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Abstract

The corrosion behavior of aluminium in 1 M NaOHuwain, in the absence and presence
of some aromatic carboxylic acids, was investigatsicig potentiodynamic polarization
techniques, electrochemical impedance spectrosd®d$) and scanning electron
microscope (SEM). The results among the investijadeomatic carboxylic acids,
4-bromomethyl, 3-bromo and 3-hydroxy benzoic acidreavmore efficient corrosion
inhibitors for aluminium in alkaline medium. Thelwas of different thermodynamic
parameters such as adsorption equilibrium congk&nat) and free energy of adsorption
(AGag9 Were calculated and discussed. The adsorption ggsock studied inhibitors on
aluminium surface obeys the Langmuir adsorptiothison.

Keywords: aluminium corrosion, aromatic carboxylic acidshimtor, electrochemical
impedance spectroscopy, potentiodynamic polarigatio

Introduction

Aluminium is an attractive fuel for electrochemiqadwer sources. Its principal
advantages as an anode material include high pamergy density, and great
abundance. Corrosion of aluminium and its alloys heeen the subject of
numerous studies, due to their wide range of imthisdpplications, especially in
aerospace, surface coating and alkaline battett&3. [Aluminium and its alloys,
however, are reactive materials and are prone node. Aluminium relies on the
formation of a compact, adherent passive oxide famits corrosion immunity in
various environments. This surface film is amphotand dissolves substantially
when the metal is exposed to high concentrationacids or bases [4]. Alkali
destroys the protective aluminium film very quicklipecause OHions are
adsorbed, thus increasing the dissolution ratelahiaium [5]. The corrosion
inhibition of aluminium and its alloys is of trensus technological importance,
due to the increased applications of these magerMiny investigators have
studied ways to obtain optimum corrosion protection aluminium in various
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media, by either finding new inhibitors or improgithe inhibition efficiency. The
inhibitor efficiency has been attributed to the@g@son of the inhibitor molecules
on the metal surface, forming a protective laydre Extent of adsorption of an
inhibitor depends on many factors: (a) the naturé¢he metal, (b) the mode of
adsorption of the inhibitor, and (c) the surfacendibon [6-8]. The inhibition
effect mainly depends on some physicochemical dectrenic properties of the
organic inhibitor which relate to its functionalogips, steric effects, electronic
density of donor atoms, and orbital character ofating electrons [9-12]. Several
inhibitors have been used to control the corrosibaluminium. To prevent the
corrosion of aluminium in acid medium, inhibitorsch as antibacterial drugs [13],
imidazoline derivatives [14], Schiff bases [15] a&lonix regia extract [16] have
been used. In alkaline medium, inhibitors such a$yvinyl alcohol [17],
gongronema latifolium extract [18] and 3-hydroxyfb@e [19] have been used to
prevent corrosion of aluminium. Aromatic carboxybecid, especially benzoic
acids and their substituted compounds were invagstijas effective inhibitors for
aluminium in acidic and alkaline solutions [20]. #aiptive characteristics of the
benzoic acids have an influence on the corrosidmbition capacities. The
benzene ring attached to the carboxyl group cametto the inhibitor efficiency,
which is further influenced by the substituent hre tbenzene ring. Thus, the
present study was undertaken to compare the inmahatilities of some aromatic
carboxylic acids shown in Fig. 1 on the corrosidgnaluminium in 1 M NaOH
solutions by using potentiodynamic polarization aectrochemical impedance
spectroscopy (EIS) methods. The surface analysssoaaied out using scanning
electron microscope (SEM). The adsorption behawbrthe inhibitors was
analyzed against Langmuir adsorption isotherm theor
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Figure 1. Chemical structure of the investigated aromatidsac
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Experimental

Materials and methods

The working electrode was made of aluminium (Al-Q)5surface preparation
consisted of abrasion with sandpaper (P 800-200@wes®), followed by
degreasing in an ultrasonic bath using ethanol @geidnized water, and drying
with a stream of air. The investigated aromatidoaylic acids (Fig. 1) were of
analytical grade and used as purchased withoutdugurification.

Electrochemical experiments

The electrochemical experiments were carried oubgus traditional three-
electrode cell. The working electrode was an aliuminelectrode (0.5 cfi The
counter electrode was a platinum foil and the exfee electrode was an Hg/HgO
electrode. Electrochemical measurements were peeldr by a Bio Logic
(SP-150) instrument. Impedance measurements weréorped under the
corrosion potential with a sinusoidal potentialtpdration of 5 mV in amplitude,
and the frequency was from 100 kHz to 10 mHz. Tleasarements were taken
until the electrode reached a steady state.
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Figure 2. Polarization Tafel curves for aluminium in 1 M NdQOn the absence and
presence of 3-bromo, 4-bromomethyl and 3-hydroxgzbe acid (500 pg/mL) at a
sweep rate of 0.5 mVisat 25 °C.

