, 150, 200, 250 and 300 ppm).
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2.4. Methods

2.4.1. Mass loss (ML) technique

The coins with size (2 x 2 x 0.2 cm) x2 were dipping in 0.1M HCI (100 ml) and with (50-
300ppm) of FBZ are set in water thermostat. After 3 h the samples were removed, rinsed, dried, and
weighed again. The % IE and the 6 were founded by (1):

% IE =0 x 100 = [(W° — W)/ W°] x100 (1)

Where W°and W are the weights of nonexistence and occurrence of FBZ, individually.

2.4.2. Potentiodynamic polarization (PP) technique

This technique was done in a typical three compartment glass cell. The potential range was (-
1.0 to - 0.6V vs. SCE) at OCP with a scan rate 1 mVs™.

2.4.3. EIS technique

This technique was done by AC signs of 5 mV peak to peak amplitude and at frequency range
of 10" Hz to 0.1 Hz. The (% IE) and 6 were founded from eq. (2) [23]:

% IE =100 x 0 =100 x [( Ret— R° )/ Re(] (2)

Where, R’ and R are the charge transfer resistances without and with FBZ, individually.

2.4.4- EFM test

This technique used two frequencies of range 2 and 5 Hz depended on three conditions [24].
The (icorr), (Bc and Ba) and (CF-2, CF-3) (Causality factors) were measure by the greater two peaks
[25].

2.4.5. Surface examinations

Al alloy pieces were dipped in testing solutions for one day. Then, they were polished, dried
and analyzed by (SEM), (FTIR) and (AFM).

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization (PP) tests

Tafel curves of Al alloy electrode in 0.1M HCI with and without various contents of
Flubendazole can be studied from Figure 1. From Table 2 FBZ has effect on both of cathodic and
anodic processes and the IE rises with rise of the FBZ content. Eo Was a little changed, indicating that
FBZ acts as a mixed—kind inhibitor. icor reduced through the FBZ addition to 0.1M HCI. % IE and (0)
were found from eq. (3):
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% IE = 9 X 100 = [(icorr - icorr(inh)) / icorr] X 100 (3)
Where, icorr IS the current density in absence of FBZ and i in presence of FBZ.
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Figure 1. Polarization curves of the Al alloy dissolution with and without different concentrations of
Flubendazole at 25°C

Table 2. PP results of Al alloy dissolution with and without different concentrations of FBZ at 25°C

Conc., Icor, , - Ecorr, B Be C.R .

ppm HA cm™ | mV vs SCE mV dec? | mV dec? mpy o % IE

0 22.1 709 15.8 79.1 316 | - | -
50 18.5 714 187.9 223.9 7.9 0.163 16.3
100 17.6 708 150.4 240.4 7.6 0.204 20.4
150 15.9 693 119.1 241.8 6.8 0.281 28.1
200 10.2 686 105.5 230.7 4.4 0.538 53.8
250 5.6 739 331.0 113.7 4.2 0.747 4.7
300 2.8 719 211.9 235.1 4.0 0.873 87.3

3.2. (EIS) tests

From Figure 2 the semi-circle diameter was raised by increasing of FBZ concentration. Figure
3 indicates the utilizing circuit for fitting the gotten results [26]. The Cg and Y° were founded from eq.

(4) [27]:
Ca = Y20/ sin [n (n/2)] (4)
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where o = 271 finax, fmax IS the greater frequency and n is the exponential. R increases with the
rise of the double layer thickness [28]. From Table 3, the Cy decline as a result of the replacement of
adsorbed water molecules by FBZ species [29]. These results prove the occurrence of a protective
adsorbed layer.
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Figure 2. EIS Bode and Nyquist curves for Al-Si alloy in 0.1M HCI with and without various
concentrations of FBZ drug at 25°C
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Figure 3. Circuit utilized for fitting the EIS data in 0.1M HCI

Table3. EIS parameters for the tested alloy without and with different concentrations of FBZ at 25°C

