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Abstract 

The interaction of carboxylic acids with copper is a phenomenon found both outdoors and, 

more commonly, indoors. The influence on copper of some carboxylic acids (formic, acetic, 

propionic, and butyric) have so far been studied at concentrations levels at least three or four 

orders of magnitude higher than actual indoor conditions (< 20 ppb, volume parts per billion), 

and with only limited emphasis on any mechanistic approach. In this licentiate study a unique 

analytical setup has been successfully applied for in situ characterization and quantification of 

corrosion products formed during initial atmospheric corrosion of copper in the presence of 

acetic, formic or propionic acid. The setup is based on monitoring mass changes by the quartz 

crystal microbalance (QCM) and simultaneously identifying the chemical species by infrared 

reflection-absorption spectroscopy (IRAS). Post-analysis of corrosion products was 

performed by coulometric reduction (mass of copper (I) oxide formed), grazing incidence x-

ray diffraction (phase identification) and atomic force microscopy (surface topography). 

 

The absolute amounts of mass of individual constituents in the corrosion products, mainly 

copper (I) oxide or cuprite, copper (II) carboxylate and water or hydroxyl groups, have been 

deduced in situ during exposure in 120 ppb of carboxylic acid concentration, 95% relative 

humidity and 20ºC. An overall result is the consistency of analytical information obtained. 

For copper (I) oxide the quantified data estimated from IRAS, QCM or coulomeric reduction 

agrees with a relative accuracy of 12 % or better.  

 

The interaction of copper with the carboxylic acids seems to follow two spatially separated 

main pathways. A proton-induced dissolution of cuprous ions followed by the formation of 

copper (I) oxide, and a carboxylate-induced dissolution followed by the formation of copper 

(II) carboxylate. The first pathway is initially very fast but levels off with a more uniform 

growth over the surface. This pathway dominates in acetic acid. The second pathway exhibits 
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a more constant growth rate and localized growth, and dominates in formic acid. Propionic 

acid exhibits low rates for both pathways. The difference between the carboxylic acids with 

respect to both total corrosion rate and carboxylate-induced dissolution can be attributed to 

differences in acid dissociation constant and deposition velocity. 

 

Keywords: Atmospheric corrosion, carboxylic acids, copper, in situ, IRAS, QCM, coulometric 

reduction.  
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1. Introduction 

1.1 Carboxylic acids 

Organic compounds are present in different phases of the atmosphere, particularly in 

precipitation, but also in cloud, snow, and fog waters1. Dominant organic pollutants include 

formic acid (HCOOH) and acetic acid (CH3COOH), both playing a major role in the 

precipitation acidity. The acidification effect is observed in both urban and more rural areas of 

the world2-4. Smaller quantities of propionic acid (CH3CH2COOH), butyric acid 

(CH3(CH2)2COOH), and oxalic acid (H2C2O4) are also found in the atmosphere. In aqueous 

atmospheric systems, aldehydes are readily transformed to acids by transition metals and 

other catalysts5. Sources of carboxylic acids include direct anthropogenic release into the 

atmosphere6-8, and also biogenic emission9-10 or biomass burning11. Homogeneous oxidation 

of hydrocarbons12-13 and photochemical oxidation of precursor organic species in the gas 

phase or aqueous phase6 are also typical sources of organic acids. The type of source differs 

depending on the character of the location. Organic acids are also formed as a result of 

industrial activity, e.g., vinegar from the food processing industry and from decomposition of 

raw materials in the paper industry. They are also released by woods and certain paints, 

plastics, rubbers, and resins14-16.  

 

1.2 Atmospheric corrosion of copper influenced by carboxylic acids 

The effect of organic acids on copper surfaces have been observed in a broad range of 

situations. For instance early failures of heat exchanger copper tubes have been recognized, 

not only during service time but also during storage. From these results was concluded that 

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

organochlorine solvents. Moreover, it is known that the decomposition products of these 

solvents are organic acids17. This kind of corrosion attack has been referred to as “ant-nest” 
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corrosion because of its characteristic morphological appearance18-19 and it has been reported 

that the same effect can be reproduced in wet atmosphere containing formic or acetic acid20. 

