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Abstract 

The natural passivity, or induced by anodizing process, does not always result in an effective 

corrosion barrier for aluminium when exposed to environments containing specific chemicals that 

can cause material degradation phenomena with localized corrosion morphology. The present work 

investigates the effects of ethyl bromide (EtBr), a neutral organic molecule, sometimes used as a 

fumigant in packaging containers, that has been recently indicated as possible cause of corrosion in 

aluminium alloy components. The study was conducted on Al 1050 alloy samples in aqueous 

solutions of sodium sulfate at increasing EtBr concentrations, ranging from 500 to 8600 ppm. Long-

term exposure tests (936 hours) and electrochemical experiments (potentiodynamic and potentiostatic 

polarizations, as well as time-dependent corrosion potential monitoring) were carried out, together 

with SEM and EDS examinations of the morphology and nature of the corrosion products. The results 

showed that the alloy undergoes different corrosion behaviors depending on the concentration of 

EtBr, spanning from passivity at the lowest concentrations to pitting at the highest, passing through 

the initiation and propagation of crevice at intermediate EtBr contents. A crucial role of the exposure 

time was detected, tentatively attributed to ethyl bromide hydrolysis in aqueous solution that liberates 

the bromide anion that is aggressive towards the passive state of aluminium alloys. 
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1. Introduction 

The physico-chemical features of aluminium justify its extensive use in several industrial applications 

such as aircraft construction, building materials and consumer durables [1, 2]. Thanks to its low 

density (about 2.7 g cm–3) and centered cubic structure, aluminium has functional machining 

characteristics, great thermal and electrical conductivity and excellent resistance to atmospheric 

corrosion [3, 4]. The limits of its applicability are due to the low mechanical properties and the 

impossibility of use at high temperatures (i.e., melting point of 660°C). When an aluminium surface 

is exposed to oxidizing environments, it is almost instantaneously covered with a first nanometric 

thin layer of oxides/hydroxides sufficient to prevent reactivity of the underlying aluminium substrate 

(i.e., spontaneous passivation process) [5, 6]. Although aluminium and its alloys exhibit good 

resistance against general corrosion, as any passive metal they are subject to localized attacks mainly 

in near neutral aqueous solutions [7, 8]. The barrier ability of the resulting film can be compromised 

by both mechanical and chemical actions, the last including both acidic and alkaline media (due to 

amphoteric property of aluminium oxide) [9-13] and specific agents, that destroy the continuity of 

the film [14-18]. When breakage of the passive layer occurs, two possibilities can be realized: i) rapid 

reconstruction (i.e., repassivation) of the film [19-21]; ii) initiation of the corrosion of the underlying 

metal [22-24]. 

The corrosion behavior of aluminium alloys in organic compounds has received scarce attention in 

the past. For instance, while aldehydes are not aggressive except in a few limited cases, alcohols and 

phenols at high temperatures are harmful to aluminium alloys by causing dehydration of the natural 

protective oxide layer. Nevertheless, the presence of traces of humidity (>0.3 %) is sufficient to foil 

the attack [2]. The behavior of aluminium in contact with halogenated organic compounds 

significantly depends on many factors [2]. In particular, some environmental conditions (i.e., 

humidity and high temperature) can cause rapid degradation phenomena. In the presence of water, 

hydrolysis of the organic halide may occur through a nucleophilic substitution reaction producing the 
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corresponding alcohol and the mineral acid, the last being deleterious for the stability of the metal 

oxide layer (i.e., acidity and halogen ions) [25-28]. According to the general rule “higher stability, 

lower reactivity”, the high stability of fluorine compounds practically never pones a problem of 

compatibility with aluminium. The same does not apply to the more reactive chloro- and bromo- 

analogues for which, in general, the higher the number of halogen atoms (for a given number of 

carbons) and the higher the length of the aliphatic chain (fixing the number of halo atoms), the higher 

the reactivity of the product [2]. Despite the huge literature data available for the electroreduction of 

alkyl, aryl and even hetero-aryl halides on both non-metallic and metallic electrode substrates (e.g., 

glassy carbon, silver, gold) [29-32], very little information is available on the reactivity of alkyl 

halides with alloys commonly used in the everyday life (e.g., aluminium ones). Among them, ethyl 

bromide (EtBr) is widely used both in the production of other chemicals and as a solvent. In addition, 

it had been used as a refrigerant, fruit and grain fumigant and as a veterinary and human anesthetic. 

As a fumigant in storage and processing plants, it has been already reported to attack aluminium even 

at cold temperature and in absence of moisture [2], even if no scientific reports have been published 

on this topic. Nevertheless, some papers on the corrosive effects of several fumigants have been 

already published in the open literature [33-35]. On the other hand, electroreduction of EtBr has been 

already investigated on inert metal electrodes and boron doped diamond ones in dry organic solvents 

and mixed organic-water mixtures, respectively [36, 37]. Formation of tetraethyl lead was also 

reported for the reductive electrolysis of EtBr on a lead cathode [38]. 

