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Abstract 

Degradation of metals through atmospheric corrosion is a most important and costly 

phenomenon with significant effects on, e.g., the lifespan of industrial materials, the 

reliability of electronic components and military equipment, and the aesthetic 

appearance of our cultural heritage. Atmospheric corrosion is the result of the 

interaction between the metal and its atmospheric environment, and occurs in the 

presence of a thin aqueous adlayer. The common incorporation of pollutant species into 

this adlayer usually enhances the degradation process. During atmospheric corrosion 

indoors, low concentrations of organic atmospheric constituents, such as formic, acetic, 

propionic, butyric and oxalic acids, have found to play an accelerating role on a broad 

range of metals or their alloys, including lead, steel, nickel, copper, cadmium, 

magnesium and zinc. 

In this doctoral thesis the initial stages of the atmospheric corrosion of copper exposed 

to synthetic air, aiming at simulating representative indoor atmospheric environments, 

have been investigated both experimentally and through a computational method. The 

experiments have been based on a unique analytical setup in which a quartz crystal 

microbalance (QCM) was integrated with infrared reflection absorption spectroscopy 

(IRAS). This enabled the initial atmospheric corrosion of copper to be analyzed during 

ongoing corrosion in humidified air at room temperature and additions of 120 ppb (parts 

per volume billions) of acetic, formic or propionic acid. The main phases identified were 

copper (I) oxide (Cu2O) and various forms of copper carboxylate, and their amounts 

deduced with the different analytical techniques agree with a relative accuracy of 12% 

or better. 

Particular emphasis has been on the identification of different forms of copper (I) oxide 

generated during these exposures. An electrochemically based model has been 

proposed to describe how copper oxides, formed in the presence of acetic acid, are 

electrochemically reduced in neutral solution. The model includes the electrochemical 

reduction of copper (II) oxide (CuO), amorphous copper (I) oxide (Cu2O)am, intermediate 

copper (I) oxide (Cu2O)in, and crystalline copper (I) oxide (Cu2O)cr. A good agreement is 
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obtained between the model and experimental data, which supports the idea of a 

reduction sequence which starts with copper (II) oxide and continues with the reduction 

of the three copper (I) oxides at more negative potentials.  

The quantified analytical data obtained in this doctoral study on corrosion products 

formed on copper, and corresponding data on zinc reported elsewhere, were used as 

the starting point to develop a computational model, GILDES, that describes the 

atmospheric corrosion processes involved. GILDES considers the whole interfacial 

regime in which all known chemical reactions have been considered which are assumed 

to govern the initial atmospheric corrosion of copper or zinc in the presence of 

carboxylic acids. The model includes two separate pathways, a proton-induced 

dissolution of cuprous ions or zinc ions followed by the formation of either copper (I) 

oxide or zinc (II) oxide, and a carboxylate-induced dissolution followed by the formation 

of either copper (II) carboxylate or zinc (II) carboxylate. The model succeeds to predict 

the two main phases in the corrosion products and a correct ranking of aggressiveness 

of the three acids for both copper and zinc. The ranking has been attributed to 

differences in acid dissociation constant and deposition velocity of the carboxylic acids 

investigated. 
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CHAPTER 1: INTRODUCTION 
 

 

Atmospheric corrosion of copper and zinc induced by carboxylic acids is a phenomenon that 

has been observed outdoors and more commonly indoors. The most important carboxylic 

acids in the atmosphere include formic, acetic, propionic, butyric and oxalic acid. Acetate- and 

formate-based corrosion is often found on objects in museum enclosures contaminated with 

acetic or formic acid vapours.1 The emissions of these acids can be either biogenic or 

anthropogenic, and they contribute to the total acidity of the rain in urban areas. They have 

been found in fog water,2-4 in cloud water,5-7 in rain water,8-10 in the gas phase11-12 and aerosol 

particles.11,13 Typical indoor concentrations for acetic acid and formic acid are around 20 ppb 

(volume parts per billion).14 The effect of these acids on the atmospheric corrosion of copper 

has triggered studies of their influence on electronic devices where it is important to avoid any 

formation of corrosion products, and on the preservation of our cultural heritage. 

As early as 1934 Vernon reported the deterioration of copper structures exposed in urban 

atmospheres that included organic acids.15 The corrosion effects of carboxylic acids have 

been observed in different situations, for example in early failures of heat exchanger copper 

tubes during service and also during storage.16-17 From these results was concluded that the 

corrosion attack occurs more frequently on samples treated and rinsed in deteriorated 

organochlorine solvents. Fukuda et. al also confirmed the existence of copper carboxylates in 

specimens exposed to indoor environments in cities of south-east Asia.18 During indoor 

conditions, metal carboxylates and other organic compounds have been found as 

constituents in corrosion products on, e.g., sculptures and electronic devices. Metal 
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carboxylate formation has been followed on copper, zinc and nickel exposed to indoor 

environments such as in museums and churches of Europe.19 

Laboratory experiments have been performed in synthetic air with acetic, formic, propionic 

and butyric acid in which copper was exposed to concentrations in the order of ppm (parts per 

million) during exposure times of up to 21 days and high relative humidities.20-24 Gravimetric 

analysis was used to obtain corrosion rates and characterization of corrosion products were 

made by ex situ techniques. Common phases found in these studies include copper (I) oxide 

(Cu2O) and hydrated copper carboxylate, whereas copper (II) hydroxide (Cu(OH)2) was found 

only during formic and propionic acid exposures. The corrosivity was found to decrease in the 

following order: acetic acid > formic acid > butyric acid > propionic acid, mainly following the 

trend for their dissociation constants (except for formic acid). This was explained by a 

stronger adherence of corrosion products formed in this acid.22 Considering the high acid 

concentrations used, the conditions were far from realistic indoor or outdoor conditions. 

More recently, within the Division of Surface and Corrosion Science at KTH, highly surface 

sensitive techniques have been applied to study the initial atmospheric corrosion of copper 

and zinc surfaces. Atmospheric corrosion of zinc and the influence of carboxylic acids have 

also been studied and successfully quantified by combining in situ infrared reflection 

absorption spectroscopy (IRAS) and optical modeling with a relative accuracy of ±10% or 

less.25-26 The experiments were carried out at 120 ppb of carboxylic acid concentration and 

90% RH and it was found that the kinetic constraints of acid supply into the aqueous adlayer 

and the pH govern the amount of zinc carboxylate formed in the corrosion products. The 

corrosion rate followed the order: propionic acid > acetic acid > formic acid. The main 

corrosion products found were zinc oxide (ZnO) and hydrated zinc hydroxy carboxylate, being 

the result of two separated reaction sequences. The first pathway involves a proton- induced 

dissolution of zinc ions through the interaction of protons with the hydroxylated surface 

followed by the formation of ZnO. The second pathways includes a ligand- induced 

dissolution through the interaction of carboxylate ions with the hydroxylated surface followed 

by the formation of zinc carboxylate. 

Hedberg et al. studied the initial atmospheric corrosion of zinc exposed to formic acid in dry 

and humid conditions by means of in situ vibrational sum frequency generation (VSFG). In the 
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study it was found that the ZnO/Zn surface undergoes a partial, reversible, dissociation to 

formate ion, and a protonated surface oxide.27 Exposures with acetic acid carried out by the 

same authors showed that VSFG was able to detect the initial adsorption stages during the 

atmospheric corrosion of zinc and the subsequent three-dimensional growth was followed by 

IRAS, detecting zinc hydroxy acetate and non-hydrated zinc acetate as corrosion products. 

Confocal Raman microspectroscopy was able to detect the main reaction products, ZnO and 

zinc hydroxy carboxylate, at different parts of the initially corroded zinc surface.28-29 

These efforts focused on the initial atmospheric corrosion of zinc and resulted in a new insight 

into the physico-chemical processes involved in the initial stages of the atmospheric corrosion 

induced by carboxylic acids, setting the ground for fundamental modeling. The so-called 

GILDES model was previously developed to describe, on a more fundamental basis, the main 

processes that control initial atmospheric corrosion.30 The model has been successfully 

applied to perform theoretical mechanistic studies on the atmospheric corrosion of zinc in a 

controlled environment, showing that a fundamental process is the ligand- induced dissolution 

of metals.31 In addition, the model has been applied to copper exposed to 210 ppb of sulfur 

dioxide at 80% RH, showing that the kinetics is crucial for a comprehensive analysis of the 

atmospheric corrosion of copper.32 

The aim of this doctoral study is to provide a better understanding of the initial atmospheric 

corrosion of copper and zinc in the presence of three important organic acids, formic, acetic 

and propionic acid, at concentration levels representative of ambient indoor or outdoor 

conditions. In order to achieve the aim, the initial quantification of the atmospheric corrosion 

of copper induced by low concentrations of acetic, formic and propionic acids was measured. 

This was accomplished by combining in situ IRAS (to provide chemical characterization of 

species present in the corrosion products) and quartz crystal microbalance (QCM, to monitor 

absolute mass changes). Complementary ex situ analyses have been performed with 

coulometric reduction (to validate the copper (I) oxide growth), atomic force microscopy (to 

obtain morphological information after exposure) and grazing incidence x-ray diffraction (to 

possibly identify phases in the minute amounts of corrosion products formed). The procedure 

was first applied to copper in acetic acid (Paper I) and then a comparison of the effects of the 

three acids was made (Paper II). An electrochemical reduction model of copper oxides 
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formed in the presence of acetic acid was developed (Paper III) and, finally, GILDES 

simulations were applied to copper (Paper IV) and zinc (Paper V) surfaces exposed to similar 

conditions as in the experimental studies. Experimental results for zinc exposures were taken 

from a previously published paper,26 in order to compare experimental data with the 

theoretical model. The data was obtained during controlled exposures of zinc in the presence 

of low concentrations of formic, acetic and propionic acid, in which the initial atmospheric 

corrosion were quantified. The simulations were performed to obtain kinetics of the main 

corrosion products formed and, to identify important reactions involved in the atmospheric 

corrosion process. 
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CHAPTER 2: THEORY 
 

 

2.1. Atmospheric corrosion of copper 

Copper patinas are characterized by chemical and structural complexity. These films have 

been extensively studied, with investigations reaching back as long as 200 years.33 During 

natural weathering, copper goes through a number of stages. Salmon-pink is the color of 

clean copper with essentially no surface oxide, as would be found, for example, after acid 

cleaning. After exposure to the atmosphere, copper rapidly turns to the more familiar “copper” 

color, due to a thin surface oxide.33 On further exposure, the color darkens to brown and then 

to black as the oxide grows in thickness. These changes in color are all due to formation of a 

cuprite layer with chemical formula Cu2O, in which copper is in oxidation state (I).34 Further 

reaction with trace atmospheric impurities can oxidize copper to oxidation state (II). Because 

of this further oxidation, the patina can consist of several corrosion products depending on the 

environment, and a bluish or green patina layer can grow atop of the Cu2O layer. This patina 

is relatively stable and acts as a protective barrier under many exposure conditions. 