Likewise, it has been found that the presence of organic acids (formic, acetic and propionic 

acid) formed on heat exchanger copper tubes may originate from the hydrolysis of self-

evaporating lubricant oils21. The effect of organic acids is enhanced during indoor conditions, 

where typical concentrations of acetic and formic acid of about 20 ppb (volume part per 

billion) have been reported5. Metal carboxylate formation has been followed on copper, zinc 

and nickel exposed in indoor environments, such as in museums and churches of Europe22, 

and copper carboxylates have been detected upon exposure indoors in buildings in south 

Asia23. Attempts to understand the corrosion effects of organic acids on metal surfaces have 

been performed using highly accelerated corrosion tests, characterized by enhanced levels of 

relative humidity and organic acids (acetic, formic, propionic and butyric acids vapours) in 

the ppm (volume part per million) range14, 24-27.  

 

1.3 Experimental and theoretical methods for studies of atmospheric corrosion of copper 

Several experimental methods have been applied to follow copper corrosion studies in the 

presence of carboxylic acids. Gravimetric analysis has been performed to obtain the corrosion 

rate, and characterization of the solid phases by means of various ex situ techniques. 

According to infrared and x-ray diffraction measurements, copper (I) oxide (Cu2O), copper 

acetate (Cu(CH3COO)2) and copper hydroxy acetate (Cu(OH)4(CH3COO)2) have been 

detected as main corrosion products in the patina on copper formed in acetic acid exposures in 

the range from tens to hundreds of ppm14. Similarly, on copper exposed to a formic acid-

containing atmosphere, cuprite, copper (II) hydroxide monohydrate (Cu(OH)2·H2O), as an 

intermediate compound, and copper formate tetrahydrate (Cu(HCOO)2·4H2O) were detected. 

The copper formate quantity was observed to increase with acid concentration, whereas the 
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opposite occurred with cuprite and the hydroxide24. Copper exposed in propionic acid vapour 

ranging from 10 to 300 ppm produced cuprite and copper hydroxide. Copper propionate 

(Cu(CH3CH2COO)2) was detected after 21 days at concentrations higher than 50 ppm of 

exposure26. Under similar exposure conditions cuprite and copper butyrate 

(Cu[CH3(CH2)2COO)2]) was identified as the main corrosion products on copper exposed to 

between 10 and 100 ppm of butyric acid27. The literature review shows that the atmospheric 

corrosion studies on copper influenced by carboxylic acids so far have been carried at 

concentration levels far above what is observed in ambient environments (< 20 ppb), with 

only a small probability to capture the processes that operate under more realistic conditions. 

 

More recently, highly surface sensitive techniques with in situ capability, mainly infrared 

reflection-absorption spectroscopy (IRAS) and sum frequency generation (SFG), have been 

applied in our laboratory for studies of the atmospheric corrosion of zinc induced by acetic 

and formic acid and also by acet- and formaldehyde. The data have resulted in new insight 

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

induced by acids and aldehydes at only slightly increased levels (80-120 ppbv) of 

concentration28-30.  

 

The so-called GILDES model31 includes computer-based calculations to simulate atmospheric 

corrosion. It has been successfully applied to zinc32 and to copper exposed to gaseous SO2 

alone or in combination with either NO2 or O3
33-36. The GILDES model requires quantitative 

and qualitative data on patina formation as an experimental counterpart. Hence, for future 

applications of GILDES on copper in the presence of carboxylic acids it is necessary to 

generate quantified data of the different species involved in the corrosion products obtained 

under in situ conditions.  
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1.4 Aim of the study 

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

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

propionic, at concentration levels reasonable representative of ambient indoor or outdoor 

conditions. The aim is also to provide quantitative data of corrosion product formation, for 

comparison with future GILDES model studies. The work has been carried out primarily by 

mean of two integrated in situ techniques, namely IRAS (to provide chemical characterization 

of species present in the corrosion products) and QCM (to monitor absolute mass changes) 

during exposure. 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).    