The present paper aims to investigate, by mass loss and electrochemical methods, the wet corrosion 

of aluminium by ethyl bromide, reporting the results of a study on Al 1050 alloy in contact with 

aqueous solutions of the cited bromoalkane. Al 1050 was selected as substrate in the present study 

because, thanks to its good corrosion resistance and high ductility properties, is widely used 

industrially for chemical process plant equipment, food containers and cable sheathings. In order to 

investigate the Al 1050 corrosion behavior only strictly related to the influence of the EtBr, the study 

was carried out in near neutral Na2SO4 aqueous solutions [39-42].   
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2. Materials and Methods 

2.1 Aluminium alloy samples and their characterization 

Experimentation was conducted on commercial Al 1050-O alloy (fully annealed) with nominal 

composition as shown in Table 1. The material was in the form of 1 mm thick plate and 10 mm 

diameter bar. Ethyl bromide was supplied by Sigma-Aldrich (98%), as well as all chemicals used in 

the present work. For metallographic analyses, Al 1050 samples were embedded in a thermosetting 

resin, wet polished with sandpaper up to 1000 grit and diamond paste with a particle size of 0.25 µm. 

Then samples were rinsed with water in an ultrasonic bath, degreased in acetone and dried with hot 

air. A 90-second attack with 0.2 vol.% HF solution proved effective to highlight the microstructure 

of the samples. 

Visual investigation and morphological analyses of the samples were carried out through optical 

microscopes (Olympus stereo microscope and Nikon Eclipse MA200 metallographic microscope) 

and scanning electron microscope (SEM; Leo 1430, equipped with Energy Dispersive X-Ray 

analysis (EDS)). 

Table 1. Chemical composition of Al 1050-O alloy. 

Element Al Fe Si Cu Mn Mg Zn Ti Impurities 

wt. % 
99.5 

min 

0.40 

max 

0.25 

max 

0.05 

max 

0.05 

max 

0.05 

max 

0.07 

max 

0.05 

max 

0.03 

max 

 

2.2 Long-term exposure tests 

For long-term exposure tests, Al 1050 plate was machined to produce 40 x 25 mm rectangular samples 

with a 3 mm diameter hole. The samples were wet polished with sandpaper up to 800 grit. Each 

polished sample was finally dipped into a glass tube of 250 ml (Figure 1) filled with a 0.2 M Na2SO4 

aqueous solution with a content of ethyl bromide ranging from 500 ppm to 8600 ppm (value close to 

the solubility limit of EtBr in water). The tests were carried out at room temperature (22±1°C), for an 
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exposure duration of 39 days. At the end of each test, samples were soaked for ten minutes in a boiling 

aqueous solution containing 2 wt.% CrO3 and 3 vol.% H3PO4 85 wt.% with the aim at removing any 

corrosion deposit [43]. 

  

Figure 1. Glass tube set up for long-term exposure tests of Al 1050 samples at different concentrations of ethyl bromide (a). 

Electrochemical ASTM G5 modified cell used for potentiodynamic and potentiostatic polarizations (b). 

2.3 Electrochemical investigation 

Two different types of electrochemical tests were carried out: potentiodynamic anodic polarizations 

and potentiostatic polarizations. The aim was the identification of the alloy’s stability zone as a 

function of the ethyl bromide concentration. A modified ASTM G5 type cell (Figure 1), equipped 

with a saturated calomel electrode (SCE, +0.241 V vs. NHE) as a reference one and two counter 

electrodes made of a platinum spiral, was used [44]. The working electrode (WE) was a 10 mm 

diameter and 15 mm height cylinder of Al 1050, and an opportune assembly was obtained between 

the electrode and a TFE-fluorocarbon gasket of the holder, by applying a suitable compression. 

Before each measurement, WE was wet polished with sandpaper up to 800 grit, cleaned and degreased 

with acetone in an ultrasonic bath for five minutes and dried with a hot air flow. All tests were carried 

out in 3 wt.% Na2SO4 aqueous solutions at different concentrations of ethyl bromide. Each 

measurement was performed at room temperature and under atmospheric pressure. To minimize the 

ohmic drop, the reference electrode was inserted into a Luggin capillary (filled with the same working 

solution) and carefully placed as close as possible to the working electrode. 

 

a b
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Potentiodynamic polarization experiments were carried out with a potentiostat (1286, Solartron). 

Scans were performed from open circuit potential (OCP) to +1.8 V vs. SCE by setting a sweep rate 

of 0.167 mV s–1. The current-potential curves were recorded via PC through CorrWare program. 

Potentiostatic polarizations were carried out with a second potentiostat (Amel 550 series) with 

Keithley interface mod.199 DMM for data acquisition via PC. 

The redox potential of each test solution was measured by potentiometric measurements, using a 

platinum wire as sensing electrode and a SCE as a reference one, properly connected to a high input 

impedance potentiometer (Model 2335, Amel). 

3. Results and Discussion 

3.1 Metallographic examination 

The metallographic analysis showed equiaxed grains and the absence of defects of critical sizes, 

because of a homogenization treatment of the alloy at 500°C for 24 hours (Figure 2).  