It is common to find copper exposed to indoor environments. Depending on the conditions, 

different types of oxides can form on copper surfaces.35-39 Copper (I) oxide has been detected 

by means of coulometric measurements, where three types of copper (I) oxide, can be 

distinguished according to the literature, namely "precursor", "intermediate" and "bulk" 

cuprite.40 The appearance of these different types of cuprite depend on the oxide thickness 

and on the conditions of oxide formation and show up as different reduction peaks.40 The 
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most common techniques used to characterize these oxides are electrochemical methods,39-

44 and x-ray photoelectron spectroscopy (XPS).45-46 

Besides copper (I) oxide, other copper compounds may form during indoor conditions. 

Surface analysis studies have shown that, under these conditions, the copper forms thin 

layers of copper carboxylates, such as copper acetate and copper formate.19 Evidence for this 

were results obtained by XPS and IRAS, whereby the surface films formed on copper mainly 

consist of corrosion products of an ionic lattice of the corresponding metal-carboxylate. This 

evidence of metal carboxylates provided new insight into the atmospheric corrosion of copper 

under indoor conditions, and highlight the importance of understanding the processes 

involved in the formation of such metal-carboxylate compounds. 

 

2.2. Atmospheric corrosion of zinc 

When a fresh zinc surface is exposed to the environment it is immediately covered by zinc 

oxide (ZnO), a relative protective corrosion product with a thickness of the order of a few 

nanometers.47 In a humidified atmosphere, a layer of zinc hydroxide (Zn(OH)2) can form 

subsequently. This compound occurs in different amorphous and crystalline forms depending 

on the acidity or basicity of the liquid layer to which the zinc is exposed.47 In previous studies, 

the zinc oxide amount formed in humid air at high relative humidities (90%) was quantified by 

combining in situ IRAS/QCM and ex situ coulometric reduction.25 The crystalline oxide was 

found to have a diameter and thickness of around 50 nm that uniformly covered the whole 

zinc surface. The same authors studied the atmospheric corrosion of zinc induced by low 

concentrations of carboxylic acids, and they were able to quantify the absolute amount of 

corrosion products. The quantification was made by an optical model allowing the absolute 

amounts of zinc oxide to be obtained with a relative accuracy of ± 10%, and with a somewhat 

lower precision for zinc carboxylate.26 

Johnson et al. studied the atmospheric corrosion of zinc by organic constituents by means of 

sum frequency generation (SFG) and IRAS in order to characterize the water/air and zinc 

oxide/water surfaces respectively. The studies provided evidence of the formation of zinc 
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acetate when a zinc oxide surface is exposed to humidified air containing acetic acid or 

acetaldehyde.48 The importance of the metal oxide/water interface compared to the water/air 

interface could also be demonstrated. Faster kinetics was found in the presence of acetic acid 

in comparison to acetaldehyde and was attributed to the dissolution mechanism as the rate 

limiting step.49 When comparing acetic and formic acid, the zinc carboxylate was formed 

faster in formic acid but it was proposed a similar dissolution mechanism for both acids.50 

 

2.3. GILDES modeling 

GILDES is a computer based model which has been developed to simulate atmospheric 

corrosion.51 The model involves six different regimes that may be treated theoretically. 

GILDES is an acronym for: G (gas), I (interface), L (liquid), D (deposition layer), E (electrodic 

regime) and S (solid). Within the regime chemical reactions can occur to change the 

constituents. Transport of chemical species of interest between regimes can occur and must 

be assessed. The products of the chemical reactions are susceptible to transport and 

deposition or volatilization just as are the reactants. Figure 2.1 shows a schematic 

representation of the six regimes used to model the aqueous environmental chemistry. 

Following the conceptual framework of Stumm et al52 concerning the importance of 

coordination bonds at the solid/liquid interface, the GILDES model includes both proton- and 

ligand- induced dissolution mechanism. 

To set up a particular GILDES based calculation, a number of choices have to be made, with 

the choices being determined by the chemical understanding and complexity of the system 

being simulated, the chemical data available and computational tractability.51 The principal 

steps in the overall logical flow for a typical GILDES computation can be summarized as 

follows. First of all it is necessary to determine the depth and composition of the aqueous 

phase in contact with the condensed phase. Then follows to partition the constituents of the 

aqueous phase into the appropriate species. All rates of interface transfer from the gas phase 

into the aqueous phase must be calculated, which requires knowledge of the gas phase 

species and their transport properties across the air-water interface. Transfer from the solid 

phase to the aqueous phase requires knowledge of the dissolution rates of the solid 
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components for the particular aqueous phase under consideration, together with information 

on ion transport through any deposited precipitates that may be present. 

 

 

Figure 2.1 Schematic representation of the six regimes used in GILDES. 

 

An additional step, not used in this thesis, involves photochemistry which is necessary to 

incorporate if the solar flux to the surface over the appropriate wavelength bands is 

considered, given the latitude, time of day and orientation of the corroding surface.51 Once all 

the equations are set, the simultaneous differential equations that describe the chemical 

kinetics of the problem under study are iteratively solved. Applications of the GILDES model 

include so far atmospheric corrosion either during outdoor or indoor conditions and thin film 

electrochemistry. 

 

2.4. Infrared reflection absorption spectroscopy 

Infrared radiation is a sinusoidal electromagnetic wave consisting of an electric and magnetic 

field which always are perpendicular to each other and in phase. It is the electric field that 

causes interaction with molecules. The radiation travels in a direction perpendicular to the two 

fields, and can be characterized by its wavelength λ  (m), which is the distance between two 
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consecutive maxima, its frequency ν  (Hz), which is the number of waves per unit time, and its 

velocity c  (m sec-1), which is the speed of the light in vacuum (=2.9997925x108 m sec-1). 

Because the wavelength of the IR radiation is longer than the length of a molecule, it is 

possible to assume that the whole molecule experiences the same electric field. IR 

spectroscopy is mostly performed in the mid-IR region,53 in which qualitative analyses are 

common, but this region enables quantitative studies as well. In the so-called group frequency 

region, it is possible to determine what functional groups are present in the molecules, such 

as C-H, C=O, and O-H. Affected by the surroundings, the group frequencies will not be found 

at exactly the same wave number for all different compounds, but instead in a certain 

wavenumber range characteristic of that group.53 

IR-radiation has energy enough to cause rotational and vibrational excitations in molecules, 

but the energy is not energetic enough to cause electronic excitations. Absorption of IR-

radiation is restricted to compounds with small energy differences in the possible vibrational 

and rotational states. For a molecule to absorb IR-radiation, the vibrations or rotations within a 

molecule must cause a net charge in the dipole moment of the molecule. The alternating 

electrical field of the radiation interacts with fluctuations in the dipole moment of the molecule. 

If the frequency of the radiation matches the vibrational frequency of the molecule then 

radiation will be absorbed, causing a change in the amplitude of the molecular vibration. 

IRAS can be described as a double transmission process, where the IR-beam passes twice 

through the thin surface layer next to a substrate (see Fig 2.2). To avoid losses it is important 

that the substrate has highly reflecting properties, and therefore metals are suitable 

substrates.53 Depending on the angle of incidence iθ  (measured from the surface normal), 

the technique is either classified as near-surface incidence when iθ  is small, or grazing angle 

incidence when iθ  is large (~75-88º). Grazing incidence is often used in the studies of thin 

films, and their interaction with the incident infrared (IR) light depends on the polarization of 

the light. Unpolarized IR radiation consists of two perpendicular electrical vectors, s-polarized 

light, which is perpendicular to the plane of incidence, and p-polarized light which is parallel to 

the plane of incidence (the plane of incidence is the plane containing the surface normal and 

the incident IR-beam). S-polarized light undergoes a phase shift close to 180º upon reflection 
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for all angles of incidence. This leads to destructive interference between the incident and the 

reflected rays at the surface, and a cancellation of the electric field, thereby disabling any 

interaction with dipoles in the surface film. 

 

 

 

 

 

 

Figure 2.2. Description of the IR-beam incident on the sample. 

 

The phase shift of the p-polarized light depends on the angle of incidence. At high angles, the 

incidence and the reflected waves will be in phase at the surface, resulting in an 

enhancement of the amplitude of the electric field in the direction normal to the surface. The 

optimum angle of incidence, which is depending on the kind of metal used and the 

wavenumber, is reported to be around 88º.54-55 As a consequence of the different behaviour 

of s- and p- polarized light, only adsorbates on the metal surface having a vibrating dipole 

moment along the surface normal will absorb IR radiation.53 This is referred to as the surface 

selection rule, which makes it possible to determine the orientation of adsorbates on metal 

surfaces.56 

 

2.5. Quartz crystal microbalance 

Quartz crystal microbalance (QCM) is a mass-sensitive device with a mass resolution 

equivalent to less than one monolayer of water or corrosion products. The use of quartz 

crystals for this purpose was suggested by Sauerbrey.57 The method for mass-change 

ѳ1 Grazing 

Sample 

Substrate 

Near normal 
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monitoring is based on the inverse piezoelectric effect in which a voltage applied to an ionic 

crystalline solid, such as quartz, will produce physical distortions of the crystal.58 Piezoelectric 

materials have long been used as stable oscillators and it was soon recognized that the 

addition of mass to an oscillator would change its frequency. The dominance of the quartz 

crystal for all kind of frequency control applications started in 1934 when the AT-cut quartz 

crystal was introduced. The advantage with the AT-cut quartz crystal is that is has nearly zero 

frequency drift with temperature around room temperature. AT-cut quartz crystals consist on a 

quartz piece in which two electrodes of gold are deposited on both sides of the crystal. The 

electrodes are connected to a frequency counter that monitors the variation of the resonance 

frequency with time. The schematics of a gold-deposited quartz crystal can be seen in figure 

2.3. 

 

Figure 2.3. Schematic representation of the quartz crystal. 

 

The QCM can be used to monitor mass changes in the nanogram range with a millisecond 

time resolution, and can provide valuable information on the atmospheric corrosion kinetics, 

during laboratory as well as field exposure conditions.59-61 When combining with techniques 

giving chemical information on the surface properties, the QCM becomes a powerful method 

for in situ measurements of desorption, adsorption, and film growth.53 For a shear wave at the 

base oscillatory mode, the quartz thickness equals half the wavelength. The eigenfrequency 

of this mode is given by 

 

5.02
0 ))((2 −∆−=∆ qqmff νρ       (2.1) 

Gold 

Quartz 
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where f∆  is the frequency shift; 0f  the frequency at the starting point; qρ  the density of the 

quartz (2.648 g cm-3); qν  the shear wave velocity (2.947 x 1011 g cm-1 s-2); and m∆  the mass 

change per unit area (g cm-2). For a quartz crystal oscillating at a fundamental frequency of 5 

MHz, the sensitivity is about 18 ng cm-2 Hz-1, corresponding to approximately 2/3 of a 

monolayer of water. This equation is commonly referred to as the Saurbrey equation.57 

During the last decades the QCM method has undergone rapid progress and has found 

numerous applications in scientific and technical fields, such as surface science, analytical 

chemistry, and thin film deposition processing. Moreover, QCM can be used for atmospheric 

corrosion studies of metals. Exposure of a metal to a humid atmosphere leads to the 

formation of corrosion products, which usually remain on the surface. The corresponding 

mass increase of the sample can be monitored by QCM. The method has been used by 

different research groups for the investigation of the atmospheric corrosion of copper under 

laboratory exposure conditions.59,61-63 In such studies, the method has been successfully 

applied in synthetic environments containing SO2 and/or NO2 with humidified air, proving that 

it is a reliable technique to obtain information on atmospheric corrosion kinetics under both 

laboratory and field exposure conditions. 