 

2. Experimental part 

2.1 Sample preparation 

Two kinds of samples were used. AT-cut quartz crystals of 99.99% purity and with a 

resonance frequency of 5 MHz were purchased from Maxtec Inc. They consist of a chromium 

film evaporated on the quartz crystal with a thickness of approximately 50 nm (nm = 10-9 m), 

used to improve the adhesion between the quartz and copper, and on top a copper film of 

approximately 350 nm thickness. The copper-covered crystal facing the corrosive atmosphere 

has a diameter of 13 mm. Each copper film on quartz was polished using two different series 

of diamond paste; 1 and 0.25 µm, 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.  
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The second kind of copper samples consists of solid pieces sized 20 x 20 x 0.5 mm3 and with 

99.5 % of purity. They were cut and polished with silicon carbide paper down to 1200 mesh, 

abraded with three different series of diamond paste; 3, 1 and 0.25 µm, and cleaned with the 

same procedure as before.  These samples were used for coulometric reduction, AFM and GI-

XRD analysis. 

 

2.2 Laboratory exposures 

2.2.1 Corrosive air and relative humidity control  

The air used as carrier gas is prepared from compressed air passing through charcoal and 

particle filters. It is reduced with respect to water and carbon dioxide in an adsorption drier, 

before it passes through a second particle filter37. The dried air is separated into three different 

streams, the first going to a humidifier, the second to a container with the permeation tube 

containing the acid, and the third remaining as dry air. All three streams are regulated with 

needle flow meters, and are later recombined in a mixing chamber before entering the 

exposure chamber. The mixing chamber and the container with the acid are submerged in a 

thermostatic bath (see schematic description in Fig. 1). The ratio between the humid and dried 

air gives the intended relative humidity (RH), which can be controlled from 0.5 to 100%.  

Permeation tubes were purchased from VICI Metronics containing either acetic, formic or 

propionic acid in equilibrium with the liquid/vapour phase. The temperature is controlled at 

19.5 ± 0.5 °C.  
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Figure 1. Schematics of relative humidity control and production of polluted air.  

 

2.2.2 In situ exposure chamber  

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 conditions30. The chamber has 

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

located below the chamber (see Fig. 2). Likewise, a copper plate 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.   
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Figure 2. Lateral view and cross-section of the in situ chamber. 

 

2.3 In situ measurements 

2.3.1 Infrared reflection-absorption spectroscopy (IRAS)   

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

through the thin surface layer next to a substrate. To avoid losses it is important that the 

substrate has highly reflecting properties, and therefore metals are suitable substrates38. 

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. In this study were used p-

polarized light which is parallel to the plane of incidence (i.e. the plane containing the surface 

normal and the incident IR beam). The incidence angle used is around 88 degrees. As a 

consequence of the p-polarized light, only adsorbates on the metal surfaces having a vibrating 

dipole component along the surface normal will absorb IR radiation38. This is referred to as 

the surface selection rule which makes it possible to determine the orientation of adsorbates 

on metal surfaces.     

 

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 
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reflectance of the sample and R0 the reflectance of the background. All samples were initially 

left 40 min in dry conditions, and a background spectrum was collected. Then the air was 

changed to humid and reached 95% RH after 20 min. At this point a new background 

spectrum was collected, which was used as a start spectrum when following the formation of 

surface species. Because of similar wavenumber of some vibrations of water and carboxylate 

species, the measured background spectrum was subtracted from all later spectra in order to 

eliminate any contribution from physisorbed water, gas phase water and other 

contributions37,39.  