 

Figure 2. Metallographic microstructure of Al 1050 sample after etching attack with 0.2 vol.% HF solution. Size marker: 100 μm (400x 

magnification). 

The heat treatment allowed residual phases to be dissolved into the α-Al matrix, and the grain 

boundaries became thinner and clear. Some insoluble phases, typically FeAl3 intermetallics, can be 

observed both within the grains and along the grain boundaries [45]. 
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3.2 Long-term exposure tests 

Gravimetric tests were performed by immersing the as polished rectangular specimens into the 250 

ml glass tubes containing a 0.2 M Na2SO4 aqueous solution with a content of ethyl bromide ranging 

from 500 ppm to 8600 ppm. Samples were monitored daily throughout the test period of 936 hours 

(39 days). At the end of each experiment, the formation over time of a whitish deposit was observed 

on each sample, except for the blank. The nature of the deposit was examined by EDS analyses which 

confirmed to be typical oxidized aluminium corrosion products, whose extent appeared to be 

correlated to the increase of EtBr concentration. Pictures of the surface appearance of some specimens 

at the end of the experiment (i.e., before cleaning procedure) are shown in Figure 3. By a strict 

analysis of the pictures, it is evident how the metal surface of specimens is not uniformly covered by 

the corrosion products and that the amount of the latter tends to augment as the EtBr concentration 

increases.  
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Figure 3. Optical images of the surface appearance of some specimens at the end of the related exposure experiment as a function of 

the EtBr concentration: a) 570 ppm; b) 1000; c) 4000 ppm; d) 4700 ppm; e) 7150 ppm. Size markers: 3 mm (36x magnification).   

The surface appearance of some specimens as observed at the metallographic microscope after 

cleaning in 2 wt.% CrO3 and 3 vol.% H3PO4 mixture is shown in Figure 4. It is apparent that the 

higher the EtBr concentration, the more evident the effects of corrosion attack. After carefully 

examining the surface of all tested samples, it was evident that at EtBr content up to ca. 3000 ppm 

corrosion is negligible causing only a visible enhancement of surface roughness.  In the range 3000-

a b

c d

e
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5000 ppm, corrosion is more evident and a groove-like corrosion morphology is observable with a 

few small pits easily detectable. Further increase of the EtBr content provokes diffuse pitting 

corrosion with a uniformly distributed number of deep cavities.  

 

 

a b

d

f

c

e
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Figure 4. Metallographic micrographs of the surface appearance of some specimens at the end of the related exposure experiment as 

a function of the EtBr concentration: a) no EtBr; b) 570 ppm; c) 3200 ppm; d) 4000 ppm; e) 5650 ppm; f) 7150 ppm.  The surface of 

the specimens was previously treated with a CrO3-H3PO4 mixture. Size markers: 1 mm (50x magnification). 

The samples, after immersion for 39 days in the solutions containing a different amount of ethyl 

bromide, were analyzed to get information on the corrosion rate by using the weight loss method 

according to ASTM G1 recommendations [43]. In order to obtain results undistorted from the 

corrosion deposits, the formed aluminium oxidized products were removed according to a suggested 

chemical cleaning protocol described in detail in the previous section. The corrosion rates (v) were 

determined from the weight loss according to the following formula: 

𝑣 =
𝑘∙∆𝑝

𝐴∙𝑑∙𝑡
   (1) 

where k is a constant (set to 87600 if v is expressed in millimeters per year), Δp is the mass loss 

evaluated as the difference in weight (in grams) between the sample before and after the test, A is the 

total exposed area (in cm2) of the coupon, d is the density (2.71 g cm–3 for Al 1050) and t is the 

exposure time (in hours). 

The corrosion rates as a function of the concentration of ethyl bromide are shown in Figure 5. A good 

correlation between the corrosion rate and the EtBr content is noticeable, with the first increasing 

near linearly with the concentration of the organic halide and exceeding the engineering limit value 

of 0.1 mm per year only in the case of the 8600 ppm concentration. Although the corrosion rate has 

not a real physical meaning in case of localized corrosion attack, the observed strict dependence 

between mass loss and ethyl bromide concentration is a proof of the adverse action of the 

bromoalkane toward the stability of the protective oxide/hydroxide layer that forms naturally on the 

aluminium when exposed to an oxidizing environment. 
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Figure 5. Corrosion rate (v) as a function of the content of ethyl bromide (EtBr) evaluated after 936 hours of exposure. Regression 

line (black) is calculated over the range 0-7000 ppm. Blue dashed line depicts the trend up to 8600 ppm. 