 

2.6. Coulometric reduction 

Coulometric reduction is a galvanostatic technique in which a constant cathodic current 

density is applied to a metallic specimen immersed in an ionic conductive solution. The 

response is measured in terms of potential variations against a reference electrode as a 

function of reduction time. When a homogeneous film is present on the surface, the potential 

remains relatively constant with time. In this way, a potential versus time curve can be 

recorded and reduction plateaus can be discerned, each one corresponding to the reduction 

of a given constituent of the film.64 After complete reduction, the cathodic potential decreases 

suddenly to more negative values until it reaches the reduction potential of hydrogen ions to 

hydrogen gas, indicating the end of the reduction. This potential represents the limiting 

potential, below which no other reduction process can be detected. For each constituent of 

the film there is a specific reduction potential, which makes it possible to identify the 
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constituent by comparing the obtained potential value with that of films of well-known 

composition. From the elapsed times at the various steps, one can often draw conclusions 

regarding the corrosion and tarnishing processes that have occurred during exposure of the 

metal. From the time at each voltage step one can also calculate the number of coulombs of 

electrical charge required to complete the reduction process at that particular voltage. 

There are some conditions that have to be fulfilled in every reduction experiment in order to 

secure a good practical experiment. The elimination of the dissolved oxygen is important 

because if any oxygen gas is present at the working electrode, it will tend to interfere with the 

coulometric determinations, since oxygen gas is easily reduced in the same voltage range as 

many oxides or tarnish film components. The oxygen gas is reduced by deaerating the 

electrolyte solution prior to use and by running the reduction in a closed cell with an inert 

atmosphere. Moreover, the minimum allowable solution volume has to be large enough to 

reduce the effect of soluble reaction products to an insignificant level. According to 

Krumbein,64 the cell must be also of sufficient size to contain 200 to 400 ml of solution. 

The results of the constant-current coulometric procedure can be expressed directly as the 

elapsed time, in seconds, required to complete the reduction of a particular film component at 

its observed voltage step, as well as the total time needed to complete the reduction of all the 

reducible compounds of the film. The elapsed time can also be multiplied by the total applied 

current to give the number of coulombs of electrical charge required to complete the reduction 

processes at the respective voltages. If the chemical identity of the reducible compounds is 

known, one can also calculate both the mass of the compound and the thickness (assuming 

that it is present as a homogeneous layer in the film). So, the equivalent thickness of copper 

(I) oxide can be obtained by using Faraday's law as follows: 

 

 
) x  x  x (
) x  x (1000

FdnA
MIte =       (2.2) 
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Here e  is the thickness (nm); t  is the required time to reduce the oxide (s); I  is the 

galvanostatic current (mA); A  is the exposed copper area (cm2); M  is the molecular weight 

of the copper oxide (g mol-1); F  is the Faraday constant (9.65 x 104 C mol-1), n  is the number 

of Faradays required to reduce one unit of molecular weight of the copper (I) oxide, and d  is 

the specific weight of the reduced oxide (g cm-3). The derivative of each reduction curve gives 

a better precision when defining the inflection point representing the onset or finish of 

reduction of copper (I) oxide species.65 

The total mass of all compounds and the apparent thickness of the entire film can be obtained 

by adding the respective values for these known or inferred constituents. If weight gains have 

been determined previously for the samples, these can be compared with the total mass 

values of the respective samples, and appropriate correlations can be made. This 

electrochemical technique has been applied for copper specimens exposed to both field and 

laboratory conditions in order to calculate the thickness of copper (I) oxide.64,66-69 

 

2.7. Potentiodynamic reduction 

Potentiodynamic reduction is a technique where the electrode potential is scanned with a 

specific scan rate with the electrode immersed in a non-stirred solution. Analysis of the 

current response can give information about the thermodynamics and kinetics of electron-

transfer at the electrode/electrolyte interface, as well as the kinetics and mechanisms of 

solution chemical reactions initiated by the heterogeneous electron transfer.70 The electrode 

response to the potential disturbance is the current associated with an electrochemical 

process at the electrode/electrolyte interface. A potentiostat system sets the control 

parameters of the experiment. Its purpose is to impose on an electrode (working electrode) a 

linear potential sweep and to display the resulting current-potential curve. This sweep is 

described in general by its initial potential )( iE , and by the sweep or scan rate (υ , in V sec-1). 

The potential as a function of time is: 
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tEE i υ−=         (2.3) 

 

The electrochemical reduction takes place at the working electrode (WE). The electrical 

current at the WE due to electron transfer is termed Faradaic current. An auxiliary or "counter" 

electrode (AE) is driven by the potentiostatic circuit to balance the Faradic process at the WE 

with an electron transfer of opposite direction. The processes at the AE are typically not of 

interest, and in most experiments the small currents observed imply that the electrolytic 

products at the AE have no influence on the processes at the WE. 

The potential-current curve has lately been analyzed in similar way as for the coulometric 

reduction technique, whereby each reduction peak at a specific potential range is associated 

with some identifiable species by comparing with well-known compounds reported in 

literature. The technique has been successfully applied to atmospheric corrosion of copper in 

different environments that include organic acids.20-21,23-24,71 From the integration of current 

peaks it is also possible to calculate the number of coulombs of electrical charge required to 

complete the reduction process in that particular voltage range. This can be accomplished by 

using the following equation: 

∫−=
2

1
 x 1 E

E
dEiQ

υ

       (2.4) 

 

where Q  is the charge per unit area (C cm-2), i  is the current density (µA cm-2), υ  is the scan 

rate (mV sec-1), 1E  represents the initial potential of the reduction curve, and 2E  represents 

the end of the reduction for each particular compound. 
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CHAPTER 3: EXPERIMENTAL 
 

 

3.1. Sample preparation 

Two types of samples were used in the experiments, copper-coated quartz crystals and 

copper sheets. Quantification under in situ conditions of the corrosion products formed on 

copper were made by using AT-cut quartz crystals of 99.99% purity and with a resonance 

frequency of 5 MHz purchased from Maxtec Inc. Each AT-cut crystal is coated with a 50 nm 

thick chromium film and a 350 nm thick copper film. The chromium acts as an adhesion 

improver between the quartz and the copper film. The copper-covered quartz crystal facing 

the corrosive atmosphere has a diameter of 13 mm. Each copper film on quartz was polished 

using 1 and 0.25 μm diamond paste, cleaned with ethanol during and between each polish, 

and then immersed for 30 seconds in 5% of amidosulfonic acid (H3SNO3). This acid was used 

with the purpose of removing any of the previous oxide left. The samples were thereafter 

rinsed three times in ethanol (99.5% purity) and finally dried in nitrogen before exposure. 

These samples were used for IRAS/QCM analysis. 

For the ex situ experiments, copper sheets were used sized 20 x 20 x 0.5 mm3 and with 99.5 

% purity. Due to its rougher surface the samples were abraded first with silicon carbide paper 

down to 1200 mesh and then polished with diamond paste of 3, 1 and 0.25 µm. The cleaning 

method used for the quartz crystals was also applied here. These samples were used for 

post-analysis by means of coulometric reduction, potentiodynamic reduction, scanning 

electrode microscopy (SEM), atomic force microscope (AFM) and grazing incidence x-ray 

diffraction (GI-XRD) analysis. 
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Quantification of the initial atmospheric corrosion of zinc was made as part of another doctoral 

thesis using similar procedures as for copper.72 For computer simulations purposes, the data 

obtained with zinc coated quartz crystals were used. The samples were sputtered onto the 

quartz crystal to obtain a zinc film thickness of around 1 µm. After the coating process the 

zinc-coated quartz crystal was polished with 0.25 μm diamond paste. 

 

3.2. Laboratory exposures 

To study the initial atmospheric corrosion of copper an atmosphere with controlled levels of 

gaseous corrosion simulators was used. A humidity chamber was employed where the 

corrosive air is prepared passing compressed air through charcoal and particle filters. Then 

the air is reduced with respect to water and carbon dioxide in an adsorption drier, before it 

passes through a second particle filter.62 The concentration of CO2 was around 20 ppm in the 

generated dry air. The air is then separated into three streams that go to the humidifier, to the 

permeation tube emitting pure carboxylate acid or directly to the mixing chamber. Permeation 

tubes were purchased from VICI Metronics containing either acetic, formic or propionic acid in 

equilibrium with the liquid/vapour phase. A concentration of around 120 ppb was used in all 

cases. All streams are regulated by using needle flow meters allowing different ratios of 

dry/humid air to be combined to get the desired relative humidity (RH), and the mixing is 

performed inside the chamber. The mixing chamber and the container with the acid are 

submerged in a thermostatic bath. Usually values of 95 ± 2% RH and temperatures of 19.5 ± 

0.5ºC were obtained for the experiments during a total of 96 hours of exposure. A schematic 

description of the relative humidity control and the mixing chamber can be seen in figure 3.1. 

The exposure chamber is made of stainless steel covered inside with Teflon. The air enters 

from above through a ball valve that allows quick changes between dried and acid-containing 

humid air. The air had a flux of 1.3 L min-1, corresponding to a velocity of 3.5 cm s-1 over the 

sample, which is in the lower range of normal indoor air-flow conditions.48 The chamber has 

been built to integrate IRAS and QCM for in situ measurements using a Teflon holder located 

below the chamber. 
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Figure 3.1. Schematic description of the humidity control and generation of the corrosive environment. 

 

Likewise, a copper sheet sample can be located in the chamber by using a Teflon holder to 

fasten the sample with the exposed side facing up towards the corrosive air inlet. Ex situ 

coulometric reduction measurements were made on copper sheets after exposure in the 

chamber. Figure 3.2 presents a schematic description of the exposure chamber. 

Complementary laboratory exposures were also performed to generate corrosion products on 

copper exposed to acetic acid during 21 days. The samples were kept in a humidity chamber 

located vertically inside a glass vessel. The synthetic air was produced containing 95% RH 

and different concentrations of acetic acid, 0, 500, and 800 ppb, were provided by permeation 

tubes filled with pure acetic acid. The acid concentration was checked through mass loss 

measurements. After exposure, the samples were used to perform potentiodynamic 

reductions. 
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Figure 3.2. Cross-section of the exposure chamber. 

 

3.3. Analytical techniques 

3.3.1. In situ. IRAS spectra were obtained using p-polarized light with 1024 scans at a 

resolution of 8 cm-1. Absorbance units (-log(R/R0)) were used as a measure of intensity, with 

R being the reflectance of the sample and R0 the reflectance of the background. Two different 

background spectra were collected. The first was obtained after 1 h in dry air (RH < 0.1%), 

which was used to follow the water absorbance band during exposure. When the dry 

background spectrum had been recorded, the air was changed to humidified conditions and a 

second background spectrum was collected after 20 minutes of exposure to clean humidified 

air. This spectrum was used in order to reduce the influence of gas phase water that 

otherwise overlaps with the carboxylate compounds having similar wavenumbers in their 

absorption spectra. After this procedure, one spectrum was recorded which was defined as 

the spectrum for zero time of exposure. The zero time spectrum was subtracted from all 

subsequent spectra in order to eliminate contributions from physisorbed water on the metal 

surface as well as other water contributions.36, 62 Finally, after 1 h in humid air, the addition of 

acetic acid was made into the humid air. 
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The QCM sensor probe used is a modified commercial (Maxtec MPS 550) probe in a sample 

holder made of Teflon and Viton. The sensor probe attached to the exposure chamber is 

connected to a commercial frequency counter (Maxtec PM 740), taking data points every 

minute. Once the frequency was collected, the data were subsequently transformed to mass 

according to the Sauerbrey equation.57 

3.3.2. Ex situ. Coulometric measurements were performed on the exposed side of copper 

sheets, while the other side was covered with adhesive tape used in electrochemical analysis. 

