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Ant-nest corrosion of copper tubing in air-conditioning
units*

D. M. Bastidas**, I. Cayuela** and J. M. Bastidas**

Abstract Ant-nest corrosion is a specific type of premature failure (2-3 months) of copper tubes used
in air-conditioning units causing the loss of refrigerant liquid and the consequent environ-
ment pollution. It is known that attack requires the simultaneous presence of moisture, oxy-
gen and a corrodent, usually an organic acid, such as formic, acetic, propionic or butyric acid
or other volatile organic substances like methanol, ethanol, formaldehyde or acetoaldehy-
de. Approximately 10% of all premature failures of copper tubes used in the heating, ven-
tilation and air-conditioning (HVAC) industry are the result of ant-nest corrosion. This type
of corrosion usually occurs in thin-wall copper pipes, especially when copper is de-sulphu-
rised, and is known by several names: formicary corrosion, unusual corrosion, branched
pits, pinhole corrosion, etc.
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Corrosion por nido de hormigas de tubos de cobre utilizados en sistemas
de aire acondicionado

Resumen Corrosion por “nido de hormigas” es un tipo especifico de fallo prematuro (2-3 meses) que
tiene lugar en tubos de cobre utilizados en sistemas de aire acondicionado originando la
pérdida de liquido refrigerante y la consecuente contaminaciéon ambiental. Es conocido que
este tipo de ataque requiere la presencia simultinea de humedad, oxigeno y un medio agre-
sivo, habitualmente un acido organico, como férmico, acético, propidnico o butirico u otras
sustancias orgdnicas voldtiles tales como metanol, etanol, formaldehido o acetoaldehido.
Aproximadamente el 10% de los fallos prematuros en tubos de cobre utilizados en calefac-
cion, ventilacion y en la industria de aire acondicionado son el resultado de corrosion por
nido de hormigas. Frecuentemente, este tipo de corrosion tiene lugar en tubos de cobre
de pared delgada, especialmente cuando el cobre es del tipo desulfurizado, y se conoce
con varios nombres: corrosion por acido formico, corrosion no habitual, picaduras ramifi-
cadas, corrosion con forma de alfiler, etc.

Palabras clave Corrosion por nido de hormigas. Tubos de cobre. Sistemas de aire acondicionado. Vapores
de 4cidos organicos.

1. INTRODUCTION even during post-installation leakage tests or during

degreasing and stamping processes. This unusual type
In air-conditioning applications, premature failure of of localised corrosion in thin-walled tubes has been
copper tubing frequently occurs due to pitting corro- described in the bibliography as ant-nest (formicary)
sion after a short period in service (2-3 months) and corrosion!!8,
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** CENIM-National Centre for Metallurgical Research, CSIC, Avda. Gregorio del Amo 8, 28040 Madrid, Spain E-mail address: david.bas-
tidas@cenim.csic.es.

367



D. M. BASTIDAS, |. CAYUELA AND J. M. BASTIDAS

Figure 1. Cross section of copper tubes exposed to humid
air containing a small amount of formic acid for four months.

Figura 1. Seccion transversal de tubos de cobre expuestos a
ambiente humedo conteniendo una pequefa cantidad de
dcido formico durante cuatro meses.

Copper tubes that suffer this type of corrosion are
mainly used in heat-transfer units such as evaporators,
air-conditioners, refrigerators, condensers, radiators and
solar-systems®” !l The morphology of this corrosion is
characterised by the development of longitudinal pits
that form by interconnecting random microcavern chan-
nels containing porous copper oxide. Microscopic tun-
nels usually start on the surface of the copper tubing
and progress into the tube wall. Perforation normally
occurs within weeks or months, and not years. During
the corrosion process, copper oxide is deposited on
the inside walls of the tunnels, causing them to turn
black. The corrosion pits grow from micropits that ap-
pear near the surface and their direction is not necessary
confined to the direction of gravitation. The internal
caverns are filled with porous cuprite (Cu,0), with
voids being found at their centres.

It has been suggested that this type of corrosion
may be caused by the decomposition products of chlo-
rinated organic solvents used in degreasing, cleaning
and picking treatments of the copper tubes during
manufacturing or joining processes, or by certain types
of synthetic lubricant oils used during the copper tu-
bing stamping process!!®: 11and 12l These copper oxi-
de deposits serve as a nutrient for the decomposition
process by providing oxygen for chemical reactions
to take place. In these studies, carboxylic acids were
formed by the oxidation of the respective alkyladehy-
de vapours (see Fig. 1).

In some cases, carboxylic acids may be the corro-
sive media, because formic and acetic acids are de-
tected in the atmosphere where the copper tubes are
placed. Experiments produce similar corrosion when
copper tubes are exposed to a humid oxygen atmos-
phere containing small amounts of carboxylic acids,
such as formic, acetic, propionic or butyric acid, for
a few months!3,

—u— Acetic
—o—Formic
—&— Propionic

25 - — 77— Butyric

\

N

Carrosion rate, mdd
m D
I I T
N
<] \

F_’_’____,_JL\

1] a0 100 150 200 250 300

o [ Ba—

Acid vapour concentration, ppm

Figure 2. Copper corrosion rate estimated from gravimetric
data (mg/dm? d, mdd) for formic, acetic, propionic and buty-
ric acids, after 21 days of experimentation at 100% relative
humidity and 30 °C temperature.

Figura 2. Velocidad de corrosién del cobre estimada median-
te medidas gravimétricas (mg/dm? dia, mdd) en presencia de
los écidos férmico, acético, propionico y butirico, después de
21 dias de experimentacion a humedad relativa del 100% y
30 °C de temperatura.

Ant-nest corrosion was first reported in the early
1970s by Edwards et al. in Canada'. Leakage failure
due to formicary corrosion was observed in phospho-
rous-deoxidised copper tubes incorporated in refrige-
rators and air-conditioners, and the corrosion was con-
sidered to be initiated by the presence of a produc-
tion environment involving the coexistence of organic
solvents and water. As the corrosion-promoting subs-
tances, the authors identified the composition pro-
ducts of chlorine-based organic solvents, i.e. hydroch-
loric acid and phosgene (COCL,), used as agents for the
degreasing and washing of copper tubes.

In n-pentanoic acid (C;H,COOH) and octannic acid
(C.H,,COOH), however, green-coloured thin films
showing good adhesion to the surface were formed.
No local corrosion was found under these films.

Volatile organic substances are produced by many
everyday substances, such as vinegar-containing sea-
sonings like vegetable oil dressing and grain vinegar,
cosmetics such as eau de cologne, adhesives in synthe-
tic building materials, insecticides, woods and certain
paints, plastics, rubbers and resins, all of which are
suspected to cause the deterioration of copper. Organic
acid anions constitute about 0.1 to 1% of the total ion
concentration in the corrosion products (patina) on
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Figure 3. SEM micrographs for copper exposed to 100 ppm of (a) formic acid, (b) acetic acid, (c) propionic acid, and (d) butyric
acid, after 21 days of experimentation at 100% relative humidity and 30 °C temperature.