The redox potential of the test solutions was measured at the beginning and the at end of each 

experiment, using a Pt wire as a sensing electrode (Figure 6a). This measurement can be extremely 

useful for early detection of issues related to a change from the steady state of an aqueous system. The 

potential at the beginning of the test is stable and independent of the EtBr concentration, assuming a 

value of approximately + 0.3 V vs. SCE that is typical for neutral, oxygenated water equilibrated with 

air. When oxygen is dissolved in water, a redox potential is generated according to the reaction:  

 H2O  1/2O2 + 2H+ + 2e‒ (2) 

Redox potentials at the end of the tests follow a completely different trend, clearly depending from 

ethyl bromide content. Values remain around + 0.3 V vs. SCE up to ca. 1000 ppm EtBr. For solutions 

with higher content, the redox potential abruptly decreases until it reaches a stable value of about –

0.5 V vs. SCE at ca. 3000 ppm. 
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Figure 6. Redox potentials of the test solution (a) and corrosion potentials of Al 1050 (b) as a function of EtBr concentration and 

exposure time. 

The trend cannot be simply explained by the ability of ethyl bromide to adsorb onto Pt surface as a 

competitor to oxygen, as this effect should be observed along the redox measurements at the 

beginning of each test, too. A plausible explanation could reside into consideration that, at given EtBr 

concentration, corrosion of aluminium alloy starts because of bromide anions produced by hydrolysis 

of the organic halide. It is well accepted that hydrolysis of organic compounds in aqueous solutions 

depends on the concentrations of protons or hydroxide ions, as well as on water (in organic-aqueous 

mixture) by mechanisms of substitution or addition by HO‒ or H2O at sp3 or sp2 carbon [27]. Jeffers 

and Wolfe reported that, at 25°C, the hydrolysis half-lives of both methyl and ethyl bromide are about 

21 days, while this value tends to drastically lower at higher temperature [25]. For aluminium alloys, 

in aerated aqueous solutions, oxygen reduction reaction is the main cathodic process sustaining 

corrosion [46, 47]. The steps involved in the localized corrosion phenomenon of aluminium alloy in 

halide-containing aqueous solutions are considered to be i) adsorption of halide ions at the oxide 

surface, ii) penetration of the oxide film by halide ions, and iii) anion-assisted dissolution occurring 

at the metal|oxide interface. Therefore, as the corrosion process proceeds, oxygen concentration 
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approaches zero and anoxic conditions appear, thus causing the redox potential to decrease 

precipitously.  

The above discussed assumptions find confirmation in the trend of the Al 1050 corrosion potential, 

Ecorr, as a function of exposure time and EtBr concentration (Figure 6b). For the just dipped Al 1050 

specimens, a corrosion potential around ‒0.8 V vs. SCE was detected at all ethyl bromide 

concentrations, in good agreement with the stable trend observed for Eredox (Figure 6a). In EtBr-free 

medium, since 3 days of immersion, Ecorr invariably stabilizes at ‒0.46 V vs. SCE, a significant nobler 

value that is due to the growth of a thicker protective oxide layer naturally developing in the halogen-

free near neutral aqueous solution. For specimens subjected to a continuum exposure to the organic 

halide, the corrosion potential at lower EtBr contents tends to a value around ‒0.8 V vs. SCE, 

independently of the exposure time, except for the longer one (39 days) for which a slight 

ennoblement of Ecorr was detected. Between 1200 and 2000 ppm, Ecorr neatly shifts in a manner almost 

independent of the exposure time. However, at each given EtBr concentration higher than 2000 ppm, 

the effect of time returns to be evident: the corrosion potential progressively increases over time 

reaching a maximum value of ca. ‒0.50 V vs. SCE after 10 days. Again, samples immersed for 39 

days showed a different behaviour, with Ecorr progressively shifting towards more negative potentials 

by increasing the concentration of the organic bromide. 

The combination of all the above reported experimental observations (Eredox  and Ecorr, Figure 6) 

suggests that the organic bromide itself (as an intact molecular entity) is basically inactive towards 

Al 1050 and that time is the mandatory parameter to be taken into consideration to properly evaluate 

the compatibility between the two chemicals. Indeed, time is tentatively responsible of the hydrolysis 

of the organic compound that results into the formation of the real hazardous species for the 

aluminium alloy. According to this hypothesis, effects of EtBr concentration on the aluminium alloy 

were detected only after some exposure time. In particular, the trends of both redox potential and 

corrosion potential lead to the same conclusion, that is the concentrations of EtBr between 1200 and 

2000 ppm are critical for the continuum exposure of Al 1050, representing a real turning point in the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/anoxic-condition
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corrosion behaviour. Exceeding this concentration range, a prolonged exposure makes corrosion to 

become more pronounced as pointed out by the shift of corrosion potentials towards the critical pitting 

potential of the alloy in the specific solutions, positioned at less negative values with respect to the 

starting open circuit potential (t=0). 