A platinum mesh was used as counter electrode and a saturated calomel electrode (SCE) as 

reference electrode. The solution was 0.1M of KCl. Following the procedure in an ASTM 

standard,65 it was purged with pure nitrogen gas 20 minutes before and during the 

measurements. A potentiostat/galvanostat EG & G model 273 A was used with a current 

density of 0.05 mA cm-2. All experiments were performed as triplicates. 

Copper sheet samples for the AFM measurements were polished down to 0.25 µm diamond 

paste, cleaned in ethanol for 20 minutes, dried with a fuss-free tissue to remove polishing 

particles and then transferred to the exposure chamber. The AFM measurements (Quesant 

Intrument Ltd) were carried out in contact mode operation on copper exposed for 0, 1, 10, 40 

and 90 hours in 120 ppb of acetic, formic or propionic acid with the same exposure conditions 

as with the in situ measurements. 

GI-XRD analysis was performed on copper sheets after four and eight days of exposure. The 

diffractograms were obtained with a Philips MRD Instrument (Department of Materials 

Chemistry, Uppsala University) using a parallel plate from 10 to 70°, and going in steps of 

0.1°. 

Potentiodynamic reduction measurements were performed on copper sheets to characterize 

corrosion products produced by synthetic air and anodic polarizations. All experiments were 

performed as triplicates. The reductions were accomplished in an electrochemical cell with a 

platinum plate used as counter electrode and a saturated calomel electrode (SCE) as 

reference electrode. The working electrode was the copper sample hanging in a platinum wire 

through a small hole. The support electrolyte was 0.1 M of KCl. The solution was purged with 

pure nitrogen gas for 20 minutes before and during the experiments. A potentiostat-
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galvanostat Bas Zahnner was used with a scanning rate of 1mV sec-1, going from the 

corrosion potential to -1.4 V vs SCE to secure the complete reduction of the corrosion product 

species. 

Copper sheets were also polarized after 15 minutes of stabilization, at 1V vs SCE at several 

concentrations of acetic acid, 1, 0.1, 0.01 and 0.001 M. This was performed in order to 

produce electrochemically generated corrosion products on the copper surface that could be 

compared with the ones produced in laboratory air. After each polarization, the samples were 

washed with deionized water and placed in the electrochemical cell to proceed with the 

reduction in 0.1M of KCl. All the experiments were performed as triplicates. 

A JSM-6490 (SIU, University of Antioquia) scanning electron microscope (SEM) was used to 

perform observations of morphology of the copper sheets after polarization in 0.001M acetic 

acid. 
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CHAPER 4: RESULTS AND DISCUSSION 
 

 

A quantification method, i.e., a method for obtaining the absolute mass of individual species 

formed during in situ exposure conditions, was developed and applied for copper exposed to 

humidified air with acetic acid during up to 96 hours (Paper I). The method is first described in 

some detail followed by the application of the method to copper exposed to all three 

carboxylic acids (Paper II). This leads to a proposal of sequence of reactions dealing with the 

atmospheric corrosion of copper in this type of environment. A reduction mechanism that 

explains potentiodynamic reduction curves of copper in acetic acid is also presented (Paper 

III). Finally, a GILDES computer model simulation is applied to contribute to the 

understanding of the atmospheric corrosion of copper and zinc induced by carboxylic acids on 

a molecular level by identifying important reactions (Paper IV and V). 

 

4.1. Quantification method for initial atmospheric corrosion of copper in acetic acid  

4.1.1. Quantification procedure 

The quantification method was accomplished by integrating of two independently working in 

situ techniques, IRAS and QCM. The mass of the individual species was followed for the 

three main corrosion products, water, copper (I) oxide and copper (II) carboxylate. The water 

mass was estimated by using gold-coated quartz crystals exposed to humidified air in order to 

follow the intensity of the water/OH by IRAS and the mass gain obtained by QCM. The 

experiments we made for different relative humidities, corresponding to different amounts of 
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physisorbed water. A linear relationship was obtained between the peak intensity at ~ 3400 

cm-1, which corresponds to the symmetric and asymmetric stretching vibrations of water, i.e., 

the OH groups in water,73 and the mass changes obtained from QCM. This relationship was 

later used to quantify the water amount present in exposures with acetic acid by comparing 

the same peak intensity as obtained by IRAS. The broad band associated with the OH groups 

of water at ~ 3400 cm-1 can be seen in figure 4.1 for copper exposed to acetic acid during 96 

hours at 95% RH.  

 

Figure 4.1 In situ IRAS spectrum of copper-coated quartz crystal after 96 hours in air at 95% RH and 

120 ppb of acetic acid. 

 

In a similar way, the absorbance of the band corresponding to copper (I) oxide located at 645 

cm-1 and the total mass change obtained by QCM was measured on copper-coated quartz 

crystals at different relative humidities. When the exposure of each relative humidity had 

reached a steady-state, the air was changed from humid to dry and the observed decrease in 

mass was assumed to correspond to the amount of physisorbed water. Then, the amount of 

copper (I) oxide was obtained by subtracting the mass gain due to physisorbed water from the 

total mass gain. Again a linear relationship was found between the intensity of the oxide band 

and the mass changes. The copper (I) oxide quantity was calculated taking into account that 

QCM only measures the addition or removal of mass, so that the real mass gain due to Cu2O 
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was multiplied by 8.94 (the molar weight of Cu2O divided by the molar weight of O) to obtain 

the actual mass increase of Cu2O.60 The validity of this procedure had previously found 

further support through independent data from coulometric reduction.36 

Once the two linear relationships were obtained, the copper-coated quartz crystals were 

exposed to humidified air (95% RH) containing 120 ppb of acetic acid. The increase in mass 

due to the formation of copper acetate was then estimated by calculating the difference 

between the total mass (QCM) and the mass of cuprite (IRAS/QCM) and of water 

(IRAS/QCM) at every exposure time in humidified air to which acetic acid was added. 

Similarly as for cuprite, the mass increase due to copper acetate formation was transformed 

into total mass of copper acetate by multiplying with 1.54 (i.e., the molar weight of 

Cu(CH3COO)2, 181.5, divided by the molar weight of 2CH3COO−, 118). Fig. 4.2 displays the 

total mass gain together with the mass of the individual constituents as a function of copper 

exposure time in humidified air with 120 ppb of acetic acid. 

 

Figure 4.2. Total mass gain (in μg cm-2), measured by QCM, and corresponding mass gain due to 

Cu2O, H2O and Cu(CH3COO)2, deduced from IRAS as a function of exposure time in 120 ppb of acetic 

acid at 95% RH. 

 

From these results it is concluded that individual species formed on copper exposed to acetic 

acid were successfully identified and quantified. The absolute amount per surface area of 
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cuprous oxide and of copper acetate can be estimated with a relative accuracy of 10% or 

better. 

 

4.2. Comparison of corrosion effects induced by the carboxylic acids  

Before discussing the quantitative and qualitative differences of the corrosion products 

induced by the acids, it is necessary to explain an additional quantification made for formic 

acid exposures. The method described above was successfully applied for all three carboxylic 

acids showing consistency between each other. However, in the case of formic acid 

exposures an additional phase was found. A peak around 3572 cm-1 (corresponding to the 

vibration of free hydroxyl groups in Cu(OH)2 without involvement of any hydrogen bonds74) 

was detected. In this particular case, a new linear relationship was estimated from the 

equivalent mass obtained by coulometric reduction (with a plateau around -720 mV vs. SCE) 

and the corresponding Cu(OH)2 peak found with IRAS. Figure 4.3 shows the IRAS spectra 

corresponding to copper sheets exposed to formic acid. The amount of copper formate was 

obtained by subtracting the mass of the water/OH, copper (I) oxide and copper(II) hydroxide 

from the total mass gain. 

 

Figure 4.3. In situ IRAS spectrum monitored during formic acid exposure after 96 hours showing the 

Cu(OH)2 peak at 3572 cm-1. 
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The main species detected in the corrosion products will be discussed next. 

 

4.2.1. Copper (I) oxide 

All IRAS spectra obtained for acetic, formic and propionic acid exposures present evidence of 

copper (I) oxide and the broad band due to water/OH groups. The band associated with 

copper (I) oxide appears in the range 645-648 cm-1, and varies considerably between the 

acids. The oxide formation follows the trend: propionic < acetic < formic acid, with formic acid 

being the most aggressive acid in this type of conditions. However, in all cases, the kinetics 

exhibit the same behaviour with a very fast increase in the beginning followed by a period 

where the mass increase levels off (see Fig. 4.4). This could be interpreted using the 

logarithmic rate growth law proposed by Fehlner and Mott,75 which involves a fast initial 

oxidation stage acting as a continuation of the oxygen chemisorption process. This is followed 

by the growth of a stable oxide involving ion migration due to a potential across the oxide film 

which acts as the driving force. 

 

 

Figure 4.4. Intensity of copper (I) oxide (Cu2O) band at 648 cm−1 as a function of time for copper 

exposed in air at 95% RH and 120 ppb of acetic (AA), formic (FA), and propionic acid (PA). 
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To obtain a measure of the reliability of the quantification technique, the copper oxide 

formation was also followed using coulometric reduction performed on copper sheets after 

exposures in the same conditions as the quartz crystals. The combined results from the 

IRAS-intensity of copper (I) oxide and the amount of copper (I) oxide obtained from the 

electrochemical technique turned out to be consistent with the corresponding quantified data 

from IRAS/QCM obtained from copper-coated quartz crystals. Figure 4.5 shows all data 

generated for cuprite with the three analytical techniques. In these calculations the cuprite 

density was set at 6.0 g cm−3, and it was assumed that the cuprite layers were homogeneous 

and completely reduced during coulometric reduction. 

 

 

 

 

 

 

 

 

 

Figure 4.5. Relation between the absorbance of the cuprite at 648 cm−1 measured by IRAS (y-axis), 

cuprite thickness obtained by IRAS-QCM (lower x-axis), and cuprite thickness obtained by coulometric 

reduction (upper x-axis) of copper exposed in air at 95% RH in 120 ppb of acetic, formic, or propionic 

acid for different exposure times. 

 

The coulometric reduction process follows two steps, the reduction of a precursor oxide 

(CuxO) with the same crystallographic structure as Cu2O but with a mixed valence due to 

interstitial metallic copper in the Cu(I) phase (at ~ -500mV vs. SCE), and a crystalline and 
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stoichiometric Cu2O phase (at ~ -850 mV vs SCE).38,76 The cuprite amount plotted in figure 

4.5 obtained by coulometric reduction is the sum of these two phases. In all cases, the 

experiments were performed by triplicates represented by the error bars in the figure for 

exposures of each acid after 0, 1, 10, 24, 48, 72, and 96 h. 