Figura 3. Micrografias de SEM de cobre expuesto a 100 ppm de (a) acido férmico, (b) acido acético, (c) acido propidnico, y (d) aci-
do butirico, después de 21 dias de experimentacion a humedad relativa del 100% y 30 °C de temperatura.

copper exposed to outdoor atmospheres for long pe-
riods!4 and 14-161

The aim of this paper is to review the bibliography
in this area, describing copper corrosion originated
by carboxylic organic acid in simulated environments;
the sources of organic acid emissions and generation;
and the current state of knowledge on the mechanism
of initiation of copper ant-nest corrosion.

2. VAPOUR PHASE CORROSION OF
COPPER IN SIMULATED
ENVIRONMENTS

Fig. 2 shows the corrosion rate of copper exposed to
formic (HCOOH), acetic (CH;COOH), propionic
(CH,CH,COOH) and butyric (CH4(CH,),COOH) or-
ganic acid vapours after 21 days, in mg/dm? d (mdd),
at 100% relative humidity (RH) and at 25 °C tempera-
ture. The corrosion rate increases with the vapour con-
centration. The highest corrosion is yielded by acetic

acid (~23 mdd), followed by formic, butyric and pro-
pionic. Considering their dissociation constants in
aqueous solution at 25 °C temperature (1.77x10 for
formic acid; 1.76x107 for acetic acid; 1.34x10° for pro-
pionic acid; and 1.54x107 for butyric acid), a direct
relationship can be seen between the acidity of the
vapours and the corrosion rate, except in the case of
formic acid. In this case, the lower corrosion rate can
be explained on the grounds of a more protective cha-
racter of the corrosion products formed when copper
is exposed to formic vapours, compared with the po-
rous nature of the corrosion products formed upon
exposure to the other acids!7-2%,

Fig. 3 shows SEM (scanning electron microscopy)
micrographs for copper specimens exposed to 100
ppm (parts per million) of (a) formic acid, (b) acetic
acid, (¢) propionic acid, and (d) butyric acid. In all
cases the corrosion products cover almost the entirety
of the copper surface. However, the aspect of the la-
yer formed is different, being more homogeneous and
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Figure 4. XRD patterns for copper specimens exposed to 50,
100 and 300 ppm of formic acid, after 21 days of experi-
mentation at 100% relative humidity and 30 °C temperatu-
re. The identified compounds are, (c) cuprite, (y) copper hydro-
xide, and (unidentified peaks) copper formiate.

Figura 4. Muestras de XRD de cobre expuesto a 50, 100 y
300 ppm de acido férmico, después de 21 dias de experi-
mentacion a humedad relativa del 100% y 30 °C de tempe-
ratura. Los compuestos identificados son, (c) cuprita, (y) hidro-
xido de cobre, y (picos sin identificar) formiato de cobre.

compact for formic and propionic acids than for ace-
tic and butyric, with the appearance of crystal aggre-
gates of a different morphology and a larger size in
the former case. This more compact layer in the case
of formic acid may impede the corrosion process and
may be responsible for the lower corrosion rate de-
termined using the gravimetric method.

Fig. 4 shows representative XRD (X-ray diffraction)
patterns recorded from 5 to 50 20 degrees for copper
specimens exposed to the action of formic acid va-
pours (50, 100 and 300 ppm) at 100% RH for 21 days
experimentation. The patterns for copper exposed to
50 and 100 ppm of formic acid show the presence of
hydrated copper hydroxide (Cu(OH),'H,0) and cu-
prite. A third not completely crystalline phase also
starts to form. This phase may be attributed to a cop-
per hydroxyformate (Cu(OH)(HCOO)) which is for-
med as an intermediate product. At 300 ppm the main
component of the patina is copper formate
(Cu(HCOO),). The peaks corresponding to cuprite

=
L g S0 ppm
" L1} i
hh h o h hoe 180 fppan
[ E
h h R 8a
€ PP
1 I3 | i 1 i | 1
1d 2 E 432 50
MBdgima

Figure 5. XRD patterns for copper specimens exposed to 50,
100 and 300 ppm of acetic acid, after 21 days of experimen-
tation at 100% relative humidity and 30 °C temperature. The
identified compounds are, (c) cuprite, (h) copper hydroxide-
acetate, and (unidentified peaks) copper acetate.

Figura 5. Muestras de XRD de cobre expuesto a 50, 100 y
300 ppm de acido acético, después de 21 dias de experimen-
tacion a humedad relativa del 100% y 30 °C de temperatu-
ra. Los compuestos identificados son, (c) cuprita, (h) hidro-
xiacetato de cobre, y (picos sin identificar) acetato de cobre.

decrease with the increase in the vapour formic acid
concentration from 100 to 300 ppm. At the same time
the copper hydroxide decreases, and at 300 ppm this
peak is almost not observed in the pattern.

Fig. 5 shows XRD patterns recorded from 5 to 50 20
degrees for copper specimens exposed to the action of
acetic acid vapours (50, 100 and 300 ppm) at 100% RH
for 21 days experimentation. The patterns for copper
exposed to 50 and 100 ppm of acetic acid show the pre-
sence of cuprite and dihydrated copper acetate
(Cu(CH,CO0),2H,0), besides a third phase attributed
to a copper hydroxyacetate (Cu(OH)(CH,CO0),2H,0)
which is formed as an intermediate product. At 300 ppm
the main components of the patina are cuprite and cop-
per acetate (Cu(CH,COO),).

Fig. 6 shows representative XRD patterns recorded
from 5 to 50 26 degrees for copper specimens expo-
sed to the action of propionic acid vapours (10, 50, 150
and 300 ppm) at 100% RH for 21 days experimenta-
tion. The patterns were obtained by direct analysis of
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Figure 6. XRD patterns for copper specimens exposed to 10,
50, 150 and 300 ppm of propionic acid, after 21 days of ex-
perimentation at 100% relative humidity and 30 °C tempe-
rature. The identified compounds are, (Cu) metallic copper, (c)
cuprite, (t) tenorite, (p) copper propionate, and (h), (z) two
unidentified phases.

Figura 6. Muestras de XRD de cobre expuesto a 10, 50, 150
y 300 ppm de acido propidnico, después de 21 dias de expe-
rimentacion @ humedad relativa del 100% y 30 °C de tem-
peratura. Los compuestos identificados son, (Cu) cobre me-
télico, (c) cuprita, (t) tenorita, (p) propionato de cobre, y (h),
(z) dos fases sin identificar.

the copper specimens. At 10 ppm the presence of only
cuprite is observed (besides metallic copper) along with
an unidentified organic compound at low diffraction
angles. At 50 ppm weak peaks appears which are attri-
buted to tenorite (CuO). As the propionic acid concen-
tration increases, so the crystallinity of cuprite increases,
and copper propionate (Cu(CH,CH,COO),) appears,
along with another unidentified organic compound,
which is the main compound at 300 ppm.