To gain more insights about the corrosion process dependence on the EtBr concentration, SEM-EDS 

analyses of the samples after immersion tests were conducted. As an example, top view images of the 

Al 1050 surface at the end of the exposure tests in solutions containing 2000 and 8600 ppm are shown 

in Figure 7. For comparison purpose, a sample immersed in a solution of Na2SO4 (blank) was also 

used. Looking at the surfaces of all investigated conditions, the thickness of the oxidized aluminium 

layer increases proportionally with the concentration of ethyl bromide. This confirms the previous 

hypothesis on the role of ethyl bromide in the corrosion process of Al 1050 in EtBr-containing 

aqueous solutions. In fact, EtBr can either favor the initiation step of a localized corrosion process, 

because of bromide anion formation by hydrolysis, or impede possible alloy repassivation, by oxygen 

depletion within the metal|solution interface. Of course, these phenomena are strictly related to the 

residence time of EtBr (and in turn to its concentration) in the aqueous solution. Sample exposed for 
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39 days to the highest content of ethyl bromide presents a widespread phenomenon of pitting 

corrosion, while for the 2000 ppm EtBr sample the phenomenon is still present but at lower extent. 

 

Figure 7. SEM micrographs of Al 1050 alloy after 39 days immersed in Na2SO4 solution: with 2000 ppm of EtBr, before (a) and after 

(b) cleaning process; with 8600 ppm of EtBr, before (c) and after (d) cleaning process. For sake of comparison, sample after the 

immersion in a blank Na2SO4 solution is also reported (e). Size markers: 5 µm. 

3.3 Electrochemical tests 

Anodic potentiodynamic polarization technique was chosen as an effective tool to investigate in more 

details the behavior of the aluminium alloy as a function of the content of ethyl bromide, acting as 

potential corroding agent. Conversely to long-term exposure tests, in which samples are at their own 

free corrosion potential (Ecorr), potentiodynamic technique allows to change, with a constant sweep 

rate, the potential applied to the sample, thus recording a I vs. E plot that shows the electrochemical 

behavior of a corroding alloy far from its Ecorr. 

Results of the electrochemical inspection are collected in Figure 8. The amount of EtBr markedly 

influences the oxidation of Al 1050 alloy; in particular, the current-potential patterns point out a 

passivation behavior for the alloy in the presence of an EtBr content up to 3900 ppm, that turns into 

an active localized corrosion behavior at higher concentrations.  
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Figure 8. Anodic polarization curves (10 mV min–1) of Al 1050 alloy samples recorded in 3 wt.% Na2SO4 solutions at different contents 

of EtBr. Different corrosion behaviors of the alloy can be identified: passivation (0-3900 ppm); crevice corrosion (4000-5600 ppm); 

pitting corrosion (6000-8600 ppm). 

Despite the relatively high current densities (values of some tenths of microampere over cm2), the 

polarization curves at EtBr concentrations up to ca. 3900 ppm (Figure 8) show a material with a 

typical passive state without any occurrence of breakdown phenomenon. This behavior confirms an 

apparently good corrosion resistance of the alloy to these freshly prepared EtBr-bearing solutions. 

The open circuit potentials (corrosion potentials, Ecorr) were all in the range from ‒0.85 to ‒0.65 V 

vs. SCE. Sample surfaces, after polarization, examined at the optical microscope revealed the absence 

of detectable corrosion apart the presence of 1-2 small-size isolated pits. As an example, an image of 

a sample after the polarization test in 1500 ppm EtBr solution shows location and size of the single 

detected pit (Figure 9a). A metallographic micrograph of the same sample after chemical etching is 

shown in Figure 9b, illustrating the typical pit propagation morphology. 

The polarization curves for solution containing between 4000 and 5600 ppm of EtBr (Figure 8) show 

the behavior of a material subject to passivity weakening, leading to the appearance of a breakdown 

potential (Ebreak). The open circuit potentials were between ‒0.87 and ‒0.77 V vs. SCE and the Ebreak 

moves from ca. 0.4 to 0 V vs. SCE by increasing the content of EtBr. Visually, marked corrosion 

phenomena were noticed on these samples in the area adjacent to the seal of each sample holder, 
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while the external surface of cylinders remained intact (Figure 9c-d). This type of attack probably 

ascribes to the occurrence of differential aeration in a zone where movement of solution is also 

possibly limited.  In the upper range of concentrations, polarization curves assume the typical shape 

of a localized pitting corrosion process, showing very negative breakdown potentials (Figure 8). This 

corrosion morphology is also confirmed by visual inspection of the specimens (Figure 9e-f). The shift 

toward more negative potentials of Ebreak at increasing EtBr content is still maintained as a proof of 

the increased aggressive nature of the organic molecules toward the protective oxide layer of the 

alloy. Actually, a positive shift is recorded for the more concentrated solution. Even if only 

tentatively, this experimental proof could be attributable to the fact that the EtBr concentration is next 

to the saturation one in pure water, possibly resulting into some physical modification of the 

metal|solution interface. 
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Figure 9. Optical images of the surface appearance of some specimens at the end of the related potentiodynamic polarization as a 

function of the EtBr concentration: a-b) 1500 ppm; c-d) 4700 ppm; e-f) 7300 ppm. Size markers: 2.5 mm (a, c-f) and 250 µm (b).   