 

2.3.2. Quartz crystal microbalance (QCM) 

QCM is a mass-sensitive device with a resolution equivalent to less than one monolayer of 

water or corrosion products. The method for mass-change 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 crystal40.   The QCM can be used to monitor mass changes 

in the nanogram range with a millisecond time resolution, and can provide valuable 

information on atmospheric corrosion kinetics, during laboratory as well as field exposure 

conditions41-43. When combined with techniques giving chemical information on the surface 

properties, the QCM becomes a powerful method for in situ measurements of desorption, 

adsorption, and film growth38. The experiments were carried out with a QCM probe sensor 

connected to a frequency counter from Maxtec PM 740, taking data point every minute. Once 

the frequency was collected, the data were subsequently transformed to mass according to the 

Sauerbrey Equation44.  

 

5.02
0 ))((2  −∆−=∆ qqmff νρ        [1] 
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Where is the frequency shift;  the frequency at the starting point;  f∆ 0f qρ the density of 

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

change per unit area (g cm

m

-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. 

 

2.4 Ex situ measurements 

2.4.1 Coulometric reduction (CR)  

With the aim to check the validity of quantitative data obtained with IRAS/QCM, coulometric 

reduction was used to estimate the thickness of copper (I) oxide. The technique has been 

widely used for copper specimens exposed to both field and controlled laboratory 

conditions45-49. 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 variation (against some 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 vs. time 

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

reduction of a given constituent of the film48. 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 constituent by comparing the obtained potential value with that of films of well-

known composition.   
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Coulometric measurements were performed of the exposed side of copper plates, 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 and, following the procedure in an ASTM standard50; it was 

purged with pure nitrogen 20 min 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.  The equivalent thickness of copper (I) oxide was obtained from Faraday’s law: 

 

)      ( / )    ( 10000    FdnAMIte ×××××=      [2] 

 

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

galvanostatic current (mA);  is the exposed copper area (cmA 2); M  is the molecular weight 

of the copper oxide (g mol-1);  is the Faraday constant (9.65 x 10F 4 C mol-1),  is the 

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

and is the specific weight of the reduced oxide (g cm

n

d -3). The derivative of each reduction 

curve gave a better precision when defining the inflection point representing the onset or 

finish of reduction of copper (I) oxide species50.  

 

2.4.2 Atomic force microscopy (AFM)  

AFM belongs to a group of techniques referred to as scanning force microscopy (SFM). With 

SFM techniques it is possible to study single atoms on conducting materials at atmospheric 

pressure. Various modified forms of SFM have been developed including AFM. The AFM 

uses a small tip at the end of a cantilever, which bends because of the force between the tip 

and the sample51. The tip is maintained at constant contact when scanning the surface. This 

type of measurements is referred to as contact mode imaging, which easily can reveal, e.g., 
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steps and other defects on surfaces. Typical forces used are some tenths of nN, which are 

limited by adhesive forces. These forces are low enough to obtain reproducible, non-

destructive, imaging of many surfaces52. AFM can achieve a resolution of 0.1 nm, and images 

of samples can be obtained in air or in liquids. AFM measurements of copper plates exposed 

0, 1, 10, 40 and 96 h in the different acids were performed in contact mode with a Quesant 

Instrument. 

 

2.4.3 Grazing incidence x-ray diffraction (GI-XRD)  

X-ray diffraction is the most common method for phase identification of solid bulk materials. 

X-rays are scattered by the charge distributed in and around atoms. Because x-ray scattering is 

relatively weak, x-rays can penetrate deep into materials and the bulk structure can be probed. 

The intensity of x-rays diffracted by atoms in a surface layer is small compared to that 

diffracted by the bulk. Nevertheless it is possible to obtain surface crystallographic 

information with x-ray diffraction. For this to happen, the sample needs to be illuminated with 

a narrow beam of monochromatic x-rays, whereby the angle between the incident wave vector 

and the surface needs to be very small in order to enhance the surface sensitivity in the 

diffraction experiment.  The intensity of the x-ray beam is made as high as possible without 

damaging the sample during the radaition53.  GI-XRD was performed on copper plates 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 °. 