Fig. 7 shows XRD patterns recorded from 5 to 50
20 degrees for copper specimens exposed to the ac-
tion of butyric acid vapours (5, 25 and 100 ppm) at
100% RH for 21 days experimentation. With the sma-
llest concentration (5 ppm), besides cuprite and meta-
llic copper, peaks appear at low diffraction angles co-
rresponding to copper butyrate (Cu(CH;(CH,),CO0),).
As the butyric acid concentration increases, so the for-
mation of cuprite decreases and at the same time the
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Figure 7. XRD patterns for copper specimens exposed to 5,
25 and 100 ppm of butyric acid, after 21 days of experimen-
tation at 100% relative humidity and 30 °C temperature. The
identified compounds are, (Cu) metallic copper, (c) cuprite,
(b) copper butirate, and (x) unidentified phase.

Figura 7. Muestras de XRD de cobre expuesto a 5, 25 y 300
ppm de acido butirico, después de 21 dias de experimenta-
cién a humedad relativa del 100% y 30 °C de temperatura.
Los compuestos identificados son, (Cu) cobre metélico, (c)
cuprita, (b) butirato de cobre, y (x) fases sin identificar.

copper butyrate level increases. Besides, a new phase
with a maximum diffraction at 35° appears. This com-
pound may correspond to the acicular crystals observed
by SEM (see Fig. 3d). In these cases cuprite has been
identified, along with the ethers corresponding to the
different acids: copper formate, copper acetate, cop-
per propionate and copper butyrate. In some cases in-
termediate compounds appear, like copper hydroxide
(Cu(OH),) or copper hydroxyacetate. Copper oxides
and hydroxides predominate at the lowest concentra-
tions, and as the vapour concentrations increase the
presence of ether becomes more significant.

The corrosion of copper exposed to organic acid
vapours can be explained as follows. When copper
is exposed to 100% RH it corrodes in local areas of
the surface, forming an initial layer of cuprite. This
process can be catalysed by acid vapours according
to the following reaction!!7-3%;

4Cu + O2 + 4H* — 4Cut + 2H20 D
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Cu* will subsequently oxidise:
4Cu*+ O, + 4H* — 4Cu?* + 2H,0 2

forming tenorite and dihydrated copper hydroxide
(Cu(OH),2H,0); by reaction with the hydroxyl ions
(OH) produced in the cathodic reaction. The patina
formed on the copper surface is known to have a du-
plex structure, with the cuprite as the inner layer and
oxides/hydroxides as the outer layer?3, The esters co-
rresponding to each acid will subsequently form by
the reaction of the acids with the copper hydroxide.
For instance, in the case of butyric acid the reaction is:

Cu(OH), - H,0 + 2CH,(CH,),COOH —
Cu(CH,4(CH,),CO0), + 3H,0 3)

In the case of acetic acid the following mechanism
has been proposed for the patina formation on copper.
In atmospheres with a low vapour content of this acid,
a basic copper acetate forms preferentially from pre-
existing copper oxide, according to the reaction:

4Cu(OH), - H,0+ 7CH,COOH —
Cu,(OH)(CH,CO0), - 2H,0 + 6H,0 (4

This copper hydroxide acetate evolves to form cop-
per acetate in atmospheric conditions of a high acetic
acid concentration, by the reaction:

Cu,(OH)(CH,C0O0), - 2H,0 + CH,COOH —>
4Cu(CH,C0O0),-2H,0 + H,0 (5)

On the other hand, formic acid on copper leads to
the formation of copper formates®. At a low vapour
content the hydroxide or hydrated copper(ID) on the
initially exposed copper surface provides a building
block for the formation of an intermediate copper
hydroxyformate. In this case the proposed reaction is:

Cu(OH), - H,0 + 2HCOOH —>
CU(OH)(HCOO) + 2H,0 ©

The copper hydroxyformate converts to copper
formate on further reactions with formic acid, in a si-
milar way to that shown in equation (5).

At a high formic acid content the proposed reac-
tions are:

Cu(OH), - H,0 + 2HCOOH —
Cu(HCOO), + 3H,0 @

Cu(OH), - xH,0 + 2HCOOH —
Cu,(OH)(CH,CO0), - 2H,0 + (x+1)H,0  (8)

The RH strongly affects copper corrosion. In the
presence of acetic acid, the copper corrosion rate in-
creases as the RH rises'??. The main components of

the patina are cuprite, copper hydroxide and copper
acetate. An increase in the acetic acid content leads
to a decrease in copper hydroxide and an increase in
cuprite and copper acetate.

The studies of Graedel et al.® and Muller and
McCrory-Joy®?, on patina specimens taken from The
Statue of Liberty and compared with the products ob-
tained on copper specimens exposed to indoor at-
mospheres, reveal the existence of an organic cemen-
tant among the copper compounds. According to EGA
analysis (evolved gas analysis), this compound pro-
bably corresponds to a copper oxalate. According to
ionic chromatography analysis of these patinas, oxi-
des, sulphates, nitrates, chlorides, oxalates, formates
and acetates were found in aqueous extracts and fatty
acids and several alkenes in acetone extracts'33-37),

In the nucleation and cementation process of the
patina components, Graedel e /13844 3% proposed a se-
quence of three steps. In the first, the sulphate (SO,*)
and hydroxyl ions contained in the aqueous layer inter-
act with the copper(D ions, leading to dissolution of
the metallic copper. The second step involves the oxi-
dation of the copper(D) ion to copper(ID ion, allowing
the formation of a sulphated complex with superficial
copper atoms. In the third stage, two processes take
place simultaneously: the bonding of a copper ion with
the adsorbed surface group (and subsequently with a
hydroxyl group) and the action of an organic cementant
that affixes a copper ion in the vicinity of the sulphate
crystal embryo. The species that constitute the organic
cementant have a molecular weight of less than 200
units of atomic mass and multiple functional groups. Tt
is likely that concentrations of more than 10 M of the-
se compounds may produce significant metallic bon-
ding. It is important to note that these concentrations are
within the ranges observed for the presence of carboxy-
lic acid in rainwater. Subsequent interaction between
the components that constitute the organic cementant
with copper(ID and hydroxyl ions will produce the for-
mation of sulphated phases, among them brochantite
(Cu (SO P(OH)Y.

Nassau et al“9' proposes that since organic acids
are moderately soluble in water, they tend to precipi-
tate in the preexisting patina, explaining the relatively
high of oxalates contents found in copper specimens.
Copper specimens exposed to indoor atmospheres in
Sweden and Czechoslovakia and analysed by XPS (X-
ray photoelectron spectroscopy) and IRAS (infrared
reflection-absorption spectroscopy) reveal the exis-
tence of an important amount of copper carboxylate
and, in smaller amounts, sulphates, chlorides (Cl), ni-
trates (NO;) and ammonium (NH,") within the follo-
wing compositional ranges: carbon-oxygen com-
pounds (including carbonates) CO_ (10 to 14%), chlo-
rides (0.4 to 3.2%), sulphates (0.3 to 0.7%), nitrates
(0.7 to 1%) and ammonium (0.4 to 0.9%) 1. The re-
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Figure 8. Annual total of atmospheric pollutants over the cities of Los Angeles, Saint Paul and New York, including all regimes

of dew, snow, rain and fog3?!.