The relevant role of dissolved atmospheric oxygen in the corrosion process was evaluated by 

recording potentiodynamic polarization curves on Al 1050 samples under nitrogen purging. As a 

typical example, the polarization curve of Al 1050 in 7300 ppm EtBr is shown in Figure 10. 
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b
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f
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Figure 10. Anodic potentiodynamic polarization curves (10 mV min–1) of Al 1050 alloy sample recorded in a deaerated (solid line) and 

naturally aerated (dashed line) 3 wt.% Na2SO4 solutions at 7300 ppm. 

For all tested EtBr concentrations, the experiments under deaerated conditions showed a similar 

behavior, that is to say, the lowering of dissolved oxygen results in a shift of the alloy stability limit 

toward more positive potentials. In the case of 7300 ppm of EtBr, the breakdown potential in 

deaerated solution is higher than + 0.7 V vs. SCE; this value has to be compared with the value of ca. 

– 0.25 V vs. SCE in the presence of oxygen. Such experiment confirmed the role of the molecular 

oxygen as electron acceptor in the corrosion protection. 

To gain more insight into the effect of EtBr on the passive film stability of the Al 1050 in Na2SO4 

solution, some potentiostatic curves were carried out as a function of EtBr concentration and applied 

potential (Figure 11). 
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Figure 11. Potentiostatic polarization curves of Al 1050 alloy in 3 wt.% Na2SO4 solution: (a) at a fixed applied potential (0.2 V vs. 
SCE); (b) containing 4500 ppm EtBr. 

With respect to the EtBr concentration, it is evident that there is a sort of threshold limit value that 

must be exceeded for the passivity breakdown to be manifested under specific operating conditions. 

This assumption finds confirmation in Figure 11a, where a current density vs. time plot is shown for 

Al 1050 samples studied at a fixed potential of 0.2 V vs. SCE for three different EtBr concentrations. 

By a strict scrutiny of the polarization curves as a function of EtBr concentration shown in Figure 8, 

it was apparent that, in the range 3900-5600 ppm, the studied alloy exhibits a shift from a passive 

regime to corrosion in transpassive regime, with clear identification of a breakdown potential.  This 

behavior reflects in the trend of the potentiostatic curves recorded at 0.2 V vs. SCE by changing EtBr 

concentrations (Figure 11a). At 3900 ppm, the alloy is passive with a stable passive current density 

that is reached after less than one hour of exposure. Conversely, after the same time, the alloy studied 

at 4000 ppm evidences an abrupt increase of the current density that can indicate the start of 

weakening of the passive layer. Moving to 4500 ppm, the current density grows monotonically with 

limited oscillations of the current density. 

Similar considerations can be done by analyzing potentiostatic curves recorded at fixed EtBr 

concentration as a function of applied potential (Figure 11b). As previously observed, at +0.2 V vs. 

SCE the sample tested in 4500 ppm of EtBr shows an active behavior under transpassive regime. This 

behavior is maintained until a potential as lower as – 0.1 V vs. SCE is applied, at which the alloy is 

passive with a current density that remains constant along the time (Figure 11b).  
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4. Conclusions 

The aim of this work was to study the effect of aqueous ethyl bromide solutions on the corrosion 

behavior of Al 1050 alloy. Long-term exposure tests showed a fairly good linear correlation between 

the corrosion rate and the EtBr content. The higher the EtBr concentration, the more evident the 

effects of corrosion attack, spanning from negligible corrosion up to ca. 3000 ppm to a groove-like 

corrosion morphology in the range 3000-5000 ppm. At higher EtBr content, corrosion is more 

pronounced being in the form of diffuse pitting.  

Electrochemical experiments confirmed the above observations, highlighting, above others, the 

crucial role of time exposure over the EtBr-induced corrosion effects on the tested aluminium alloy. 

According to both redox potential and corrosion potential monitoring, ethyl bromide itself (i.e., as 

intact molecular entity) does not induce any significant corrosion to Al 1050. Only prolonged 

residence times result detrimental to the integrity of the passive oxide layer of the metal specimens 

(more evident at increasing EtBr concentration), tentatively due to the progressive hydrolysis of the 

bromoalkane resulting into the release of halogen ions aggressive toward the passive state of the metal 

alloy. The relevant role of oxygen in the corrosion process (as electron scavenger, driving the cathodic 

semi-reaction) was also evidenced, with a strictly relation with the EtBr content in the aqueous 

solution. 

Conflict of Interest 

Authors have no no conflicts of interest to declare. 

 

Author contributions 

M.R. carried out the experimental investigation; R.B. helped in the experimental work and in the data 

curation; M.M. critically discussed and interpreted the acquired data, and wrote the manuscript; S.P.T. 

conceived the study, supervised the work and edited the final draft. 



23 
 

Acknowledgments 

Authors deeply thanks Dr. Benedetta Sacchi† for the acquisition of SEM micrographs and for having 

performed EDS analyses. 

References 

[1] Lumley, R. (2011) Fundamentals of Aluminium Metallurgy Production, Processing and 

Applications, Woodhead Publishing Limited, Cambridge. 

[2] Vargel, C. (2014) Corrosion of Aluminium, Elsevier Ltd, Oxford. 