A common linear relationship was obtained for copper (I) oxide growth induced by all three 

carboxylic acids. The regression coefficient was 0.92 and the standard deviation obtained 

was ± 0.11. The values suggest that the overall accuracy for estimating the copper (I) oxide 

mass from IRAS is around 12% or better. 

 

4.2.2. Copper (II) carboxylate 

IRAS spectra showed similar peaks from all three carboxylic acids, although the intensity 

changed depending on the acid. Figure 4.6 displays the spectra of copper-coated quartz 

crystals exposed at 95% RH and 120 ppb of (a) acetic, (b) formic, and (c) propionic acid, 

respectively, after 96 h. Besides copper (I) oxide and water/OH groups, acetic acid spectra 

also contain peaks due to the bending ( sδ ,1357 cm−1) and rocking ( rρ ,1064 cm−1) vibrations 

of the CH3 group.77 Two main peaks are also seen with approximately the same intensity and 

corresponding to the symmetric ( sν ,1420 to 1427 cm−1) and antisymmetric ( aν ,1573 to 1589 

cm−1) stretching vibrations of the carboxylate ion.77 Formic acid exposures (Fig. 4.6b) show 

higher intensities of these two peaks compared to acetic acid spectra. The most intense peak 

in the spectra is the antisymmetric stretching vibration ( aν ,1597 to 1604 cm−1), whereas the 

symmetric stretching vibration ( sν ,1354 cm−1) shows lower intensity. The spectrum for 

propionic acid exhibits much smaller peaks than for formic acid or acetic acids at similar 

exposure conditions (Fig. 4.6c).  

Acetic and propionic acid exhibit approximately the same absorbance for the antisymmetric 

and symmetric vibrations (see Fig. 4.6), suggesting that the acetate and propionate ions 

exhibit a random orientation of the COO- in the acetate or propionate groups.19 Formic acid, 

however, exhibits approximately three times higher absorbance for the antisymmetric than the 
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symmetric peak, which suggests that the formate ions preferentially are orientated with the C-

O-O axis more perpendicular to the copper substrate.50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. In situ IRAS spectra of copper-coated quartz crystals after 96 h exposure in 120 ppb of (a) 

acetic acid, (b) formic acid, and (c) propionic acid, at 95% RH. 
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The intensity of the symmetric and antisymmetric peaks increases with exposure time and 

has been used herein to provide information on growth rates of copper carboxylates formed 

(see Fig. 4.2). The deposition rate of the carboxylic acids has been obtained from the growth 

rate of each carboxylate species under steady-state conditions reached, usually between 24 

and 96 h of exposure. The highest deposition velocity obtained is, as expected, for formic acid 

with a value of 0.014 cm s−1, followed by acetic acid, 0.007 cm s−1 and propionic acid, 0.003 

cm s−1. Similar values of deposition velocity and the same trend have been reported 

previously at different exposure conditions for formic acid (0.006 cm s−1) and acetic acid 

(0.005 cm s−1),14 which is a confirmation of the reliability of the quantification procedure. 

The acid dissociation constant78 in aqueous solution at 25°C for formic, acetic and propionic 

acid is 1.77 x 10−4, 1.76 x 10−5, and 1.34 x 10−5. From this follows that the degree of 

dissociation of the acids decreases in the order formic acid > acetic acid > propionic acid. In 

all, the difference between the carboxylic acids with respect to both corrosion rate (deduced 

from the copper (I) oxide + copper carboxylate growth rate) follows the same order as their 

corresponding dissociation constants and deposition velocity. Formic acid resulted in a total 

corrosion-induced mass gain after 96 h of 6.0 µg cm−2 followed by 1.5 µg cm−2 for acetic acid 

and 0.5 µg cm−2 for propionic acid. 

 

4.2.3. Topography and phase identification of corrosion products 

Figure 4.7 shows AFM images of corroded copper surfaces after 96 hours of exposure for 

each carboxylic acid at 95% RH. After exposure to acetic acid cubic-shaped crystallites are 

seen, which most likely originate from cuprite. With increasing exposure time corrosion 

products appear on localized areas, most likely consisting of copper acetate. Copper exposed 

to formic acid forms less copper (I) oxide than acetic acid, and the corrosion products exhibit 

more elongated features. Copper exposed to propionic acid represents the lowest variation in 

topography. In order to compare with the initial state, a diamond polished copper surface prior 

to exposure is also shown. The height range in the AFM images is 70 nm for the unexposed 

sample, around 800 nm after exposure in acetic acid, 570 nm in formic acid, and 140 nm in 
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propionic acid, evidencing the increase in topography range with growth of corrosion 

products. 

 

Figure 4.7. AFM images of copper (a) before exposure and after 96 h exposure at 95% RH in 120 ppb 

of (b) acetic, (c) formic, and (d) propionic acid. Scan size 25 x 25 µm. 

 

Phase analysis by GI-XRD was performed to identify the corrosion products. Exposures in 

120ppb of formic and acetic acid up to 4 days show evidence of copper (I) oxide and copper 

(II) hydroxide but no copper carboxylate could be seen. However, when extending the 

exposure to 8 days, clear evidence was seen for Cu2O, CuO, and copper hydroxyl formate 

(Cu(OH)(HCOO)) in the case of formic acid, and Cu2O, CuO, and hydrated copper hydroxyl 

acetate (Cu2(OH)3(CH3COO)·H2O) in the case of acetic acid. 

From these results it was concluded that acetic acid exposures result in more cuprite 

formation and formic acid in more evenly distributed features. Propionic acid exposures gives 

the lowest topography variations. It was not possible to detect any copper carboxylate from 

c) 

b) a) 

d) 
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GI-XRD within 96 hours of exposure in carboxylic acid, suggesting the formation of non-

crystalline copper-carboxylates during shorter exposure periods. 

 

4.3. Model of the cathodic reduction of copper compounds formed in humid air and 
additions of acetic acid  

4.3.1. Exposures in pure humidified air 

The reduction curves of copper samples exposed in pure air at 96% RH without any acetic 

acid were obtained after, 10, 60, and 150 minutes (see Fig. 4.8). After 10 minutes of 

exposure, a peak around -0.56V vs SCE was found, corresponding to amorphous copper (I) 

oxide, referred to as (Cu2O)am, which is present at the surface also before any exposure.40 

This oxide remains during the whole exposure time and the amount remains approximately 

constant according to the reduction charge, calculated as the integration of the area between 

the experimental curve and the background line, both taken between two selected potential 

values. A second copper (I) oxide was also observed, referred to herein as crystalline oxide 

(Cu2O)cr, with a more negative reduction potential than the amorphous oxide. This crystalline 

oxide became evident after 60 minutes of exposure, and grew until the end of the experiment. 

 

Figure 4.8. Potentiodynamic curves of copper in deaerated 0.1M KCl solution (sweep rate=1mVs−1). 

The samples were first exposed to pure air for 10 min (a), 60 min (b), and 150min (c). 
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4.3.2. Exposures in humidified air with acetic acid and under anodic polarizations 

When copper is exposed to acetic acid, the potentiodynamic curves display an additional 

peak besides the two found in pure air. Figure 4.9 shows the potentiodynamic reduction 

curves for copper after exposures to 500 ppb of acetic acid at 95% RH. The additional peak 

found close to -0.8V vs SCE may be associated with an intermediate copper (I) oxide, 

referred to as (Cu2O)in, which has a more negative reduction potential than does the 

amorphous cuprite. It has been suggested that the intermediate oxide is obtained through 

transformation of (Cu2O)am, and has a limited existence.40 Finally, when copper is exposed to 

800 ppb of acetic acid (Fig. 4.10), the potentiodynamic reduction was able to detect an 

additional phase with a reduction potential less negative compared to the copper (I) oxides. 

This peak might be related to the presence of a copper (II) oxide, presumably tenorite, with a 

reduction potential range noted in literature from -0.25 to -0.38V vs. SCE.40 

 

 

Figure 4.9. Potentiodynamic curves of copper in deaerated 0.1M KCl solution (sweep rate=1mVs−1) 

after exposure to 500 ppb acetic acid at 95% RH for 7 days (a), 14 days (b), and 21 days (c). 

 

Neither exposure to 500 ppb of acetic acid nor to 800 ppb appears to produce any copper 

carboxylate compounds, as we observed no reduction peaks below -1V. One possible reason 
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for this observation is that copper acetate compounds are very soluble in water. For the 

pollutant levels tested, this fact can explain the lack of acetate peaks. At higher acid 

concentrations, in the order of ppm, several kinds of carboxylate compounds, such as copper 

hydroxy acetate, can be formed. These compounds are insoluble, and therefore remain on 

the copper surface during potentiodynamic reduction.20 

 

Figure 4.10. Potentiodynamic curves of copper in deaerated 0.1M KCl solution (sweep rate=1mVs−1) 

after exposure to 800 ppb acetic acid at 95% RH for 7 days (a), 14 days (b), and 21 days (c). 

 

Copper sheets were also polarized up to +1 V vs SCE in solutions of 1, 0.1, 0.01, and 0.001 

M acetic acid. The polarization was performed in order to electrochemically produce corrosion 

products on the copper surface comparable to those produced during atmospheric exposure. 

Potentiodynamic reduction curves after polarizations shows that decreasing the acetic acid 

concentration resulted in the production of a larger amount of amorphous oxide. The 

maximum quantity of amorphous oxide was produced at 0.1M acetic acid. The intermediate 

copper (I) oxide was barely detectable at lower concentrations of acetic acid. After 

polarization in 0.01M acetic acid, a large reduction current indicated the appearance of 

crystalline cuprite. The curves exhibited a slightly shift of the oxide reduction potential to more 

negative values with decreasing acetic acid concentration. This can be interpreted with aid of 

the Pourbaix diagram. When the acid concentration of the solution decreases, the pH 
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increases, allowing the formation of a more thermodynamically stable oxide, according to the 

Pourbaix diagram of copper in water.79 

In summary, exposures in humidified air with 500, 800 ppb of acetic acid and polarizations in 

acetic acid solutions result in the formation of three types of copper (I) oxides. Exposures at 

800 ppb exhibit also the formation of copper (II) oxide at less negative potentials. There was 

no evidence of any copper acetate with the potentiodynamic reduction technique. 