Figura 8. Contaminaciéon atmosférica total anual en las ciudades de Los Angeles, San Pablo y Nueva York, incluyendo todas las

formas de rocio, nieve, lluvia y nieblal3°].

sults found with copper specimens are similar to tho-
se obtained with nickel or zinc specimens.

From the study of Peerson and Leygraf the follo-
wing mechanism for the formation of organic com-
pounds can be proposed“!. The organic species in
the air or in aerosols (organic aldehydes, acids, vola-
tile compounds) are transported towards the surface of
the metal and consequently into the superficial
aqueous monolayers. These species can undergo oxi-
dation in these monolayers in the presence of oxi-
dants, light, radicals and other reactants. The formed
species of carboxylates in these monolayers interact
with the hydrated superficial oxide. The proton ions
(H") of the acid interact with the hydroxyl groups,
weaken the superficial Me-O bonding, and expose
the superficial metallic ions. These ions can be coor-
dinated with the carboxylate ions, which separate from
the superficial oxide and move towards more favou-
rable sites. Thereafter, a thin layer of metal carboxyla-
te tends to precipitate, incorporating a water or a
hydroxyl group.

3. CARBOXYLIC ACIDS IN DIFFERENT
ENVIRONMENTS

Metallic atmospheric corrosion is due to deposition of
the pollutants found in the different phases of the atmos-
phere (especially in clouds, aerosols, rain and fog) on
the metallic surface, reacting with the substrate and le-
ading to corrosion. Those pollutants are either organic

or inorganic. The inorganic pollutants found in the at-
mosphere include NO,, SO,, NH,, HCI, CO, and O,.
The organic compounds in the atmosphere, also known
as volatile organic compounds (VOC), are several hydro-
carbons and vapours of organic acids such as formic,
acetic, propionic and butyric. In general, most pollu-
tants contribute to the total acidity of rainwater in urban
areas and it is estimated that the contribution of organic
acids is about 35% of the total. VOC emissions can be
either anthropogenic or biogenic. The average contents
measured in the atmosphere for formic, acetic and pro-
pionic acids are about 8, 9 and 0.3 ppb (parts per bi-
llion), respectively.

3.1. Carboxylic acids in natural
environments

Carboxylic acids of low molecular weight, such as for-
mic, acetic, propionic and butyric acids, as well as
other acids (n-pentanoic, hexanoic, heptanoic, etc.),
are present in rain, snow, clouds and particulate mat-
ter (see Table DB 42and 431 They contribute about 16
to 36% of rain acidity™¥. It is estimated that nearly 64%
of formic acid and about 88% of acetic acid are in the
vapour phasel?2 and 45511

The lowest vapour phase concentrations of formic
and acetic acids (and probably also propionic) are
typical of well conserved forest areas and their pre-
sence is related to the oxidation of reactive hydrocar-
bons, biogenic in origin, such as isoprenel?.
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Table I. Content of low molecular weight carboxylic acid in various phases in the atmosphere.

Tabla I. Contenido de acidos carboxilicos de bajo peso molecular en varias fases en la atmdsfera.

Event Formic acid Acetic acid Propionic acid
Rain 0.4-40 uM 0.4-31 pM -
33 pl\/l[39] 1-10 p|\/|[39]
0.01-13 ppb 0.03-16 ppb 0.1-0.6 ppbl42 and43]
Snow 6 pMIz9l 3 pMiz9l -
Fog 92 M9l 43 yMB9l -
Aerosol 0.01-1.24 mg/m?3 0.07-0.996 mg/m?3 -
89-245 ng/m?3 87-327 ng/m?3
Reference [39] [39] [42,43]

Semi-urban environments can contain about 0.8 to
1.0 ppb of acetic acid and 0.6 to 3.4 ppb of formic
acid, related to biogenic emissions3. In similar areas
during intensive solar activity, concentration values of
both acids of about 2.5 ppb have been found!4?and 54|,

Rural areas show concentrations from 0.6 to 15.0
ppb for both acetic and formic acids, whose forma-
tion is related to direct emission and anthropogenic
hydrocarbon oxidation. Concentrations of about 0.5-8.1
ppb and 0.6-9.5 ppb for acetic and formic acids, res-
pectively, have been found at Sao Paulo (BraziD"4,
Midday concentrations for this city were nearly 200%
higher than those recorded during night-time hours.
Similar variations have been reported by Puxbaum et
al. for different carboxylic acids®.

During an event of photochemical smog in Los
Angeles, California, the measured carboxylic acids
concentrations (C,—C,,) were 10 to 50 times higher
than those found in rural areas®. Acetic acid was me-
asured at about 6.6 ppb (16.1 pg/m?) and propionic
acid at about 0.55 ppb (1.67 pg/m?).

Carboxylic acid (formic and acetic) rain concen-
trations range from 1.0 to 5.8 pM for marine environ-
ments, 4.0 to 17.9 pM for remote areas (Australia,
Amazonia, Venezuela), 0.6 to 9.3 uM for rural areas
and 7.9 to 12.4 mM for urban areas. A study carried
out in the cities of Los Angeles (Cal.), Saint Paul
(Minn.) and New York, revealed that total emissions of
carboxylic acids were of the same order as other po-
llutants, when comparing total depositions and taking
into account the different forms of atmospheric preci-
pitation (rain, snow, dew and fog)i3% 3 and 50 However,
these emissions were quite low compared with total
depositions of nitrate species (see Fig. 8).

Andreae et al®? and Puxbaum et al> studied pre-
cipitation events in which formic and acetic acids we-
re responsible for up to 65% of the acidity measured
in remote regions, and estimated that these acids may
contribute up to 35% of the acidity in highly indus-
trialised areas.

3.2. Biogenic emissions

Carboxylic acids are produced by the combustion of
biomass, and analyses of the smoke from fire events
reveal concentrations of about 300 to 500 ppb for for-
mic acid and 3000 to 5000 ppb for acetic acid. They
can also be generated by natural emissions resulting
from biological processes, as shown by the data in
Table 11 for two tropical sites!? 2nd 521,

The hydrolysis of hemicellulose, the main consti-
tuent of wood, produces important amounts of ace-
tic acid and, in smaller quantities, formic acid®?. This
is a well-known fact, as evidenced in old wood shel-
ves in museums.

There are several bibliographic references repor-
ting the presence of propionic acid as a result of the
methanogenic degradation of hydrocarbons, caused
by bacteria such as Bacteroides fragilis, Clostridium
paraputrificum, Lactobacillus, Nitrosomonus, Propio-
nibacterium freudenreichi and Propionibacterium
acidipropionici. Clostridium paraputrificum degra-
des soils by anaerobic processes, producing propionic
acid, acetic acid and hydrogen. Lactobacillus decom-
poses lactic acid and Propionibacterium acidipropio-
nici produces propionic acid by anaerobic degradation
of lactose, acetate, piruvate or succinate. The latter is
also used as a reactant in the production of Swiss che-
eses (Emmental cheese), along with other bacteria that
produce lactic acid®”.