 

3. Results and discussion 

The quantification method was developed and applied for copper exposed in humidified air 

with acetic acid during up to 96 hours. First the method is described in some detail (Paper I), 
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followed by the application of the method to copper exposed to all three carboxylic acids 

(Paper II).  

 
3.1 Quantification method for individual species in the corrosion products (Paper I) 

To begin with, the quantification of the water/OH groups was made by using gold-coated 

quartz crystals, exposed to pure humidified air at different relative humidity corresponding to 

different amounts of physisorbed water. By plotting the intensity of the absorbance band at ~ 

3400 cm-1 (corresponding to the stretching vibration of the water and OH groups54) against 

the mass changes measured by QCM, a linear relation was established. Using this 

relationship, and the intensities for the same region found on copper exposed to acetic acid, an 

estimate of the amount of water/OH groups could be calculated. Fig. 3 displays the broad 

band of the water/OH groups around 3400 cm-1 after 96 hours of exposure of copper in 120 

ppb of acetic acid.  The absorbance of this band formed in the corrosive air contains various 

forms of water and hydroxyl groups; both firmly attached and more loosely bonded, 

physisorbed, water. Simultaneously, the total mass could be followed by QCM using copper-

coated quartz crystals exposed to pure humidified air. By varying the relative humidity it is 

possible to vary the amounts of both copper (I) oxide and of physisorbed water, whereby the 

total mass measured by QCM corresponds to both constituents. Once steady-state was 

achieved, the air was changed from humid to dry, and the observed decrease in mass (QCM) 

was assumed to correspond to the amount of physisorbed water. By subtracting the 

physisorbed water mass from the total mass gain, it was possible to obtain the mass of copper 

(I) oxide (QCM).  
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Figure 3. In situ IRAS spectrum of copper-coated quartz crystal at 95% RH and 120 ppb of 

acetic acid after 96 hours. 

 

By plotting the intensity of the copper (I) oxide band at ~ 645 cm-1 (IRAS) against the 

corresponding copper (I) oxide mass (QCM), a linear relation was obtained. Since QCM only 

measures mass changes, the mass gain due to copper (I) oxide must be multiplied by 8.94 (the 

molar weight of Cu2O divided by the molar weight of O) to obtain the actual mass of copper 

(I) oxide54. Similar relationships involving water and copper (I) oxide or cuprite have been 

found before54, 55. The validity of this procedure has previously found further support through 

independent data from coulometric reduction39.  

 

To finalize the quantification procedure, an estimate of the copper acetate mass was obtained 

by subtracting the water and copper (I) oxide mass from the total mass gain, under the 

assumption of only three individual species formed on the exposed surface, Cu2O, H2O and 

Cu(CH3COO)2.  Fig. 4 presents the total mass gain together with the mass of the individual 

constituents as a function of copper exposure in humidified air with 120 ppb of acetic acid.  
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Figure 4. 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.  

 

The method could be successfully applied to all three acids with results that turned out to be 

consistent with each other (see further in section 3.2). However, in the case of formic acid, 

one more species, copper (II) hydroxide, had to be considered. To estimate the copper (II) 

hydroxide mass gain, a further relation between IRAS absorbance and mass had to be added. 

It involves the absorbance of a sharp peak around 3572 cm-1 (corresponding to the vibration 

of free hydroxyl groups in Cu(OH)2 without involvement of any hydrogen bonds56, Fig. 5a) 

and the equivalent mass obtained by coulometric reduction (with a plateau around –720 mV 

vs. SCE, Fig 5b). The individual masses of water/OH, copper (I) oxide and copper (II) 

hydroxide was finally subtracted from the total mass gain, in order to obtain the mass gain 

due to formation of copper formate.  
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Figure 5. Infrared spectrum a) and coulometric reduction curve b) for copper plate exposed 

to 120 ppb of formic acid during 96 hours. 