 

4.3.3. Cathodic reduction model of copper oxides 

In accordance with the pH–E diagram for copper,79 and previous potentiodynamic studies 

performed under similar conditions,40 we propose that the reduction of copper oxides begins 

with a reduction of copper (II) oxide in two steps, as follows: 

γθ
)(*             )( 1 ICueIICu

K−+

   

         (4.1) 

  
αγ

)(      *

2

2 ICuCu
K

K

−      (4.2) 

 

where θ , γ , and α  are the surface coverage fractions of the species Cu(II), Cu*(I), and 

Cu(I), respectively. Reduction of cupric oxide goes according to reaction (4.1) to produce an 

adsorbate species Cu*(I). The Cu*(I) species is an intermediate that later reduces to copper 

(I) oxide. We then have the reduction of the three copper (I) oxides present at the surface, 

according to: 
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         (4.3) 

 

         (4.4) 

 

         (4.5) 

 

where ε , ρ , and α  are the surface coverages of the amorphous cuprite (Cu2O)am, 

intermediate cuprite (Cu2O)in, and crystalline cuprite (Cu2O)cr, and δ  is the coverage of the 

remaining copper surface. Finally, we have hydrogen evolution over the copper surface 

according to the reaction: 

 

           (4.6) 

 

In all equations, iK  is the potential-dependent parameter expressed in mol cm−2 s−1, being 

)exp(0 EbKK iii −= ; )exp(0 EbKK iii −− =  and RTFbi /= . We assume no overlapping of this 

coverage, thus ρεαγθδ −−−−−=1 . We also assume that all adsorption–desorption follows 

a Langmuir-type isotherm. Based on this hypothesis, the charge balance gives the total 

reduction current (A cm−2) flowing through the electrode interface: 
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2K does not affect the charge balance because the related reaction neither produces nor 

consumes electrons. Surface coverage fractions are potential- and time-dependent 

parameters. The mass balance of the species allows one to express the time dependence of 

the coverages through differential equations: 

 

           (4.9) 

           (4.10) 

           (4.11) 

           (4.12) 

           (4.13) 

 

where β  is the constant linking the fraction of the coverage and the surface concentration of 

adsorbed species expressed in mol cm−2. iβ  values are considered to be equal to 10−8 (mol 

cm−2), which corresponds to about one monolayer. The scanning rate υ  is set to 0.001V s−1, 

in accordance with the experimental setup. 

A calculated potentiodynamic reduction curve corresponding to copper exposed during 14 

days in 800 ppb of acetic acid is presented in figure 4.11 and compared with the real 

reduction curve. A correlation coefficient of 0.92 was found. 

In summary, an electrochemical reduction model to fit the potentiodynamic curves of copper 

samples exposed to an acetic acid atmosphere or electrochemically produced oxides was 

developed. The model applied to the reduction of these compounds in 0.1M KCl evidences a 

process that involves copper (II) oxide [CuO] and three kinds of copper (I) oxides [(Cu2O)am, 

(Cu2O)in and (Cu2O)cr]. The good correlation of the model with the experimental data allows 

us to confirm that the reduction sequence involves a conversion from copper (II)-type oxides 

to copper (I) oxides. However, Cu(II)-oxide may not always be present. 
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Figure 4.11. Potentiodynamic curve of copper in deaerated 0.1M KCl solution ( =1mVs−1) after 

exposure to 800 ppb acetic acid for 14 days compared with the simulated potentiodynamic curve. 

 

4.4. GILDES model simulations of the atmospheric corrosion of copper induced by 
carboxylic acids 

 

In order to simulate the atmospheric corrosion of copper in the presence of carboxylic acids, a 

set of reactions were taken into account which properly describe the chemistry involved in the 

corrosion process. Appendix I lists the complete set of reactions used for the calculations with 

copper. The set is composed of gas-liquid equilibria, hydratation chemistry, acid-base 

reactions, surface acid-base reactions, complex formations, surface complex formation, 

solubility equilibria, non-metal and metal redox reactions and irreversible ligand- or proton- 

promoted dissolution. 

The set of simultaneous differential equations resulting from the different regimes were solved 

using COMSOL 3.5 multiphysics software. The model was developed with the assumption 

that mass transport of water was not limiting and, thus, the thickness of the liquid layer was 

set as a constant (5 nm).32 An initialization mesh of 1 element was used for the simulations 
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except for propionic acid modeling where the number of elements was 8. Another assumption 

was the neglect of the electrochemical processes and that oxygen is in equilibrium with the 

water film at all times. Atmospheric corrosion of copper induced by acetic, formic and 

propionic acid was simulated separately. 

The simulation results show Cu2O, Cu(OH)2, Cu(CH3COO)2
.H2O, Cu(HCOO)2

.4H2O and 

Cu(CH3CH2COO)2
.H2O as the dominant precipitated species after 96 hours of exposure in 

120 ppb of each carboxylic acid. In an early stage of the simulations the non-hydrated form of 

the carboxylates was also considered. However, they were deleted from the base reaction set 

due to their negligible amount. In all simulations, the hydrated form dominated over the non-

hydrated form in agreement with the experiments. In addition, copper carbonate exhibited 

very low amounts; 0.033 monolayers in acetic acid, 0.014 monolayers in formic acid and 

0.0006 monolayers in propionic acid after 96 h of exposure, also in qualitative agreement with 

the experimental data. 

The GILDES model successfully predicts the same tendency for the aggressiveness of the 

acids, propionic acid < acetic acid < formic acid, as the experimental data. This is supported 

by a higher ligand- and proton-promoted dissolution found in formic acid exposures, followed 

by acetic and propionic exposures. According to the experimental data (Paper II), the highest 

corrosion rate was found in formic acid exposures with a total induced mass gain of 6.0 μg 

cm−2, followed by 1.5 μg cm−2 for acetic acid and 0.5 μg cm−2 for propionic acid. The 

simulations allow us also to estimate the total dissolution rate of copper by adding the proton- 

and ligand- induced dissolutions (reactions 77, and 78-90) and the values found were 3.44 

mM s−1 for formic acid, 0.86 mM s−1 for acetic acid, and 0.024 mM s−1 for propionic acid. 

However, when comparing the kinetics of the formation rates of the copper (I) oxide and 

copper (II) carboxylate with experimental data, they deviate from each other. The reason for 

this difference is due to the formulation of the model. The GILDES model mainly deals with 

processes occurring on the surface and the interface regime, and it was developed in only 

one dimension, whereas the experimental results were obtained from a 1 cm2 of surface 

which exhibits different anodic and cathodic areas over the surface. An extension of the 

model is needed in order to involve such changes and also a more detailed description of the 

copper (I) oxide formation, which is most likely limited by solid state processes. Figure 4.12 
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displays the amount in monolayers of hydrated copper(II) carboxylate from simulations and 

experiments after 96 hours exposure. 

 

 

Figure 4.12. Amount of calculated and measured copper (II) carboxylate in monolayers vs time for the 

investigated carboxylic acids. 

 

A variation of some constants was also performed to see the effect on the amount of 

precipitated corrosion products. One of the parameters that influences the amount of copper 

carboxylate is the Henry's law constant, KH (reactions 3-5 in Appendix I). From literature, the 

values of KH vary, since they strongly depend on the method used to estimate them. For 

acetic acid,81,101-106 KH ranges from 3.3 x 106 to 11.2 x 106 mol atm-1 m-3, for formic acid,80-

81,102-107 from 3.5 x 106 to 13.4 x 106 mol atm-1 m-3 while the values for propionic acid,80,101,108 

range from 2.2 x 106 to 6.2 x 106 mol atm-1 m-3. Simulations obtained within these ranges 

show that under the present exposure conditions transport in the gas phase was found to be 

rate limiting for formic acid but not for the other two acids. Figure 4.13 displays the variation in 

the Henry's law constant for four acetic acid simulations. The amount of acetate increases 

with Henry's law constant, which results in less amount of acetic acid that escapes back to the 

gas phase. 
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Figure 4.13. Calculated amounts of hydrated copper acetate in monolayers vs time for four different 

values of Henry’s law constants (5.3; 7.3; 9.3 and 11.2) × 106 mol atm−1 m-3. 

 

Increasing only the ligand- promoted dissolution rate (reaction 78-80) one order of magnitude 

above the base set favours the formation of carboxylate by 1 to 60 monolayers after 96 hours 

depending on acid. In a similar way, when the solubility product of the precipitated phases 

decreases one order of magnitude below the base set, the formation of copper carboxylate 

increases by 4 monolayers for acetic acid, 3.8 monolayers for formic acid and 0.1 monolayers 

for propionic acid. 

We consider next the description of the dissolution mechanism of copper in the presence of 

acetic acid by focusing on two different pathways (see Fig. 4.14). The same mechanism can 

be applied for the other two carboxylic acids investigated. Copper is covered by a thin copper 

(I) oxide layer under ambient conditions33 and after dissociation of the carboxylic acid 

(reactions 14–16), both protons and carboxylate ions may interact with the hydroxylated 

surface formed upon exposure to ambient air or to the aqueous adlayer. The symbol (≡) is 

used herein to indicate the attachment of a compound to a specific phase, with S denoting an 

initial surface compound and D a compound deposited from the liquid phase. The surface 

hydroxyl groups (S≡CuOH) have ion-exchange properties forming other surface complexes 

such as S≡CuOH2
+ (reaction 67) and S≡Cu(CH3COO) (reaction 68). In the base set the 
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protonated surface hydroxyl group S≡CuOH2
+ is written as S≡Cu+. The two pathways are then 

described as follows. In proton-promoted dissolution, H+ can react with S≡CuOH to form 

S≡Cu+ which then dissolves according to reaction 77 with a rate of 0.23 mM s−1. In ligand-

promoted dissolution, CH3COOH can react with S≡CuOH to form S≡Cu(CH3COO) which then 

dissolves with a rate of 0.64 mM s−1 (reaction 78). 

 

 

Figure 4.14. Schematic description of the atmospheric corrosion of copper after 96 hours in acetic 

acid. 

 

As expected, the total corrosion rate is higher in the presence of formic acid, followed by 

acetic acid and propionic acid. This trend is also confirmed by corresponding changes in Cu+ 

concentration and pH. Because of the acid aggressiveness, the amount of H+ in solution is 

higher in formic acid producing more dissolution of copper ions. The Cu+ concentration after 

96 hours, is around 86.5 mM in the presence of formic acid, 1.04 mM for acetic acid and 0.1 

μM for propionic acid. A higher concentration of Cu+ leads to a higher concentration of Cu2+ 

increasing the precipitation of copper hydroxide (Cu(OH)2). 
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To summarize, the GILDES model was found valuable for simulating the initial atmospheric 

corrosion of copper induced by carboxylic acids. The simulations succeed in identifying 

important reactions involved in the corrosion process and also in predicting the ranking 

between the three different carboxylic acids in agreement with experimental results. However, 

the model fails to predict the correct kinetics of formation of the precipitated phases. 

 

4.5. GILDES model simulations of the atmospheric corrosion of zinc induced by 
carboxylic acids  

In accordance with fundamental investigations on copper (section 4.2), two pathways can be 

identified to govern the initial atmospheric corrosion of zinc, one induced by protons and the 

other by carboxylate ions. Appendix II lists the complete set of reactions used for the 

simulations in the case of zinc using the same type of reactions as for copper. The proposed 

dissolution process of zinc in humidified air with carboxylic acids is as follows. When the fresh 

zinc surface is exposed to the environment it is immediately covered by zinc oxide (ZnO). If 

the surface is in contact with a humidified environment, the surface is hydroxylated forming 

surface hydroxyl groups S≡Zn(OH)2. This hydroxyl group then undergo a protonation through 

the reaction: 

 

++ ≡+=+≡ )(      )( 22 OHZnSOHHOHZnS     (4.14) 

 

The hydroxyl groups have ion-exchange properties, allowing the production of other surface 

complexes through ion-exchange with either protons or ligands: 

 

+++ ≡+=+≡ 2
2       )( ZnSOHHOHZnS     (4.15) 

++ ≡+=+≡ )(      )( 2 LZnSOHLHOHZnS     (4.16) 
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where, L is the carboxylate anion. 