[3] Davis, J.R. (1999) Corrosion of Aluminum and Aluminum Alloys, ASM International, USA. 

[4] Lobnig, R.E., Siconolfi, D.J., Maisano, J., Grundmeier, O., Sfreckel, H., FrankenthaI, R.P., 

Stratmann, M., Sinclair, J.D., Atmospheric corrosion of aluminum in the presence of ammonium 

sulfate particles, Journal of the Electrochemical Society, 143(4) 1996 1175-1182. 

[5] Bockris, J.O.'M., Minevski, Lj.V., On the mechanism of the passivity of aluminum and aluminum 

alloys, Journal of Electroanalytical Chemistry 349(1-2) 1993 375-414. 

[6] Lee, E.-J., Pyun, S.-I., The effect of oxide chemistry on the passivity of aluminium surfaces, 

Corrosion Science, 37(1) 1995 157-168. 

[7] Foley, R.T., Localized Corrosion of Aluminum Alloys - A Review, Corrosion, 42(5) 1986 277-

288. 

[8] Moshier, W.C., Davis, G.D., Ahearn, J.S., The corrosion and passivity of aluminum exposed to 

dilute sodium sulfate solutions, Corrosion Science 27(8) 1987 785-801. 

[9] T.Hurlen, H.Lian, O.S.Ødegard, T.Valand, Corrosion and passive behaviour of aluminium in 

weakly acid solution, Electrochimica Acta, 29(5) 1984 579-585. 

[10] Christopher M.A.Brett, On the electrochemical behaviour of aluminium in acidic chloride 

solution, Corrosion Science, 33 (2) 1992 203-210. 

[11]  Lenderink, H.J.W., Linden, M.V.D., De Wit, J.H.W., Corrosion of aluminium in acidic and 

neutral solutions, Electrochimica Acta, 38(14) 1993 1989-1992. 



24 
 

[12] Branzoi, V., Golgovici, F., Branzoi, F., Aluminium corrosion in hydrochloric acid solutions and 

the effect of some organic inhibitors, Materials Chemistry and Physics, 78(1) 2003 122-131. 

[13] Zhang, J., Klasky, M., Letellier, B.C., The aluminum chemistry and corrosion in alkaline 

solutions, Journal of Nuclear Materials, 384(2) 2009 175-189. 

[14] Foroulis, Z.A., Thubrikar, M.J., On the Kinetics of the Breakdown of Passivity of Preanodized 

Aluminum by Chloride Ions, Journal of the Electrochemical Society, 122(10) (1975) 1296-1301. 

[15] McCafferty, E., Sequence of steps in the pitting of aluminum by chloride ions, Corrosion Science, 

45(7) 2003 1421-1438. 

[16] Trueba, M., Trasatti, S.P., Study of Al alloy corrosion in neutral NaCl by the pitting scan 

technique, Materials Chemistry and Physics, 121(3) 2010 523-533. 

[17] Tomcsányi, L., Varga, K., Bartik, I., Horányi, H., Maleczki, E., Electrochemical study of the 

pitting corrosion of aluminium and its alloys-II. Study of the interaction of chloride ions with a 

passive film on aluminium and initiation of pitting corrosion, Electrochimica Acta, 34(6) 1989 

855-859 

[18] Lee, W.-J., Pyun, S.-I., Effects of sulphate ion additives on the pitting corrosion of pure 

aluminum in 0.01 M NaCl solution, Electrochimica Acta, 45(12) 2000 1901-1910. 

[19] Kim, J.-d., Pyun, S.-i., Effects of electrolyte composition and applied potential on the 

repassivation kinetics of pure aluminium, Electrochimica Acta, 40(12) 1995 1863-1869. 

[20] Rudd, W.J., Scully, J.C., The function of the repassivation process in the inhibition of pitting 

corrosion on aluminium, Corrosion Science 20(5) 1980 611-631. 

[21] Comotti, I.M., Trueba, M., Trasatti, S.P., The pit transition potential in the repassivation of 

aluminium alloys, Surface and Interface Analysis, 45(10) 2013 1575-1584. 

[22]  Szklarska-Smialowska, Z., Pitting corrosion of aluminum, Corrosion Science, 41(9) (1999) 

1743-1767. 

[23] Martin, F.J., Cheek, G.T., O'Grady, W.E., Natishan, P.M., Impedance studies of the passive film 

on aluminium, Corrosion Science, 47(12) 2005 3187-3201. 



25 
 

[24] Böhni, H., Uhlig, H.H., Environmental Factors Affecting the Critical Pitting Potential of 

Aluminum, Journal of the Electrochemical Society, 116(7) 1969 906-910. 

[25]  Peter M. Jeffers, N. Lee Wolfe, Hydrolysis of Methyl Bromide, Ethyl Bromide, Chloropicrin, 

1,4-Dichloro-2-butene, and Other Halogenated Hydrocarbons, Fumigants 1997 ACS Symposium 

Series, Vol. 652, Chapter 4, pp 32-41. 