Results and discussion

Polarization measurements

Polarization measurements were performed in theredes (blank solution) and
presence of various concentrations (100, 250 aridggln) of the investigated
aromatic carboxylic acids in 1 M NaOH at 25 °C..Fxyshows typical Tafel
polarization curves for aluminium in 1 M NaOH folabk solution, and in the
presence of the more efficient investigated aramedirboxylic acids (3-bromo, 4-
bromomethyl and 3-hydroxy benzoic acid), at a catregion of 500 pg/mL and a
sweep rate of 0.5 mVlsat 25 °C. The data clearly show that the additibthe
derivatives of benzoic acids shifts the corrosianteptial (ko) in the positive
direction (especially for the 3-bromo and 4-bromtmkederivatives) and reduces
both the anodic and cathodic current densities. arfadlic current was, however,
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reduced more significantly than the cathodic curfen3-bromo, 4-bromomethyl
and 3-hydroxy derivatives of benzoic acid (Fig. 2).

These results indicate that these three aromatibogglic acids act as mixed-type
inhibitors. This means that these inhibitors hageiicant effects on retarding the
cathodic hydrogen evolution reaction and inhibititige anodic dissolution of
aluminium in alkaline solution. The Tafel extrapgaa method was used to
evaluate the corrosion parameters and the valueselated electrochemical
parameters, i.e. &, corrosion current densityc4i), and inhibition efficiency
(IE%) were calculated from the related polarizatamves, and are presented in
Table 1.

The percentage inhibition efficiency (IE%) was cddted as follows [21]:

. _.' 1
|E%:(|°0“_'—|CO”))(100 ( )

ICOI’I’
where torr and icorr are the corrosion current densities in the absandepresence
of inhibitors, respectively. The values of cathodfz) and anodic [{p) Tafel
constants were calculated from the linear regiothefpolarization curves.
As presented in Table 1, the corrosion currentithemss reduced in the presence
of all investigated aromatic carboxylic acids, espky in the presence of
3-bromo, 4-bromomethyl and 3-hydroxy benzoic atitie values of IE% for these
inhibitors at a concentration of 500 ppm were 82, ahd 70%, respectively.
Furthermore, the increase of inhibition efficierscfer the aluminium corrosion in
1 M NaOH, with increasing concentrations of orgamdids, can be explained on
the bases of the inhibitor adsorption.
This behavior can be attributed to the increaseathse coveragd), due to the
increase of the number of adsorbed molecules aimital surface [13]. So, the
investigation of the relation between corrosionibititon and adsorption is of great
importance. The adsorption of organic inhibitorstla# metal/solution interface
takes place through the replacement of water mtdechy organic inhibitor
molecules, according to the following process [13]:

Orgsol +xH 20 - Orgads +xH Zosol (2)

where Orgon and Orgags) are organic molecules in the solution and adsodred
the metal surface, respectively, and x is the nurobbevater molecules replaced
by the organic molecules. Different adsorptionhsoins were analyzed in order to
obtain more information about the interactions lestw aromatic carboxylic acids
and the aluminium surface. The linear relationsbhigtween 6 values and
concentration of inhibitor, &, is to be found in order to obtain the isotherhe T
degree of is calculated from the polarization data using fibllowing equation
[13]:

|

i -
e — _corr corr (3)
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Table 1. Tafel polarization and EIS parameters for aluminiconrosion in the absence
and presence of the investigated inhibitors v llaOH at 25 °C.

N Concentration Tafel polarization EIS
Inhibitor (ppm) -Ecorr i corr Pa Bc IE% Ret Cax10® IE%
(mV)  (UAcm? (Vdec!) (Vdec?) (Qcm?)  (mFcm?)
blank solution - 1560 33880 341 291 - 15 55 -
3 hydroxy 100 1566 10529 361 288 68 6.1 35 58
b . 250 1557 10449 344 293 69 6.5 32 61
500 1536 10268 348 290 70 7.0 28 69
100 1467 26765 3489 291 21 2.7 40 14
4-hydroxy 250 1461 25980 3513 2911 23 3 37 22
benzoic acid ’ ’
500 1445 24609 3289 2922 27 3.3 33 29
3-bromo 100 1404 7090 3421 1823 79 9.8 39 76
boraoi o 250 1403 6881 3264 2894 80 10.4 36 81
500 1387 6584 346.8  302.8 81 10.9 32 81
b 100 1499 23180 3328 3023 32 3.3 36 31
ber;Z(r)ci):]:ci g 250 1499 21890 3328 3023 35 34 35 31
500 1483 21480 3438 2923 37 3.6 34 35
erenhtali 100 1569 23904 3321 2957 29 3.0 48 22
erzpd da Ic 250 1569 21853 3344 2951 35 3.4 36 31
500 1551 20986  338.3 2939 38 4.0 34 42
b i 100 1451 9810 3352 2932 71 6.5 41 61
'be”;;‘:)?é“aecig 250 1423 9698 3521 2951 71 7.2 37 70
500 1424 9416 351.7 2915 72 7.2 35 70
3-1tro benzol 100 1464 17929 3424 2935 47 3.1 49 26
- rgcignzo'c 250 1471 17408  379.8 2889 49 34 42 31
500 1460 16900 3468 2920 50 4.0 40 41
Ao benzod 100 1474 26212 3457  292.0 23 3.0 48 22
- rgcignzo'c 250 1456 22959 3454 2928 32 32 40 27
500 1452 22087 337.7 2943 35 35 38 33
achloro 100 1499 17130 3356 2954 49 3.0 45 22
borsoic aeid 250 1487 17041 3567  289.3 50 32 40 28
500 1497 15970  353.1 2914 53 3.4 37 31