 

The dissolution then continues with the proton- and ligand- promoted processes: 

 

2
22 )( OHZnSZnZnS ≡+→≡

+
     (4.17) 

2)(  )( )( OHZnSLZnLZnS ≡+→≡ ++     (4.18) 

 

The value of associated equilibrium constants have been varied in this thesis. 

Experiments carried out on zinc exposed to carboxylic acids show that the formation rate of 

zinc carboxylate increases as propionic < acetic < formic acid, whereas the formation rate of 

ZnO and the overall corrosion rate of zinc increase in the order formic < acetic < propionic 

acid.26 Figure 4.15a-b shows the calculated and measured amount of zinc oxide as a function 

of time for the three carboxylic acids respectively. The kinetics of zinc oxide formation is 

closer for the simulated and experimental case, but the simulated amount differs more than 

200 times. However, the same ranking for the formation rates of ZnO in the different 

carboxylic acids after 72 hours was found. 

As opposed to the formation rate of ZnO the formation rate of zinc formate is higher in formic 

acid followed by acetic and propionic acid (see Fig. 4.16). This order is also in agreement with 

experimental results. Up to two hours of exposure, both the experimental and simulated 

amounts agree with a linear growth vs time of the carboxylate species, in longer times, the 

simulations continue to predict a non-linear growth, while measured formation rates level off. 

The calculated total dissolution rate was estimated by adding rates of proton- and ligand- 

induced dissolution (for each carboxylic acid) and was found to be 0.66 mM s-1 for formic 

acid, 0.15 mM s-1 for acetic acid, and 0.05 mM s-1 for propionic acid. These values exhibit the 

same tendency as for the corresponding total dissolution rates found for copper exposed to 

the same carboxylic acids (see previous section). Furthermore, the same tendency for the 

deposition velocity of carboxylic acids was found on copper (section 4.2) and zinc26 

respectively. 
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Figure 4.15. Amount of measured (a) and calculated (b) ZnO in monolayers (ml) vs time for formic 

acid (FA), acetic acid (AA) and propionic acid (PA). 
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Figure 4.16. Amount of measured (a) and calculated (b) zinc carboxylate in monolayers (ml) vs time 

for formic, acetic and propionic acid. 
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Figure 4.17 shows a schematic representation of the atmospheric corrosion of zinc after 72 

hours of exposure in 120 ppb of propionic acid. The representation is the same for acetic and 

formic acid exposures. After an instant formation of a thin zinc oxide layer, the surface is 

hydroxylated under ambient conditions. This is followed by the dissociation of propionic acid 

(reaction 16 in Appendix II). The first pathway includes the proton-induced dissolution of zinc 

ions through the interaction of protons with surface hydroxyl groups (S≡Zn(OH)+, reaction 27 

in Appendix II) which results in surface zinc ions (S≡Zn2+) and the concomitant dissolution of 

zinc ions (reaction 37 in Appendix II). This is followed by the formation and precipitation of 

D≡ZnO (reaction 31 in Appendix II) and D≡Zn(OH)2 (reaction 32 in Appendix II). The second 

pathway includes the carboxylate-induced dissolution through the interaction of carboxylate 

species with surface hydroxyl groups (S≡Zn(OH)+, reaction 30 in Appendix II) which results in 

surface zinc formate ions (S≡Zn(CH3CH2COO)+) and the concomitant dissolution of zinc 

propionate ions (reaction 40 in Appendix II). This is followed by the formation and precipitation 

of hydrated Zn(CH3CH2COO)2 (reaction 36 in Appendix II). 

 

 

 

Figure 4.17. Schematic description of the atmospheric corrosion of zinc after 72 hours in propionic 

acid. 
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Variation of the base set constants, including Henry's law constant, KH produces similar 

changes as found for copper. When KH increases there is more formation of carboxylate, with 

larger differences with experimental data. Whatever the real value, KH increases as propionic 

acid < acetic acid < formic acid. 

To conclude, the simulations succeed to identify important reactions involved during the initial 

atmospheric corrosion process. The model also predicts the correct ranking for zinc oxide and 

zinc carboxylate between the three different carboxylic acids, in agreement with experimental 

results. The model predicts kinetics of the formation of precipitated phases on zinc closer to 

the experimental data than on copper. 
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CHAPTER 5: SUMMARY AND OUTLOOK 
 

 

The work presented in this doctoral thesis has focused on the initial atmospheric corrosion of 

copper and zinc in the presence of humidified air with carboxylic acids in concentrations 

slightly elevated relative to typical indoor conditions. The main emphasis has been on the 

identification and quantification of corrosion products detected under in situ conditions and the 

application of the GILDES computer based model to simulate the atmospheric corrosion 

under these conditions. The model contributes to the knowledge of the initial atmospheric 

corrosion of copper and zinc by describing and identifying important reactions involved in the 

corrosion processes. 

The unique procedure for quantifying in situ data of corrosion products was developed for 

copper exposed to acetic, formic or propionic acid at high relative humidities. The procedure 

was based on the integration of two in situ techniques, infrared reflection absorption 

spectroscopy (IRAS) and quartz crystal microbalance (QCM). This allows a deeper insight 

into the solid/liquid interface. Ex situ coulometric reduction was applied to validate the 

quantification procedure. From this combination of techniques the absolute values of mass 

changes of individual species in the corrosion products could be obtained in situ. From the 

kinetics of copper carboxylate formation it was possible to estimate the deposition velocity of 

the acids and it turned out that the values are similar to the values found in the literature. The 

total corrosion-induced mass gain rate was also estimated. No detection of the copper 

carboxylate could be made using electrochemical techniques. However, the quantification and 

detection of different copper (I) oxides formed in carboxylic acid-containing atmospheres 

could be performed by electrochemical techniques. 
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Another main result of this doctoral thesis is the proposal of an electrochemical reduction 

model that can be used to fit potentiodynamic reduction curves of copper exposed to acetic 

acid-containing atmospheres. The model was applied to the reduction of copper oxides in 

neutral conditions and involves copper (II) oxide [CuO] and three types of copper (I) oxides. 

When the detection and quantification of corrosion products were accomplished the modeling 

of the experimental data became the third main outcome of this doctoral thesis. The GILDES 

computer model was applied to study important chemical reactions involved in the 

atmospheric corrosion of copper and zinc in the presence of carboxylic acids. The model 

succeeded to predict the correct ranking of aggressiveness of the three different acids for 

both copper and zinc. However, the model was not able to predict the correct kinetics of the 

corrosion product formation. 

Even though several new aspects of the initial atmospheric corrosion of copper and zinc 

induced by carboxylic acids have been discovered within this doctoral thesis, a more detailed 

model is necessary in order to gain deeper fundamental knowledge. The next step in the 

development of the GILDES model involves the expansion in two dimensions, allowing the 

surface distribution of the anodic and cathodic areas. Also a more complete description of the 

solid state properties and the kinetics of the main corrosion products formed. This could also 

be applied for a future atmospheric corrosion modeling on brass where the distribution of 

anodic and cathodic areas results in spatially corrosion cells. 
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Appendix I 
 

Base reaction set for simulations of copper. Reactions denoted by (#) are common for the 

separate simulations of acetic, formic and propionic acid. Reactions denoted by (*) are 

explained within the paper IV. 

Number Reaction kf K 

 A(g) = A kf [mol atm-1 m-2 s-1] K[mol atm-1 m-3] 

1# O2(g) = O2 9.00(-2) 1.69(0)32 

2# CO2(g) = CO2 9.00(-2) 3.40(1)80 

3 CH3COOH(g) = CH3COOH 9.00(-2) 9.30(6)81 

4 HCOOH(g) = HCOOH 9.00(-2) 13.40(6)81 

5 CH3CH2COOH(g) = CH3CH2COOH 9.00(-2) 6.20(6)81 

 A. H2O = A + H2O kf [m
3 mol-1 s-1] K [m3 mol-1] 

6# HCO3
- + H+ = CO2 + H2O 5.60(1)82 2.24(3)80 

7# CO2 + OH- = HCO3
- 1.40(1)82 4.50(4)80 

 A- + H+ = HA kf [m
3 mol-1 s-1] K [m3 mol-1] 

8# OH- + H+ = H2O 1.30(8)83 1.01(8)83 [m3 mol-1]2 

9# O2
- . + H+ = HO2 

. 5.00(7)84 6.31(1)84 

10# HO2
- + H+ = H2O2 5.00(7)83 6.67(8)83 

11# HCO3
- + H+ = H2CO3 5.00(7) RT1 6.41(0)83 

12# CO3
2- + H+ = HCO3

- 1.30(8) RT1 2.14(7)80 

13# CuOH+ + H+ = H2O + Cu2+ 1.00(7)85 1.00(5)86 
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14 CH3COO- + H+ = CH3COOH 5.00(7)83 3.63(1)87 

15 HCOO- + H+ = HCOOH 5.00(7)83 5.62(0)80 

16 CH3CH2COO- + H+ = CH3CH2COOH 5.00(7)*  7.46(1)88 

 X + L = XL kf [m
3 mol-1 s-1] K [m3 mol-1] 

17# CuOH+ + CuOH+ = Cu2(OH)2
2+ 1.00(5) RT2 5.01(2)89 

18# Cu2+ + CO3
2- = CuCO3 1.00(5) RT2 5.62(3)86 

19# CuCO3 + CO3
2- = Cu(CO3)2

2- 1.00(5) RT2 4.37(0)86 

20 CH3COO- + Cu+ = Cu(CH3COO) 1.00(5) RT2 1.10(-1)90  

21 CH3COO- + Cu2+ = Cu(CH3COO)+ 1.00(5) RT2 6.17(-2)87 

22 CH3COO- + Cu(CH3COO)+ = Cu(CH3COO)2 1.00(5) RT2 1.02(-2)87 

23 HCOO- + Cu+ = Cu(HCOO) 1.00(5) RT2 3.98(-2)* 

24 HCOO- + Cu2+ = Cu(HCOO)+ 1.00(5) RT2 3.70(-2)91 

25 HCOO- + Cu(HCOO)+ = Cu(HCOO)2 1.00(5) RT2 4.49(0)91 

26 HCOO- + Cu(HCOO)2 = Cu(HCOO)3
- 1.00(5) RT2 6.75(-1)91 

27 HCOO- + Cu(HCOO)3
- = Cu(HCOO)4

2- 1.00 (5) RT2 2.53(0)91 

28 CH3CH2COO- + Cu+ = Cu(CH3CH2COO) 1.00(5) RT2 1.20(-1)* 

29 CH3CH2COO- + Cu2+ = Cu(CH3CH2COO)+ 1.00(5) RT2 8.13(-2)87 

30 CH3CH2COO- + Cu(CH3CH2COO)+ = Cu(CH3CH2COO)2 1.00(5) RT2 5.13(0)87 

 r + O → R + o kf [m
3 mol-1 s-1]  