3.3. Chemical and photochemical
generation of carboxylic acids

Acetic acid may be generated by one of the following
processes: catalytic reactions of ethylene (in the pre-
sence of nitric (HNO,) acid), electrical discharge at
low pressure, direct carboxylation of methane (CH,)
and carbon monoxide (CO) in the presence of ca-
talysts, photolysis of butyric acid or ozonolysis of mo-
noterpenes.
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Table Il. Biogenic emissions of low molecular weight carboxylic acid (10° mol/cm? s').

Tabla Il. Emisiones biogénicas de acidos carboxilicos de bajo peso molecular (10° mol/cm? s').

Place Formic acid Acetic acid Propionic acid Reference
Amazonia, Brazil 4.6 99.8 — [52]
Mayombe, Kenya 3.1 7.8 8.4 [50]

During the ozonolysis of olefins (such as isopre-
ne and pinene), carboxylic acids can be produced by
a mechanism that involves the formation of an ozo-
nide which quickly decomposes into highly energe-
tic carbonyls and Criegee birradicals*¥. Isomerisation
of the latter produces the corresponding carboxylic
acid. Formic acid may be expected to form in the ga-
seous phase from the reaction of ethene, propene, 1-
pentene, 1-butene, 1-hexene, iso-butene, 3-methyl 1-
pentene, cyclohexene, 1,3 butadiene and 2-methyl 1,3
butadiene with ozone. Furthermore, also in the gase-
ous phase, acetic acid forms from the reaction of ozo-
ne with propene, 2-butene, 2-pentene and 2-methyl
2-butene®. Formic acid can be originated by the
pyrolysis of ethyleneglycol or by hydrolysis of chlo-
rinated organic solvents??,

It is known that an important source of acetic acid
in the atmosphere, is the reaction of the acetylperoxyl
radical (CH,CO(OO")) in environments with low NO_
contents (clean tropospheres), especially at night'** >

and 601 The proposed reaction is:
CH,CO(00") + HOO — CH,COOH +0,  (9)
CH,CO(00") + CH,00" —
CH,COOH + HCOH + O, (10)

In a similar way, formic acid can be obtained from
the reaction in the atmosphere of the hydroxymethyl
peroxyl radical (HOCH, 00", In this process, for-
maldehyde reacts with HOO and forms HOOCH,O*
as a by-product, which rapidly isomerises to form the
hydroxymethyl peroxyl radical. This radical reacts with
HOO to produce formic acid:

HCHO + HOO — HOOCH,O*

— HOCH,00* 11)
HOCH,00* + HOO —
HCOOH + H,0 + O, (12)

Following the mechanism described by Carter®!,
propionic acid can be obtained from the respective
peroxyacyl radical, according to the reaction:
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CH;CH,CO(00°) + HOO —

CH,CH,COOH +0, (13)

Industrial emissions of carboxylic acids

Industrial emissions of carboxylic acid are produced by
plants processing biological materials, such as food,
paper, wood, etc.l17. 01 and 621 Acetic acid vapours are
found in several industrial atmospheres. Vinegar is
one important source of acetic acid vapours in food
processing plants. These vapours are also the result
of the decomposition of raw materials in the paper
industry.

Propionic acid is found in everyday consumer pro-
ducts, such as milk, butter or cheese, especially after
their fermentation starts. Propionic acid is widely used
as a preservative of animal feed (soya bean, corn, etc.)
and wood. It is also employed as a raw material for
the production of polymeric resins, fungicides, anti-
biotics, paint removers, glues, inks, and products used
in aluminium anodising processes!03 and 64]

Carboxylic acids can also be emitted by the de-
composition of paint formulations and packing mate-
rials. Phenolic resins can emit formaldehyde, which
may oxidise to formic acid in the presence of meta-
llic surfaces. Plastics of the amino type (found in cer-
tain adhesives and porous materials) can emit formic
acid, formaldehyde, ammonia and catalytic acids!%.
Similarly, plywood type construction materials emit
acetic, formic acid and formaldehyde in humid and
hot environments. Polyvinyl acetate (used as a binder
in several industrial products) and cellulose acetate
emit acetic acid in conditions that favour the hydroly-
sis of these compounds. Table III shows carboxylic

acid emissions from different types of engines and
fuelsl29. 49. 51 and 66-68]

3.4. Copper corrosion in outdoor and
indoor atmospheres originated by
organic acids

Metal corrosion caused by organic acids is a phenome-
non that has long been observed. This type of corro-
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Table IlI. Carboxylic acid emissions from different types of engines and fuels.

Tabla lll. Emision de acidos carboxilicos procedentes de diferentes tipos de motores y combustibles.

Engin. type/Fuel  Igniti./Nat.Gas Igniti./Gasolin Igniti./Gasolin Ignit./Gasolin Compre./Die.
Formic acid 0-0.6 ppm 9.3 ppb 0.14-0.5 ppm 0.1-15 ppm 2-6 ppm
Acetic acid — 31.81 ppb 0.3-1.1 2-40 ppm 4-6 ppm

Propionic acid — 1.2 ppb — 0.5-80 ppm 0.4-3 ppm
Reference [51] [49] [29] [51] [51]

sion can occur in both outdoor and indoor atmosphe-
res. In outdoor atmosphere it is characterised by a
high aggressive ion concentration and the presence
of solid particles, associated with an alternating se-
quence of dry and wet periods, seasonal variations,
variable winds hitting the metallic surface, the impor-
tant influence of extreme temperature, radiation and
RH conditions, drop deposition from dew, or the de-
positions of foreign bodies, such as bird droppings.
This is the characteristic environment of sculptural
works or exposed outdoor structures.

On the other hand, in indoor atmospheres, which
are moderately more benign, there is a lesser likeli-
hood of extreme temperature, radiation or RH varia-
tions. As the wind speed is lower, the amount of solid
particles is smaller; nevertheless, these can contain
considerable organic compound concentrations. In
addition to the normal contents of these gaseous po-
llutant agents in the atmospheric air, certain building
materials like those mentioned earlier can emit car-
boxylic acids. Organic molecules can also be deposi-
ted on the metallic surfaces from particles and aerosols
in the atmosphere. Therefore, indoor metallic corrosion
products can be expected to contain important
amounts of organic compounds. As a consequence
they will be different to the corrosion products obtai-
ned in outdoors environments. The hydrolysis of he-
micellulose in old wooden boxes, mentioned above,
can produce concentrations of up to 100 ppb of ace-
tic acid. Concentrations of up to 10 ppm of acetic acid
have been measured in enclosed spaces such as cup-
boards, cabinets and display cases that contain acid-
emitting organic products®.

Consequently, organic acids can cause corrosion
on several metals, especially zinc, nickel, lead, iron,
cadmium and copper. Aluminium and tin are very re-
sistant to attack by organic acids”". For metals expo-
sed to vapours of solutions containing 1% acetic acid
and nearly 100% RH, the following ranking of corro-
sion rates has been determined””: steel > MgcAl ,Zn
> zinc > cadmium > copper > Mg;AlZn > brass > nic-
kel >> aluminium >> tin.