[26]  Hu, Y.L., Jiang, H., Zhu, J., Lu, M., Facile and efficient hydrolysis of organic halides, epoxides, 

and esters with water catalyzed by ferric sulfate in a PEG1000-DAIL[BF4]/toluene temperature-

dependent biphasic system, New Journal of Chemistry, 35(2) 2011 292-298. 

[27] Mill, T., Mabey, W., Hydrolysis of Organic Chemicals, Handbook of Environmental Chemistry, 

2 1988 pp. 71-111. 

[28] Doughty, H.W., Hydrolysis of organic halides and the corrosion of metals, Journal of the 

American Chemical Society, 39(12) 1917 2685-2692. 

[29] J.-M. Saveant (2006), Elements of Molecular and Biomolecular Electrochemistry, Wiley, New 

Jersey. 

[30] M. Fedurco, C.J. Sartoretti, J. Augustynski, Medium effects on the reductive cleavage of the 

carbon-halogen bond in methyl and methylene halides, J. Phys. Chem. B 105(10) 2001 2003. 

[31] C. Costentin, M. Robert, J.-M. Saveant, Successive removal of chloride ions from organic 

polychloride pollutants. Mechanisms of reductive electrochemical elimination in aliphatic gem-

polychlorides, α,β-polychloroalkenes, and α, β -polychloroalkanes in mildly protic medium, J. 

Am. Chem. Soc. 125 2003 10729. 

[32] S. Arnaboldi, A. Gennaro, A.A. Isse, P.R. Mussini, The solvent effect on the electrocatalytic 

cleavage of carbon-halogen bonds on Ag and Au, Electrochimica Acta 158 2015 427. 

[33]  Robbiola, L., Queixalos, I., Zwick, A., Katia Baslé, K., Daniel, F., Drieux-Daguerre, M., Ducom, 

P.J.F., Fritsch, J., Disinfestation of historical buildings-corrosion evaluation of four fumigants 

on standard metals, Journal of Cultural Heritage, 16(1) 2015 15-25. 



26 
 

[34]  Svoronost, P.D.N., Bruno, T.J., Carbonyl sulfide: A review of its chemistry and properties, 

Industrial and Engineering Chemistry Research, 41(22) 2002 5321-5336. 

[35]  Bond, E.J., Dumas, T., Hobbs, S., Corrosion of metals by the fumigant phosphine, Journal of 

Stored Products Research, 20(2) 1984 57-63. 

[36] J. Simonet, D. G. Peters, On the specific use of platinum cathodes to convert primary alkyl 

halides to alkenes, Electrochem. Soc. Proc. Volume, 10 2004 101-104. 

[37] S. M. Kulikov, K. M. Juettner, Electrochemical reductive dehalogenation of brominated organic 

compounds in water-methanol media on a boron doped diamond electrode: bulk electrolysis, Int. 

J. Chem. Sci., 7 2009 625-631. 

[38] R. Galli, The formation of tetraethyllead by electrochemical reduction of ethyl bromide, J. 

Electroanal. Chem., 22 1969 75-84. 

[39]  Moshier, W.C., Davis, G.D., Ahearn, J.S., The corrosion and passivity of aluminum exposed to 

dilute sodium sulfate solutions, Corrosion Science, 27(8) 1987 785-801. 

[40] Badawy, W.A., Al-Kharafi, F.M., El-Azab, A.S., Electrochemical behaviour and corrosion 

inhibition of Al, Al-6061 and Al-Cu in neutral aqueous solutions, Corrosion Science 41(4) 1999 

709-727. 

[41]  Foley, R.T., Nguyen, T.H., The Chemical Nature of Aluminum Corrosion: V. Energy Transfer 

in Aluminum Dissolution, Journal of the Electrochemical Society, 129(3) 1982 464-467. 

[42]  Rehim, S.S.A., Hassan, H.H., Amin, M.A., Corrosion and corrosion inhibition of Al and some 

alloys in sulphate solutions containing halide ions investigated by an impedance technique, 

Applied Surface Science, 187(3-4) 2002 279-290. 

[43] ASTM G1-90, Standard Practice for Preparing, Cleaning, and Evaluation Corrosion Test 

Specimens; ASTM International: West Conshohocken, PA, USA, 2014. 

[44] ASTM G5-14, Standard Reference Test Method for Making Potentiodynamic Anodic 

Polarization Measurements; ASTM International: West Conshohocken, PA, USA, 2014. 



27 
 

[45] M. Mhedhbi, M., Khlif, M., Bradai, C., Investigations of microstructural and mechanical 

properties evolution of AA1050 alloy sheets deformed by cold-rolling process and heat treatment 

annealing JMES 8(8) 2017 2967-2974. 

[46]  Stumm, W., J.J. Morgan. (1996) Aquatic Chemistry 3rd ed. Wiley, New York, pp. 1022. 

[47]  Stumm, W. (1966), Redox Potential as an Environmental Parameter; Conceptual Significance 

and Operational Limitation, 3rd Internat. Conf. on Water Pollution Research, Munich, Germany, 

p. 1–16. 