 

3.2 Comparison of corrosion effects induced by the carboxylic acids (Paper II) 

3.2.1 Quantitative and qualitative differences for copper (I) oxide based on IRAS/QCM and 

coulometric reduction  

The IRAS spectra of copper exposed in 120 ppb of acetic, formic and propionic acid exhibit 

both similarities and differences. Firstly, in all spectra the copper (I) oxide band appears in the 

range 645-648 cm-1, together with a broad band at ~ 3400 cm-1 attributed to the stretching 

vibration of water/OH, as discussed above. The highest intensity for the cuprite band was 

found in acetic acid exposures, and the lowest in propionic exposures. Fig. 6 presents the 

kinetics of copper (I) oxide growth for all three organic acids.  
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Figure 6. Intensity of the copper (I) oxide band at 648 cm-1 as a function of exposure time for 

copper exposed at 95% RH, in 120 ppb of acetic (AA), formic (FA) and propionic acid (PA).  

 

Coulometric reduction of copper plates were performed to follow the copper (I) oxide growth, 

and the results turned out to be consistent with the corresponding quantified data from 

IRAS/QCM, see Figure 7 below. In this figure, the thickness of the copper (I) oxide was 

calculated as the summary of two kinds of copper (I) oxides, a precursor (CuxO) with the 

same crystallographic structure as Cu2O but with a mixed valence due to interstitial metallic 

copper in the Cu (I) oxide phase (at ~ –500 mV vs. SCE), and crystalline and stoichiometric 

Cu2O (at ~ –850 mV vs. SCE)57-58. The total calculated thickness of both phases was obtained 

by assuming homogeneous layers, a complete reduction of both oxides, and a density of 6.0 g 

cm-3 for both oxides. The summary of all results for the three acids is presented in Figure 7, 

were error bars are based on three independent experiments. Based on a regression analysis 

the quantified data seen in the figure obtained with IRAS, QCM or coulometric reduction 

agree with each other with a relative accuracy of 12% or better.  
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Figure 7. Relation between the absorbance of the cuprite band at 648 cm-1 measured by 

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

by coulometric reduction (upper x-axis) for copper exposed at 95% RH, in 120 ppb of acetic, 

formic or propionic acid.  

 

3.2.2 Quantitative and qualitative differences for copper carboxylate based on IRAS / QCM  

Peaks due to CH3 bending and rocking vibration, CH bending, stretching and deformations 

are seen in the spectra obtained upon exposure to all three carboxylic acids59. The symmetric 

and antisymmetric stretching vibrations of the carboxylate ion are observed between 1420 and 

1427 cm-1 and between 1573 and 1589 cm-1 for acetic acid59; at 1354 cm-1 and between 1597 

and 1604 cm-1 for formic acid59 and at 1419 cm-1 and 1600 cm-1 for propionic acid26. The 

intensity of these peaks versus time provides information on growth rates of copper 

carboxylates formed, as presented in figure 8. The fact that the asymmetric and symmetric 

stretching vibration intensities are similar for both acetic and propionic acid indicates a more 

random orientation of the C-O-O axis in the acetate or proprionate groups22. For formic acid a 

non-uniform distribution of intensities exists, with the asymmetric peak more intensive than 
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the symmetric. This difference suggests the C-O-O axis in the formate ion to be orientated 

preferentially perpendicular to the copper substrate52. Regarding the difference in 

wavenumber between the symmetric and asymmetric stretching vibration, the observed values 

in this study are between 155-162 cm-1; 247-254 cm-1; and 174-181 cm-1 for acetic, formic 

and propionic acid, respectively. The values are in agreement with those found in the 

literature14, 24, 26.    
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Figure 8. Intensity ratio of the antisymmetric and symmetric stretching vibration (νa / νs) as a 

function of time for copper exposed at 95% RH, 20ºC in 120 ppb of acetic (AA), formic (FA) 

and propionic acid (PA).   