Vernon”! reported the deterioration of copper
structures exposed in urban atmospheres to the pre-

sence of organic acids for long periods and conclu-
ded that the attack in the presence of acetic acid was
more vigorous than in the presence of formic acid.

Fukuda et al.”7? confirms the existence of copper
carboxylates in specimens exposed to indoor envi-
ronments in cities of south-east Asia. On the other
hand, copper acetates have been detected as part of
the corrosion products on surfaces exposed to indoor
atmospheresl4! and 73]

The corrosion products obtained on copper spe-
cimens after one year of exposure in a highly contami-
nated urban atmosphere showed 4.7 mM/cm? of ace-
tate, while the average acetate content in the rainwa-
ter was 18.6 um7#. In other studies performed with
copper specimens using acetic acid permeation tubes
in a flowing gas mixing chamber containing up to 200
ppb level of contaminant, the thickness of the corro-
sion products increased with the RH and the acetic
acid concentration!”,

According to the results of Lopez-Delgado et al'”,
Bastidas et al.'8 Echavarria et al.l'? 20475 and Cano et
al P9 for copper specimens exposed to organic va-
pours at 100% RH and a contaminant level in the ran-
ge of 10 to 300 ppm, the relative aggressiveness of
these acids is (from high to low): acetic > formic >
butyric > propionic.

4. ANT-NEST CORROSION OF COPPER
TUBES

Fig. 9 shows a SEM micrograph of the inner surface
of a corroded copper tube used in an air-conditioning
unit after two months in service. Pits can be observed
with the typical shape of ant-nest corrosion, showing
some microscopic caverns connected by tunnels.

Fig. 10 depicts the EDX (energy dispersive X-ray)
spectrum from a pit shown in Fig. 9. Copper, silicon,
sulphur, chloride and potassium signals can be obser-
ved. The chloride ion may arise from the chemical tre-
atment of the copper tubes during manufacturing their
process. Chloride has a harmful effect on copper and
its alloys, and in the particular case of bronze it cau-
ses ‘bronze disease’, characterised by the formation
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Figure 9. SEM micrograph of a corroded copper tube inner
surface.

Figura 9. Micrografias de SEM de tubos de cobre atacados
por la cara interna.

of atacamite (CuCl3-3Cu(OH)2)[76]. Sulphur also cau-
ses pitting corrosion on copper. This element may be
present as a contaminant in the chemical products
used in the cleaning treatments of copper tubes.

Fig. 11 shows a high resolution XPS spectrum of
the inner surface of a corroded copper tube. The pe-
aks of Cu 2p, , (~932.5 €V) and Auger Cu LMM (~337.0
eV) (see inset) can be observed. The intense shake-
up satellite on the highest binding energy (BE) side
of the main Cu 2p peak indicates that the copper is
found in an oxidation state (ID). The shoulder indica-
ted by the arrow signals the presence of tenorite
and/or Cu(OH),. The Auger Cu LMM peak defined at
~337.0 eV indicates the presence of copper(D77),

Fig. 12 depicts deconvolution of the high resolution
XPS spectrum of C 1s of the inner surface of a corroded
copper tube. Four components can be observed, loca-
ted at ~284.8 eV attributed to hydrocarbon (C-C), at
~286.5 eV as ether (C-O-C), at ~288.0 eV as acetone
(>C=0), and at ~289.0 eV as acid (OH>C=0). The exis-
tence of the latter component may be attributed to the
presence of organic acids such as formic, acetic and
propionic in the corroded copper tube. Carboxylic acids
may result from the hydrolysis of the self-evaporating
lubricant oils. Likewise, the ether and acetone compo-
nents may be caused by organic acids originated by
the detergent used in the cleaning process.

A possible mechanism of ant-nest corrosion is des-
cribed as follows!!! 204 18] Copper is oxidised and dis-
solved according to the reaction: Cu — Cu* + ¢". In the
presence of an organic acid (e.g. formic acid) an uns-
table cuprous formate is formed:

Cu* + HCOO +2H,0 —
Cu(HCOO)-2H,0 (14)

2 J
o T
Figure 10. EDX spectrum of the corroded copper shown in
Fig. 9.

Figura 10. Espectro EDX de los tubos de cobre de la Fig. 9.

The cuprous formate is oxidised to form cupric
formate and cuprite, according to the autocatalytic re-
action:

4Cu(HCOO) - 2H,0 + 11,0, —
2Cu(HCOO), - 2H,0 + Cu,0 + 4H,0

a

4Cu(HCO0)-2H,0 — 2Cu(HCOO),-
2H,0 + 2Cu + 4H,0 (15)

causing the formation of pits and random intercon-
nected tunnels which progress rapidly into the tube
wall. The oxygen reduction is mainly the cathodic re-
action (!/,0, + H,0 + 2e~ — 20H").

5. MECHANISM OF INITIATION OF COPPER
ANT-NEST CORROSION

Ant-nest corrosion is a type of local corrosion similar
to pitting corrosion and is explained by the combina-
tion of microanodes causing anodic dissolution and
a microcathode causing a reduction reaction in the
presence of corrosion-promoting substances. Since
this type of corrosion invariably occurs in a wet at-
mosphere, the anodic reaction involves dissolution of
copper as copper ions in a trace amount of water. The
cathodic reaction is believed to be an oxygen reduc-
tion reaction. As corrosive media, decomposition pro-
ducts of organic chlorine compounds and organic car-
boxylic acids are predicted to be available, together
with fluoride ions from lubricants, borofluorides used
in brazing of copper tubes, and freon gas. These subs-
tances are divided into those adhering to the surface
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Figure 11. High resolution Cu 2p XPS spectra of a corroded
copper tube inner surface. Auger peak Cu LMM in the inset
spectrum.

Figura 11. Espectro XPS de alta resolucion del Cu 2p de un tu-
bo de cobre corroido por la cara interna. Pico Auger Cu LMM
en el espectro del recuadro pequeho.

during the manufacturing process and those adsorbed
from the environment during use. Carboxylic acids
belong to the latter category!!-7 and 78-84]

In a solution containing a trace amount of carboxy-
lic acid, processes leading to copper dissolution and the
formation of copper oxides progress simultaneously.
For example, in an oxygen-saturated 1x10 M formic
acid solution at 25 °C, the copper surface dissolves whi-
le turning grey. Formicary corrosion is considered to ta-
ke place in these conditions. It may well progress by a
process similar to bronze diseasel814 and 82:89

The surface of copper tubes is usually covered by
a thin protective cuprous oxide film. However, weak-
nesses such as discontinuities in the oxide film are
eroded by the organic carboxylic acid present:

Cu—Cut+e 16)

Carboxylic acid ions and copper ions form a cop-
per complex:

Cu* + (ORG)™ — Cu(OR@G) an

Where, (ORG)" is HCOO", CH,COO~, CH,CH,COO,
CH,(CH,),CO0, etc.