Attempts were made to fit tHevalues to various isotherms, including Langmuir,
Temkin, Frumkin and Flory-Huggins. The best fitoistained with the Langmuir
isotherm. The Langmuir adsorption isotherm is gilgr22]:

where Kugsis the adsorption equilibrium constant. A plot@f/6 against Gn for

(4)

the more efficient investigated inhibitors showedteight line, indicating that
adsorption follows the Langmuir adsorption isotheasishown in Fig. 3.
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Figure 3. Langmuir adsorption isotherm plot for corrosionatdminium in 1 M NaOH
containing 3-bromo, 4-bromomethyl and 3-hydroxyzwma acid at 25 °C.

The values of Kgs obtained from the Langmuir adsorption isothermratated to
the standard free energy of adsorptidf4ds [23]:

AG,,, = - 2303RTlog(555K ) (5)

where R is the universal gas constant, T is thelatestemperature, and the value
of 55.5 is the molar concentration of water in slodution. The values of 44 for
the more efficient investigated inhibitors, i.e;b®mo, 4-bromomethyl and
3-hydroxy benzoic acid, were 1250, 1111 and 100@oL?, respectively. The
higher value of Kysfor 3-bromo benzoic acid indicates stronger adsampdn the
aluminium surface. FurthermoreAG°agsvalues for 3-bromo, 4-bromomethyl and
3-hydroxy benzoic acid were 27.6, 27.3 and 27.in&lJ, respectively (Table 2).
That indicates 3-bromo benzoic acid was more eaffelgt adsorbed on aluminium
surface than other investigated carboxylic acidse Tiegative values fokG ads
are consistent with the condition for spontaneityhe adsorption process and the
stability of the adsorbed layer on the aluminiunface.

Table 2. Values of adsorption constants§ and free energy of adsorptiom\(5ad9 for
adsorption of 3-bromo, 4-bromomethyl and 3-hydrbepnzoic acid.

Inhibitor K ads(L.molY)  -AGags(kJ.mol?)
3-bromo benzoic acid 1250 27.6
4-bromomethyl benzoic acid 1111 27.3
3-hydroxy benzoic acid 1000 27.1

ElS measurements

The EIS were recorded for aluminium in the abseamw presence of investigated
aromatic carboxylic acids. The complex plane plotsthe EIS measurements,
obtained at open-circuit potential after one haumersion in the absence and
presence of 3-bromo, 4-bromomethyl and 3-hydroxgzb& acid as the best
investigated inhibitors, are presented in Fig. 4(a)
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Figure 4 (a). Complex plane plots of the EIS measurements oldaioealuminium in
absence and presence of 3-bromo, 4-bromomethyl3amgtroxy benzoic acid in 1 M
NaOH at 25 °C.

Figure 4 (b). Equivalent circuit used for approximation of thiSElata. Symbols indicate
experimental results, and solid lines approximalata obtained using CNLS method.

Furthermore, an equivalent circuit to describe #tectrochemical impedance
characteristics of aluminium is shown in Fig. 4(b).