Conc., Ret, Ca, 0 %IE
nnm O~ nEerm™
Rlank 142 2 1771 — N
50 215.1 92.2 0.339 33.9
100 232.0 81.3 0.387 38.7
150 256.7 80.9 0.446 44.6
200 303.7 64.0 0.532 53.2
250 354.0 60.9 0.598 59.8
300 423.5 49.6 0.664 66.4

Phase /deg®
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3.3. (EFM) tests

EFM is characterized by speed and greatly accuracy in calculating the current data [30]. Figure
4 indicates the EFM of Al-Si alloy in 0.1M HCI solution and 300 ppm of FBZ. The EFM parameters
such as (CF-2 and CF-3), (B¢ and Ba) and (icorr) Can be measured from the higher current peaks. The CF
is closer to the standard data proved the validity of the calculated data. The IE% increase with the
raising of FBZ concentrations. From table (4), the addition of FBZ with different concentrations to the

corrosive medium reduces the current density of corrosion, meaning that drug act as inhibitor by
adsorption process.
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Figure 4. EFM diagrams for Al-Si alloy in 0.1M HCI and 300 ppm from FBZ at 25°C
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Table 4. Parameters of EFM diagrams for AI-Si alloy in absence and presence of various
concentrations of FBZ in 0.1M HCI at 25°C

Conc., icorr Be Ba. CR,

ppm HAcm? | mVdect | mVdect | mpy CF-2 | CF3) © WIE
0 99.9 123 95 1429 | 1.9 2.9 --- ---
50 69.5 133 117 994 |16 2.7 0.304 | 304

100 69.4 147 105 976 |21 3.2 0.305 | 30.5

150 69.3 150 131 973 |19 3.3 0.306 | 30.6

200 66.4 114 84 859 | 1.7 3.2 0.335 | 335

250 52.8 150 93 844 |15 3.3 0471 | 47.1

300 19.3 83 77 826 |1.3 2.7 0.806 | 80.6

3.4. Mass loss (ML) tests

The reduction in mass of Al alloy can be studied in occurrence of FBZ at 30°C. Figure 5 shows
that FBZ decreases the mass reduction and therefore corrosion rate. The (%IE) and then 0, of the FBZ
for the Al alloy were founded by eq. (1) [31]. The values of %IE are given in Table 5.
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Figure 5. Mass loss-time relationship of Al-Si alloy corrosion in absence and presence of various
concentrations of FBZ at 25°C
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Table 5. Values of IE after 120 min of Al-Si alloy in absence and presence of FBZ concentrations of at

25°C

Conc, FBZ drug
ppm
% IE ®

50 30.4 0.304
100 45.7 0.457
150 60.0 0.600
200 72.6 0.726
250 78.7 0.787
300 87.2 0.872

3.5. Influence of temperature

The results of Table 6 indicate that %IE was reduced with rising of temperature. The decrease
in % IE with the rising of the temperature proved the presence of physical adsorption of FBZ drug.

Table 6. Parameters such as %IE, (6) and (C.R.) for Al alloy dissolution after 120 min with and
without various concentrations of FBZ drug at different temperatures

Conc.,

Temp,

CR.,

ppm K mg cm™ min™ ® %IE
0.1MHCI 32 | o |
50 2.3 0.304 30.4
100 1.8 0.457 45.7
150 1.4 0.600 60.00
200 303 1.1 0.726 72.6
250 1.0 0.787 78.7
300 0.8 0.872 87.2
Blank 3.4 I
50 2.4 0.203 20.3
100 308 1.9 0.376 37.6
150 1.5 0.485 485
200 1.2 0.564 56.4
250 1.1 0.639 63.9
300 0.9 0.685 68.5
Blank 35 | e | e
50 2.8 0.116 11.6
100 25 0.205 20.5
150 313 2.3 0.276 27.6
200 2.1 0.353 35.3
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250 1.9 0.41 41
300 1.7 0.462 46.2
Blank 36 | eeeeee | e
50 3.0 0.083 8.3
100 2.7 0.163 16.3
150 318 25 0.224 22.4
200 2.3 0.292 29.2
250 2.1 0.352 35.2
300 1.9 0.402 40.2
Blank 39 | e |
50 3.4 0.043 43
100 3.2 0.105 10.5
150 323 3.0 0.158 15.8
200 2.8 0.211 21.1
250 2.7 0.256 25.6
300 2.5 0.315 315