The copper complex is oxidised by oxygen to form
a cupric complex of cuprite and a complex of Cu?*
with the carboxylic acid:

4Cu(ORG) +'/,0, — Cu,O + 2Cu(ORG), (18)

with microcracks being initiated at weaknesses in the
corrosion pit wall under a wedging effect due to the
volume expansion associated with the formation of

Counts

292 290 288 286 284 282
Einding Energy, eV

Figure 12. High resolution C 1s XPS spectrum of a corroded
copper tube inner surface.

Figura 12. Espectro XPS de alta resolucion del C 1s de un tu-
bo de cobre corroido por la cara interna.

cuprite. Cuprite could also be produced by the anodic
reaction:

2Cu + 20H™ — Cu,0 + H,0 + 2e~ 19

The cathodic reaction is (as indicated above):
1,0, + H* + 2~ — OH- 20)

The hydroxyl ions (OH") formed at the cathode
migrate and diffuse toward the anode to form Cu,O.
The cuprite could produce cracks at weak points in
the pits because it has a larger volume, given rise to a
plug effect. In a further anodic reaction, Cu(ORG), re-
acts with copper on the freshly (Cu”) formed surface
to give Cu* from:

Cu(ORG), + Cu® — 2Cu(ORG) 2D

These reactions recur. Through the hydroxyl ions
formed by the oxygen reduction which increases the
pH inside the corrosion pits, cuprite decomposes the
carboxylic acid complex, although pathways formed
via cupric hydroxide may also be considered. The we-
akness inside the corrosion pits may well also imply
the presence of grain boundaries with relatively high
concentrations of trace impurities, such as iron and
phosphorus, although erosion initiation is not neces-
sarily confined to the grain boundaries. Even in a hu-
mid environment, the supply of water inside the corro-
sion pits is limited owing to their physical structure.
The widths of the corrosion pathways are therefore
also limited. Matsuoka et al. suggested that this type of
corrosion is susceptible to the effect of capillary for-
ces® and in fact the corrosion products or porous
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cuprite absorb the moisture by capillary forces which
thus promote the process inside the corrosion pits, al-
though capillary forces cannot be regarded as being
the driving force of this type of corrosion. Since water
in the process of condensation serves as the corro-
sion medium, the initiation of corrosion is not neces-
sary confined to the direction of gravitation, and va-
rious sites both inside and outside the copper tubes
may act as initiators. However, under a pumping effect
due to repetitive high/low temperature cycles, oxy-
gen readily infiltrates the corrosion pits. This oxygen
oxidises the cuprous complex formed inside the corro-
sion pits and is also reduced on the cuprite surface
inside the pits, so that corrosion is also promoted.
Cathodic reduction reaction surfaces are therefore con-
sidered to be present not only on the outer surface,
but also inside the corrosion pits. Microcracks in the
cuprite formed inside the corrosion pits may well be
accelerated by dry/wet atmospheric cycling and resi-
dual stresses in the copper tubes.

Very small droplets on the pit walls may carry the
substances that promote corrosion. Oxygen may pene-
trate on account of pumping caused by heating and
cooling cycles. Penetrating oxygen is consumed in the
oxidation of Cu(ORG) and the cuprite on the wall.

The thickness of the copper tube walls where such
corrosion is found ranges from 0.3 mm to 1.1 mm,
with a peak of around 0.5 mm. Copper tubes suffe-
ring from ant nest corrosion appear to be mostly ‘soft’
copper (85%). In order to establish effective measu-
res against ant nest corrosion it is important to know
where it begins. 34% of cases begin on the inner sur-
face, 60% on the outer surfaces, and 6% have uniden-
tified starting points!3%,

Copper tubes in this apparatus are classified into
three categories: bent, straight, and soldered. 66% of
incidents occur in straight pipe parts. 31% in bent pipe
parts, and only 3% in soldered parts. As such, the corre-
lation between the occurrence of ant nest corrosion
and the residual stresses introduced during bending
does not seem to be of any particular significance.

The colour of the copper tube surface around ant-
nest corrosion is usually reddish brown or black, typi-
cal of oxidised copper, although greenish blue disco-
loration is sometimes also found. Unlike in cases of
copper tube pitting, the accumulation of voluminous
corrosion products such as verdigris is not found
around the opening of ant-nest corrosion pits.

A model based on the general atmospheric corro-
sion mechanism and which assumes the presence of
an aqueous adlayer over the metal surface has been
proposed in the bibliography®7419U Tt includes the
formation of carboxylate-containing surface species
and the concept of a proton- and ligand-induced dis-
solution mechanism. The aqueous adlayer produces
surface hydroxyl bonds over the cuprite surface ge-

nerated on copper, and the dominant electrochemi-
cal reactions are the above proposed equations (16)
and (20). The hydroxyl bonds have ion exchange pro-
perties and can be replaced by ions present in the
aqueous adlayer, such as protons (H*) or carboxylic
acid ions: (ORG), which have been formed upon the
dissociation of carboxylic acids (HCOOH, CH,COOH,
etc.) in the aqueous adlayer. The result is a ligand-in-
duced dissolution triggered by the weakness of the
surface metal atoms that participate in the ion exchan-
ge. Copper dissolves initially as cuprous ions, which
may either react with liberated hydroxyl ions (OH")
to form cuprous oxide, or may oxidise to cupric ions,
react with carboxylate ions, and form copper carboxy-
late. As the dissolution process continues, copper car-
boxylate precipitates are formed and grow over loca-
lised points of the surface until they reach a critical
size. The copper carboxylate may react with copper to
reform the surface complex, as proposed in equation
(2D), thus creating conditions for more copper to be
dissolved and more cuprous oxide and copper car-
boxylate to precipitate in the aqueous adlayer.

6. CONCLUSIONS

Total emissions of carboxylic acids (R-COOH, R=H,
CH;, CH,CH,, etc.) are at the same level as other po-
llutants, when total deposition is compared and ta-
king into account the different forms of atmospheric
precipitation (rain, snow, dew and fog).

Carboxylic acids can be generated mainly by anth-
ropogenic or biogenic processes. They may also be
produced by photochemical reactions of some organic
substances.

Emissions of carboxylic acids can also be emitted
by the decomposition of certain paint formulations,
organic packing material, or the hydrolysis of hemi-
cellulose (main constituent of wood). The latter phe-
nomenon is especially important in airtight wooden
cabinets and indoor environments.

Organic acids cause corrosion on copper speci-
mens at 100% RH and a contaminant level in the ran-
ge of 10 to 300 ppm. The relative aggressiveness of
these acids is (from high to low): acetic > formic >
butyric > propionic.

The study of the patination process in outdoor en-
vironments reveals the existence of an organic cemen-
tant among the copper compounds (oxides and
hydroxyanions, sulphates, chlorides, nitrates), which
probably corresponds to a copper oxalate.