31# HO2 
. + HO2 

. → O2 + H2O2 8.30(2)80  

32# O2
- . + HO2 

. → O2 + HO2
- 9.70(4)92  

33# HO2 
. + OH . → H2O + O2 6.60(6)93  

34# O2
- . + OH . → OH- + O2 9.40(6)93  

35# H2O2 + OH . → H2O + HO2 
. 2.70(4)80  

36# HO2
- + OH . → OH- + HO2 

. 7.50(6)94  

37# HCO3
- + OH . → H2O + CO3

- . 8.50(3)95  

38# CO3
2- + OH . → OH- + CO3

- . 3.00(5)95  
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39# HCO3
- + O2

- . → HO2
- + CO3

- . 1.50(3)80  

40# CO3
- . + O2

- . → O2 + CO3
2- 4.00(5)92  

41# CO3
- . + H2O2 → HO2 

. + HCO3
- 4.30(2)95  

42# CO3
- . + HO2

- → O2
- . + HCO3

- 3.00(4)94  

43 CH3COOH + OH. → CH2COOH + H2O 1.70(4)96  

44 CH3COO- + OH. → CH2COO- + H2O 7.00(4)96  

45 HCOOH + OH . → HCOO . + H2O   1.00(5)96  

46 HCOO- + OH. → COO- + H2O 2.40(6)97  

47 HCOO- + OH . → CO2 + HO2 
. + H2O 3.40(6)96  

48 HCOO- + OH . → CO2 + HO2 
.
 + OH 2.50(6)98  

49 HCOOH + OH . → CO2
- . + H2O + H+ 1.30(5)99  

50 HCOO- + OH . → CO2
- . + H2O 3.20(6)100  

51 CH3CH2COOH + OH . → CH3CHCOOH + H2O 3.20(5)97  

52 CH3CH2COO- + OH . → CH3CHCOO- + H2O 7.20(5)97  

 o + Cu(I) → Cu(II) + r kf [m
3 mol-1 s-1]  

53# O2 + Cu+ → Cu2+ + O2
-  . 4.50(1)99  

54# H2O + O2
-  . + Cu+ → Cu2+ + OH- + HO2

- 9.00(6)99  

55# HO2 
. + Cu+ → Cu2+ + HO2

- 1.00(6)99  

56# H2O2 + Cu+ → Cu2+ + OH- + OH . 4.00(2)99  

 r + Cu(II) → Cu(I) + o kf [m
3 mol-1 s-1]  

57# Cu2+ + O2
- . → O2 + Cu+ 8.00(6)99  

58# HO2 
. + Cu2+ → Cu+ + O2 + H+ 5.00(4)99  

59# O2
- . + CuOH+ → Cu+ + O2 + OH- 8.00(5) RT3  

60# HO2 
. + CuOH+ → Cu+ + O2 + H2O 5.00(4) RT3  

61# O2
- . + Cu(OH)2 → Cu+ + O2 + 2OH- 8.00(4) RT3  

62# HO2 
. + Cu(OH)2 → Cu+ + O2 + OH- + H2O 5.00(4) RT3  

63# O2
- . + CuCO3 → Cu+ + O2 + CO3

2- 8.00(4) RT3  
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64# HO2 
. + CuCO3 → Cu+ + O2 + HCO3

- 5.00(4) RT3  

65# O2
- . + Cu(CO3)2

2- → Cu+ + O2 + 2CO3
2- 8.00(2) RT3  

66# HO2 
. + Cu(CO3)2

2- → Cu+ + O2 + CO3
2- + HCO3

- 5.00(4) RT3  

 S≡A- + H+ → H2O + S≡Cu+ kf [m s-1] K [m3 mol-1] 

67# S≡CuOH + H+ = H2O + S≡Cu+ 1.00(2) RT1 1.00(0)32 

68 S≡CuOH + CH3COOH = H2O + S≡Cu(CH3COO) 4.00(-1) RT2 3.03(-2)* 

69 S≡CuOH + HCOOH = H2O + S≡Cu(HCOO) 4.00(-1) RT2 7.08(-3)* 

70 S≡CuOH + CH3CH2COOH = H2O + S≡Cu(CH3CH2COO) 4.00(-1) RT2 1.61(-3)* 

 D≡X=←X kf [mol m-2 s-1] K [mol m-3] 

71# D≡Cu2O + H2O =← 2Cu+ + 2OH- 2.50(-4) 2.51(-12)32[mol m-3]4 

72# D≡Cu(OH)2 =← Cu2+ +2OH- 2.50(-4) 4.37(-11)32[mol m-3]3 

73# D≡CuCO3 =← CuCO3 2.50(-4) 1.41(0)32 

74 D≡Cu(CH3COO)2.xH2O =← Cu(CH3COO)2 + H2O 2.50(-4) 1.50(2)* 

75 D≡Cu(HCOO)2.4H2O =← Cu(HCOO)2 + 4H2O 2.50(-4) 3.20(1)* 

76 D≡Cu(CH3CH2COO)2.H2O =← Cu(CH3CH2COO)2 + xH2O 2.50(-4) 4.00(2)* 

 S≡X → X + S≡CuOH kf [mol m-2 s-1]  

77# S≡Cu+ → Cu+ + S≡CuOH 1.00(-7)32  

78# 

79# 

80# 

S≡Cu(CH3COO) → Cu(CH3COO) + S≡CuOH 

S≡Cu(HCOO) → Cu(HCOO) + S≡CuOH 

S≡Cu(CH3CH2COO) → Cu(CH3CH2COO) + S≡CuOH 

1.00(-7)* 

1.00(-7)* 

1.00(-7)* 
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Appendix II 
 

Base reaction set for simulations of zinc. Reactions denoted by (#) are common for the 

separate simulations of acetic, formic and propionic acid. Reactions denoted by (*) are 

explained within the paper V. 

Number Reaction kf K 

 

1# 

A(g) = A 

O2(g) = O2 

kf [mol atm-1 m-2 s-1] 

9.00(-2) 

K [mol atm-1 m-3] 

1.69(0)32 

2# CO2(g) = CO2 9.00(-2) 3.40(1)80 

3 

4 

5 

CH3COOH(g) = CH3COOH 

HCOOH(g) = HCOOH 

CH3CH2COOH(g) = CH3CH2COOH 

9.00(-2) 

9.00(-2) 

9.00(-2) 

9.30(6)81 

13.40(6)81 

6.20(6)81 

 A. H2O = A + H2O kf [m
3 mol-1 s-1] K [m3 mol-1] 

6# HCO3
- + H+ =CO2 + H2O 5.60(1)82 2.24(3)80 

7# CO2 + OH- = HCO3
- 1.40(1)82 4.50(4)80 

 A- + H+ = HA kf [m
3 mol-1 s-1] K [m3 mol-1] 

8# OH- + H+ = H2O 1.30(8)83 1.01(8)83 [m3 mol-1]2 

9# O2
- . + H+ = HO2 

. 5.00(7)84 6.31(1)84 

10# HO2
- + H+ = H2O2 5.00(7)83 6.67(8)83 

11# HCO3
- + H+ = H2CO3 5.00(7) RT1 6.41(0)83 
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12# CO3
2- + H+ = HCO3

- 1.30(8) RT1 2.14(7)80 

13# ZnOH+ + H+ = H2O + Zn2+ 1.00(7)83  1.01(6)87 

14 

15 

16 

CH3COO- + H+ = CH3COOH 

HCOO- + H+ = HCOOH 

CH3CH2COO- + H+ = CH3CH2COOH 

5.00(7)83 

5.00(7)83 

5.00(7)* 

3.63(1)87 

5.62(0)80 

7.46(1)88 

 X + L = XL kf [m
3 mol-1 s-1] K [m3 mol-1] 

17# Zn2+ + CO3
2- = ZnCO3 1.00(5)31  5.62(1)86 

18 CH3COO- + Zn2+ = Zn(CH3COO)+ 1.00(5) RT2 1.17(-2)87 

19 CH3COO- + Zn(CH3COO)+ = Zn(CH3COO)2 1.00(5) RT2 1.07(0)87 

20 

21 

22 

23 

24 

25 

CH3COO- + Zn(CH3COO)2 = Zn(CH3COO)3
- 

HCOO- + Zn2+ = Zn(HCOO)+ 

HCOO- + Zn(HCOO)+ = Zn(HCOO)2 

HCOO- + Zn(HCOO)2 = Zn(HCOO)3
- 

CH3CH2COO- + Zn2+ = Zn(CH3CH2COO)+ 

CH3CH2COO- + Zn(CH3CH2COO)+ = Zn(CH3CH2COO)2 

1.00(5) RT2 

1.00(5) RT2 

1.00(5) RT2 

1.00(5) RT2 

1.00(5) RT2 

1.00(5) RT2 

2.95(0)87 

1.02(-2)87 

1.18(0)87 

3.30(-1)91 

1.02(-2)87 

1.62(0)87 

 S≡ZnX2 + H+ → H2O + S≡ZnX+ kf [m s-1] K [m3 mol-1] 

26# 

 

27# 

 

S≡Zn(OH)2 + H+ = H2O + S≡ZnOH+ 

S≡ZnX+ + H+ → H2O + S≡Zn2+ 

S≡ZnOH+ + H+ = H2O + S≡Zn2+ 

S≡ZnX+ +L → H2O + S≡ZnL+ 

1.00(2) RT1 

kf [m s-1] 

4.00(1) RT1 

kf [m s-1] 

3.00(-1)* 

K [m3 mol-1] 

4.00(0)* 

K [m3 mol-1] 

28 

29 

30 

S≡ZnOH+ + CH3COOH = H2O + S≡Zn(CH3COO)+ 

S≡ZnOH+ + HCOOH = H2O + S≡Zn(HCOO)+ 

S≡ZnOH+ + CH3CH2OOH = H2O + S≡Zn(CH3CH2OO)+ 

4.00(-1) RT2 

4.00(-1) RT2 

4.00(-1) RT2 

1.00(-1)* 

7.00(-3)* 

5.00(-4)* 

 D≡X=←X kf [mol m-2 s-1] K [mol m-3] 

31# D≡ZnO + H2O =← Zn2+ + 2OH- 2.50(-4)* 3.98(-8)23 [mol m-3]3 
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32# D≡Zn(OH)2 =← Zn2+ +2OH- 2.50(-4)*  1.26(-8)21 [mol m-3]3 

33# D≡ZnCO3 =← ZnCO3 2.50(-4)* 8.21(-3)* 

34 D≡Zn(CH3COO)2.2H2O =← Zn(CH3COO)2 + 2H2O  2.50(-4)* 8.30(1)* 

35 

36 

D≡Zn(HCOO)2.2H2O =← Zn(HCOO)2 + 2H2O 

D≡Zn(CH3CH2COO)2.2H2O =← Zn(CH3CH2COO)2 + 2H2O 

2.50(-4)* 

2.50(-4)* 

5.40(1)* 

1.25(2)* 

 S≡X → X + S≡Zn(OH)2 kf [mol m-2 s-1]  

37# 

38 

39 

40 

S≡Zn2+ → Zn2++ + S≡Zn(OH)2 

S≡Zn(CH3COO)+ → Zn(CH3COO)+ + S≡Zn(OH)2 

S≡Zn(HCOO)+ → Zn(HCOO)+ + S≡Zn(OH)2 

S≡Zn(CH3CH2COO)+ → Zn(CH3CH2COO)+ + S≡Zn(OH)2 

1.00(-7)* 

1.00(-7)* 

1.00(-7)* 

1.00(-7)* 
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