The equation of Arrhenius (6) can be used to measure the activation energy (E,) of the
activated complex [32]:

C.R.=Aexp (-E4/RT) (5)

where E’, is activation energy and T is the absolute temperature. Using Figure 6, E , can be
measured (Table 7). E”, values prove that the higher extents of FBZ impede corrosion effectively by
raising the energy barrier of the activated complex and improve that the process is controlled by
diffusion [33].

(AH", AS") are measured by (6) [34]:

C.R.=RT/Nh exp (AS'/R) exp (-A H'/ RT) (6)
Figure 7 describes the relation between log (C.R. /T) and (1/T) which used to measure the values of
AH and AS'(Table 7).
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Figure 6. Log Kkeorr Vs reciprocal of temperature plot for Al alloy in absence and presence of FBZ
concentrations
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Figure 7. The relation between log C.R. / T) and 1/ T diagrams for the Al alloy without and with
several FBZ concentrations

In the chemisorption process, enthalpy must be or more than 100 kJ mol™[35]. The rise in the
(AH") with the occurrence of the FBZ reflects the rise in the energy barrier of the corrosion procedures.
The negative values of AS™ shows that during the rate-determining step in the formation of activated
complex is highly frequent than the cracking [36].

Table 7. Data of activation for Al alloy without and with various concentrations of FBZ

Conc., = AH, -AS’,
ppm kJ mol™ kJ mol™ Jmol*K™
Blank 7.3 47 2772

50 15.2 8.8 266.2
100 17.9 15.3 246.3
150 24.9 223 295 1
200 30.1 27.6 200.2
250 33.1 30.5 200.8
300 34.8 32.2 196.5
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3.7. Adsorption isotherms
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Figure 8. Temkin isotherm for the FBZ drug on Al alloy in 0.1 M HCI
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Figure 9. Plots AG ags Vs T for the FBZ adsorption in 0.1M HCI

Figure 8 represented the Temkin isotherm, which used to calculate © values for FBZ. The
Temkin equation represented as follows [37].

O coverage = (2.303/a) Log Kagst+ (2.303/a) Log C @)
Where Ky is the adsorption constant and C is the FBZ content (M).
The AGe,gs and Kags data are in Table 8. The AG°,qs founded by:

AGgs = - RT In (55.5 Kygs) (8)
The FBZ adsorption is spontaneous and this is proven by the AG®,4s negative sign. From the data of
AG®4s (around to -20 kJ mol™), proven that the FBZ adsorption is physisorption [38].
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Vant’t Hoff equation can be used to measure AH®,qs and AS®,qs [39] expressed by:

Ln K 4= _?;:ads +const 9)
And eg. (10):
AGoa\ds = AHoads -T ASoads (10)

Figure 9 shows the relation between AG’gs and T. A negative sign of AS%qs proved that the
disorder of corrosion process is decreases by using FBZ (Table 8) [40].

Table 8. Temkin data of Al alloy in absence and presence of various concentrations of FBZ at (30°C-

50°C)
Temp., Kads 'AGoads -AH ags -AS ads
K M kimol* | kImol? | Jmol'K?
303 46.8 19.2 30
308 40.7 194 30
313 32.4 19.5 101 30
318 28.2 19.7 ' 30
323 22.9 19.8 30

3.8. (AFM) analysis

Z-Axis - Scan forward Line fit

Ling f 2.35um

Free

Z-Axis - Scan forward Line fit

Line fit 3.32um
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Z-Axis - Scan forward _Line fit

300ppm FBZ Compound

Blank

FigurelO. (3D) AFM images of 6061 Al-Si alloy without acid (free), Al alloy in 0.1M HCI (blank),
and Al alloy in 0.1 M HCI at 300 ppm of FBZ for 24 hours at 25°C

This method gives a map about the metal surface where roughness is indicated with an
excessive resolve [41]. The 3D images of AFM shown in Figure 10.