 

3.2.2. Topography images and phase identification based on AFM and GI-XRD analysis  

Comparison between AFM-images after 96 hours of exposure in the three acid environments 

also gave different results. Fig. 9 shows an unexposed sample with scratches of very low 

topography due to the polishing procedure. Acetic acid produced more copper (I) oxide than 

formic and propionic acid, and are seen as cubic-shaped crystallites. In addition, rounded 

features are also seen which can be associated with copper (II) acetate formation. Formic acid 
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exposures result in more homogeneous features and more elongated forms (Fig. 9c). Copper 

exposed in propionic acid represented the lowest variation in topography. The growth of the 

corrosion products can be quantified by the increase in height range compared to the 

unexposed sample. The range is around 800 nm for acetic acid, 570 nm for formic acid and 

140 nm for propionic acid after 96 hours of exposure. 
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Figure 9. AFM images of copper before exposure a) and after 96 hours of exposure at 95% 

RH, 20 °C and 120 ppb of b) acetic acid, c) formic, and d) propionic acid. Scan size 25 x 25 

µm2. 

 

Phase analysis by GI-XRD of copper surfaces after exposures times of up to four days in 

acetic and formic acid showed copper (I) oxide (Cu2O), some copper (II) hydroxide 

(Cu(OH)2) but no copper carboxylate. This suggested that the amount of copper carboxylate 
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formed upon carboxylate acid exposure either was too small to be detected, or that copper 

carboxylate formed an amorphous phase during shorter exposure times. However, after eight 

days of exposure, Cu2O, CuO and hydrated copper hydroxy acetate 

(Cu2(OH)3(CH3COO)·H2O) was identified after acetic acid exposures and Cu2O, CuO and 

copper hydroxy formate (Cu(OH)(HCOO)) after formic acid exposures. When comparing the 

ratio (∆m carboxylate/∆m H2O-OH) from the quantitative results obtained by IRAS/QCM 

and the corresponding ration from the phase analysis obtained with GI-XRD, an excellent 

general agreement could be obtained, in particular when considering the many assumptions 

made. 

 

3.2.2. General remarks  

In all the results suggest that the corrosion behaviour of copper in acetic, formic and propionic 

acid can be said to follow the GILDES model60 with proton- and ligand (carboxylate)-induced 

dissolution processes governing the anodic reaction: 

 

−+ +→ eCuCu           [3] 

and with the cathodic reaction written as: 

-
2 OH  2  H   2/1 →++ −+ eO       [4] 

 

After dissociation of the organic acid both protons and carboxylate ions may interact with the 

hydroxylated surface formed upon exposure with the aqueous adlayer. Two reaction pathways 

can be discerned. The first involves proton-induced dissolution of cuprous ions, subsequent 

reaction of cuprous ions with hydroxyl ions produced in the cathodic reaction4, followed by 

the formation and precipitation of cuprite. The second involves ligand-induced dissolution of 

the cuprous ions, release of an aqueous copper carboxylate species from the surface, and 
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subsequent precipitation of copper (II) carboxylate into which water and hydroxyl groups may 

have been incorporated. Fig. 10 is a schematic picture of possible pathways for copper 

dissolution and copper carboxylate production, taking acetic acid as example. 
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Figure 10. Schematic description of reaction pathways for copper (I) oxide and copper (II) 

carboxylate formation in acetic acid. 

 

Depending on acid, one route seems to dominate over the other. Acetic acid triggers copper 

(I) oxide formation, as is evidenced from the IRAS/QCM measurements, demonstrating that 

the pathway with proton-induced dissolution is dominating. Formic acid, on the other hand, 

stimulates carboxylate-induced dissolution, whereas propionic acid represents the lowest 

stimulant for both pathways. The differences in acid dissociation constant between the acids 

decreases in the order61: formic acid (1.77 x 10-4) > acetic acid (1.76 x 10-5) > propionic acid 

(1.34 x 10-5). The deposition velocity of each acid, calculated from the quantified IRAS/QCM 

data, follows the same order: formic acid (0.014 cm s-1) > acetic acid (0.007 cm s-1) > 
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propionic acid (0.003 cm s-1), in good agreement with data reported in the literature62. Hence, 

higher acid strength and also higher deposition velocity seem to favour the overall corrosion 

rate, and also the second pathway with carboxylate-induced dissolution of copper.     