It is composed of a Faradaic impedance parallaldouble layer capacitances.C
Faradaic impedance consists of: R=Ri1+R2), indicating the charge transfer
resistance at the metal/oxide film interface; Lultssfrom the interruption of
anodic dissolution of aluminium by the surface dearuild-up; Rx is the
resistance against charge transport in the oxldednd Gy, due to the dielectric
properties of surface oxide film. Thes Romponent in the circuit is a solution
resistance with the value at a high frequency aefgtr on the real impedance axis
[24]. This model circuit shows that the capacitdesnicircles occurring at the high
and low frequencies in Fig. 4(a) are due to thergdndransfer reaction at the
metal/surface oxide film, and the dielectric pragsr of surface oxide film,
respectively. It has been reported that aluminiussalves into the solution in the
3* oxidation state through the generation of 8t Al*? intermediate species [24].
Therefore, the charge transfer resistange,ght be represented by the sum of
R: and R in the equivalent circuit. The inductive loop show the medium
frequency range might have been caused by themethate species generated
during metal dissolution. The EIS data obtainethi; NaOH solution are shown
in Table 1. Inspection of Table 1 reveals that \Rlues increase prominently,
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while Cq reduces with the concentration of all investigatbibitors. Rt is
associated with the corrosion resistance, so, itjieeh charge transfer resistance
indicates better inhibition performance. The deseda Gi, compared with that in
the blank solution, which can result from a deceeimslocal dielectric constant
and/or an increase in the thickness of the eledtdouble layer, suggests that the
inhibitor molecules function by adsorption at thaidsolution interface [25].
However, the values of the charge transfer andbitibin efficiency were
increased in the presence of all inhibitors, egigcin the presence of 3-bromo,
4-bromomethyl and 3-hydroxy derivatives of benza@d. These results are in
good agreement with those obtained from polarinati@asurements (Fig. 2). The
effect of temperature on the rate of dissolutionatdiminium in 1 M NaOH
containing 100 pg/mL of the 3-bromo benzoic acid, tae most efficient
investigated inhibitor, was evaluated by the Tafelarization and EIS methods
over a temperature range from 25 to 80 °C (Table 3)

Table 3. Corrosion parameters and free energy of adsorfioaluminum in 1 M NaOH
containing 3-bromo benzoic acid (100 pug/mL) atetight temperatures.

Tem?,ecr;’““re icor (MACM?)  -Econ (MV) Rt (@CM?)  Cax1C(MF cm?)  1E% - AGCds (kJ mol?)
25 7090+28 1404+11 9.810.9 39:2.0 76 22.9
40 8064+41 143925 8.4+1.1 41£1.0 61 23.9
60 9524426 149325 6.9£0.4 45£0.6 52 25.7
80 12436132 153930 4.2£1.2 45£0.9 39 27.8

The results revealed that a higher temperaturea&sed the corrosion rate of Al-
1050 for this inhibitor. Additionally, the increage corrosion rate in the absence
of 3-bromo benzoic acid was higher than in its gneg at all temperatures,
suggesting more aggressiveness of a free alkabhdian. It was proved that
benzoic acid is a good corrosion inhibitor, prolgaidcause the dimeric structure
is formed, and this structure is somehow prefertdladsorption [26]. The results
of Table 3 revealed that th€G°agsvalues increased from -22.9 to -27.8 kJ ol
with increasing temperature from 25 to 80 °C; thisans adsorption phenomena
are affected by dimerization of 3-bromo benzoidam aluminium surface.

L] MUY BACATL By LTt d Byt 2t A T TR vy £ g s i

Figure 5. SEM images of aluminium surface in 1 M NaOH salntin the absence (a)
and presence (b) of 3-bromo benzoic acid (100 ppank5 °C after 1 h exposure.
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SEM studies

The SEM images of aluminium in 1 M NaOH solutionthe absence (a) and
presence (b) of 3-bromo benzoic acid (100 pg/mLl)5a®C after 1 h exposure are
given in Fig. 5.

The surface is porous and the large and deep hegpgear. However, the

appearance of Al surface is different after theitamtd of 3-boromo benzoic acid

as the most investigated inhibitor for the corressolution. It can be seen from
Fig. 5 that the dissolution rate of aluminium isnsilerably reduced, and the
smooth surfaces appear by the formation of a pigeetiim on the Al surface.

Conclusions

Some aromatic carboxylic acids were studied for itit@bition of aluminium
corrosion in alkaline solution. The polarizatiorddflS measurements showed that
3-bromo, 4-bromomethyl and 3-hydroxy benzoic acigravthe more effective
inhibitors among all investigated aromatic carbaxyhcids on corrosion of
aluminium in 1 M NaOH at 25 °C. The IE% values oddted from polarization
Tafel curves for these inhibitors at concentrandri00 ppm were: 79, 71 and 68,
respectively. These results are in good agreeméhttiose obtained from EIS
measurements. Furthermore, the IE % was founddease with an increase in
inhibitors’ concentration. The adsorption of theslibitors on the aluminium
surface obeyed the Langmuir adsorption isothermaindiche negative values of
AG°ags indicate spontaneous adsorption of the inhibitors the surface of
aluminium. The effect of temperature on the rataligolution of aluminium in
1 M NaOH containing 100 pg/mL of the 3-bromo benzais the most efficient
investigated inhibitor, revealed that higher tenapates increased the corrosion
rate of Al-1050 for this inhibitor. Surface morpbgical studies by SEM analysis
were in good agreement with electrochemical measein¢s.
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