Table 9. AFM parameters for 6061 Al alloy (a) pure coin (b) with for 24 hours (c) with corrosive
medium containing 300 ppm FBZ for 24 hours

Parameters A B C
The roughness average (Sa) 48.6 391.8 98.6
The mean value (Sm) -16.6 -18.7 -16.6
The root mean square ( Sq ) 125.0 471.8 125.0
The valley depth  (Sv) -644.5 -1272.8 -640.5
The peak height (Sp) 621.1 1562.2 621.1
The peak-valley height (Sy ) 1205.5 2434.9 1325.5

From the table, the surface of the Al alloy is more smooth in the presence of the FBZ as a result
of FBZ adsorption therefore the acid attack is reduced [42].

3.9. SEM test

Figure 11, suggests the micrograph given for Al alloy sheets in absence and using

300 ppm of FBZ after dipping for only one day.

From SEM image, the Al alloy surface is more degradation due to corrosion attack in the blank
solution. The FBZ adsorption on the Al alloy surface, forming the shielding layer resulting in blocking
the surface active areas so that the surface become more smooth and protection [43].
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Figurell. SEM image for Al alloy with and without 300 ppm of study compound after immersion for
24 hours at 25°C

3.10. (FT - IR) analysis

FTIR were performed to confirm the adsorption of FBZ on aluminum surface. The FT-IR can
be used to analyze the surface changes to prove the components nature which existed on the surface.
The peak at 3306 cm™ is corresponding to the stretching vibration of the amino group. This peak
modified to 3356 cm™ in the spectrum of the sample collected from the metal surface. Several peaks of
FBZ in Figure 12 are modified / disappeared indicates the presence of chemical bonds between
nitrogen and oxygen atoms of the FBZ to the metal surface and approve the presence of adsorbed FBZ
film on the surface[44].
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Figure 12. FT-IR spectra of FBZ solution (1000 ppm) (black spectrum line) and protective film of
FBZ on Al alloy surface (the red spectrum line)

3.11. FBZ action mechanism

The Flubendazole action mechanism as a corrosion inhibitor for Al-Si alloy in 0.1 HCI has
described by physical adsorption on the alloy surface. This proved from the values of AG®gs (less than
20 kJ mol™) and also from the effect of temperature (%IE decreases by raising temperature). This
molecule (Flubendazole) will present in the protonated form, so it can adsorb directly on the negative
surface of Al alloy [45] in acidic medium by electrostatic attraction as shown below

OOOOO@  rrowmetvioe
22BN

== Al alloy (-ve charged)

-////////////////

Table (10) gives a comparison of %IE with different investigated drugs. The present drug
gives considerably significant corrosion %IE compared to other drugs. Thus, the present FBZ drug can
be used as corrosion inhibitor with promising results.
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Table 10. Performance comparison of some expired drugs as corrosion inhibitors

Inhibitor (drug) sample Medium %IE References
Penciillin G mild steel 0.5MH,SO, | 73.7 46
Domperidone Al 0.2MHCI | 89.1 47
Cloxacillin mild steel 1 MHCI 81.0 48
Pantoprazole Al 1M HCI 59.0 49
nizoral (NZR) Al alloy 2M HCI 65.9 50
Quinoline mild steel 1 M HCI 88.7 51
Penciillin V mild steel 0.5MH,SO, | 63.3 52
Flubendazole Al-Si alloy 0.1M HCI 87.2 | present work

4. CONCLUSIONS

The FBZ shows the corrosion inhibition for Al alloy in HCI solution, where IE ratio improved
by rise of drug concentration. The IE is decreasing with rise of temperature as a result of the
destruction of the adsorbed FBZ molecules on the Al alloy surface. The adsorption of Flubendazole on
the surface follows Temkin equation. Tafel curves showed that FBZ is mixed-kind inhibitors. (Cgj)
reduced by the rise of the FBZ concentration while (Rc) is rise. The adsorbed layer on the Al alloy
surface was proven by AFM, SEM and FTIR analyses.
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