 

4. Concluding remarks 

In situ infrared reflection absorption spectroscopy (IRAS), integrated with the quartz crystal 

microbalance (QCM), was applied to study the initial atmospheric corrosion of copper 

exposed to humidified air with 120 ppb of acetic, formic or propionic acid. Formic acid 

resulted in a total corrosion-induced mass gain rate of 6.0 µg cm-2 after 4 days of exposure, 

followed by 1.5 µg cm-2 for acetic acid and 0.5 µg cm-2 for propionic acid. 

 

A main result is the quantification procedure based on IRAS/QCM and the data reported for 

absolute values of mass changes of individual species in the corrosion products formed. 

Copper (I) oxide was identified and quantified with IRAS, QCM and coulometric reduction, 

giving consistent results that agreed with a relatively accuracy of 12% or better.  

 

The absolute mass gain per surface area of copper carboxylate formed can be used to estimate 

the deposition velocity for all acids which decreased as follows: formic acid (0.014 cm s-1) > 

acetic acid (0.007 cm s-1) > propionic acid (0.003 cm s-1). This difference is what qualitatively 

would be expected from the amount of non-polar groups of each acid, and their inherent 

property to decrease the water solubility and kinetically constrain the deposition rate and 

deposition velocity of the acids into the aqueous adlayer.   The difference in total corrosion 

rate and in rate of carboxylate formation follows the same order as their acid dissociation 

constant and deposition velocity: formic > acetic > propionic acid.  
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The results were interpreted using the GILDES model for initial atmospheric corrosion, 

whereby two spatially separated main pathways could be identified: proton-induced 

dissolution of cuprous ions followed by the formation of copper (I) oxide, and carboxylate-

induced dissolution followed by the formation of copper (II) carboxylate. The first pathway is 

initially very fast but levels off, grows more uniformly over the surface and dominates in 

acetic acid. The second pathway exhibits a more constant growth rate and localized growth of 

copper (II) carboxylate, and dominates in formic acid. Propionic acid exhibits low rates for 

both pathways. 

 

5. Future work 

 

The work presented herein describes quantitative in situ analysis of the initial atmospheric 

corrosion of copper induced by three important carboxylic acids. A serious limitation is the 

lack of chemical characterization of corrosion products with any spatial resolution. Neither 

IRAS/QCM nor coulometric reduction or GI-XRD possess any inherent lateral spatial 

resolution. To reach further, it is proposed to use infrared microscopy based on synchrotron 

radiation. Such studies have recently been implemented in collaboration with the national 

synchrotron radiation facility Maxlab in Lund (Prof. Per Uvdal). The results generated so far 

are only preliminary but they show that a lateral spatial resolution of around one micrometer 

can be achieved. 

 

The quantified data obtained within this study could furthermore be used for future GILDES 

computer studies in order to simulate the atmospheric corrosion of copper in carboxylic acid 

environments.  
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More experimental studies could also be undertaken with the same quantitative method by 

exposing copper to other organic constituents, in particular acetaldehyde and formaldehyde, 

because of their potential accelerating effect on the atmospheric corrosion of copper.  

 

Finally, more detailed molecular information of the interface between the copper oxide and 

the carboxylate overlayers can be obtained with sum frequency generation combined with ab 

initio calculations. Such studies are already underway, and could be of fundamental 

importance not only in the field of atmospheric corrosion, but also for a better understanding 

of the important interfacial region between any inorganic substrate and organic overlayer.     
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