The pitting corrosion of copper tubes characteri-
sed using the SEM technique shows the typical beha-
viour of ant-nest corrosion, with microcaverns con-
nected by tunnels, which causes a high level of attack
in a short time. XPS and EDX techniques indicate the
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presence of organic acids, chloride and sulphur. The
possible sources of these components are the diffe-
rent cleaning treatments applied to copper tubes du-
ring the manufacturing process of commercial air con-
ditioning systems. All of these components are very
aggressive even at low concentrations and cause pit-
ting corrosion on copper.

Acknowledgements

The authors express their gratitude to the International
Copper Association (ICA) Ltd. (New York) and to the
Centre for Advanced Interdisciplinary Research in
Materials (CIMAT) (Chile) for financial support under
Project No. TEK-1023-9.

REFERENCES

[1] T. NOTOYA, Corros. Eng. 39 (1990) 353-362.

[2] T. NOTOYA, J. Mater. Sci. Lett. 10 (1991) 389-391.

3] T. NOTOYA, Mater. Perform. 32 (5) (1993) 53-57.

[4] T. NOTOYA, Zairyo-to-Kankio (Corros. Eng.) 46
(1997) 731-735.

[5] T. NOTOYA in: Corrosion and Prevention 1997,
Australian Corrosion Association, Brisbane, Aus-
tralia, (1997), paper 02.

[6] T. NOTOYA, J. Mater. Sci. Leit., 16 (1997) 1406-1409.

[71 G.J. KELLY, P. LEPELAAR and T. NOTOYA, Process
Corrosion and Prevention 2000, Australian Corro-
sion Association, Australia, (2000).

[8] S. Saro, J. Japan Copper Brass Research Associa-
tion, No. 2 (2001).

[91 J.O. EDWARDS, R.I. HAMILTON and J.B. GILMOUR,
Mater. Perform. 16 (1977) 18-20.

[10] E. CANO, J. SIMANCAS, J.L. POLO, C.L. TORRES, J.M.
BASTIDAS and J. ALCOLEA, Mater. Corros. 50 (1999)
103-110.

[11] E. CaNO, J.L. POLO, J.A. LOPEZ-CABALLERO and J.M.
BASTIDAS, Corros. Prev. Control 52 (2005) 56-58.

[12] P. ELiorT and R.A. CORBETT, Corrosion 99, NACE
International, Houston, (1999), paper 342.

[13] T. Notova, T. HAMAMOTO and K. KAWANO, Sumi-
tomo Light Metal Technical Reports 30 (1989) 9-
14.

[14] R.A. CORBEIT, Corrosion 2004, NACE International,
Houston, (2004), paper 321.

[15] M. OHANIAN, R. CARABALLO, E.A. DALCHIELE, G. GUI-
NEO-COBS, V. MARTINEZ-LUACES and E. QUAGLIATA,
Rev. Metal. Madrid 41 (2005) 175-185.

[16] 1. CANADAS, D. MARTINEZ, J. RODRIGUEZ and J.M.
GALLARDO, Rev. Metal. Madrid Vol. Extr. (2005)
165-169.

[17] A. LOPEZ-DELGADO, E. CANO, .M. BASTIDAS and FA.
LOPEZ, J. Electrochem. Soc. 145 (1998) 4140-4147.

(18]

(19]

[20]

[21]

(22]
(23]
[24]
[25]
[20]
[27]
(28]

[29]

(301
(31]
(32]

(331

(34]
(35]
(36]

(371

(38]

(39]
[40]

[41]

[42]
(43]

J.M. BASTIDAS, A. LOPEZ-DELGADO, E. CANO, J.L.
Poro and F.A. LOPEZ, /. Electrochem. Soc., 147
(2000) 999-1005.

A. ECHAVARRIA, A. RUEDA, E. CANO, F. ECHEVERRIA,
C. ARROYAVE and J.M. BASTIDAS, in: Proc. 15th Int.
Corrosion Congress, Granada, Spain, (2002).

E. CANO, E.M. MORA, H. AZCARAY and J.M. BASTI-
DAS, J. Electrochem. Soc. 151 (2004) B207-B213.
E. CANO, D.M. BASTIDAS, A. ECHAVARRIA, J. SIMANCAS
and E.M. MORA, 16th Int. Corrosion Congress,
Beijing, China, (2005), paper 19-1.

E. CANO, J.M. BASTIDAS, J.L. POLO and N. MORA, /.
Electrochem. Soc. 148 (2001) B431-B437.

E. CANO, M.F. LOPEZ, J. SIMANCAS and J.M. BASTI-
DAS, /. Electrochem. Soc. 148 (2001) E26-E30.

E. CANO, C.L. TORRES and J.M. BASTIDAS, Mater.
Corros. 52 (2001) 667-676.

A. LOPEZ-DELGADO, E. CANO, J.M. BASTIDAS and
F.A. LOPEZ, J. Mater. Sci. 36 (2001) 5203-5211.
J.C. GALVAN, J.M. BASTIDAS and S. FELIU, Weld. J.
75 (1996) 306s-371s.

E. CANO and J.M. BASTIDAS, Can. Metall. Q., 41
(2002) 327-330.

J.M. BasTIDAS and E.M. MORA, Can. Metall. Q. 37
(1998) 57-65.

A. LOPEZ-DELGADO, J.M. BASTIDAS, M.P. ALONSO
and FA. LOPEZ, J. Mater. Sci. Lett. 16 (1997) 776-
779.

E. CaNO and J.M. BASTIDAS, Afinidad 62 (2005)
492-497.

T.E. GRAEDEL, C. MCCRORY-JOY and J.P. FRANEY, /.
Electrochem. Soc. 133 (1986) 452-453.

A.J. MULLER and C. MCCRORY-JOY, Corros. Sci. 27
(1987) 695-701.

T.E. GRAEDEL, Atmospheric Chemical Compounds.
Sources, Occurrence and Bioassay. Academic
Press, Orlando, Fl. (1986).

T.E. GRAEDEL, /. Electrochem. Soc. 133 (1986) 2476-
2482.

T.E. GRAEDEL, /. Electrochem. Soc., 141 (1994) 922-
927.

T.E. GRAEDEL and C. LEYGRAF, /. Electrochem. Soc.
147 (2000) 1010-1014.

C. LEYGRAF and T.E. GRAEDEL, Atmospheric Co-
rrosion, Wiley InterScience, Pennington, NY,
(2000), p. 17.

T.E. GRAEDEL, K. NASSAU and J.P. FRANEY, Corvos,
Sci. 27 (1987) 639-657.

T.E. GRAEDEL, Corros. Sci. 27 (1987) 741-769.

K. NassaU, P.K. GALLAGHER, A.E. MILLER and T.E.
GRAEDEL, Corros. Sci. 27 (1987) 669-684.

D. PEERSON and C. LEYGRAF, J, Electrochem. Soc.
142 (1995) 1468-1477.

A. KHWAJA, Atmos. Environ. 29 (1995) 127-139.
C.G. NOLTE, M.P. FrRASER and G.R. Cass, Environ.
Sci. Technol. 33 (1999) 540-545.

380 REV. METAL. MADRID, 42 (5), SEPTIEMBRE-OCTUBRE, 367-381, 2006, ISsN: 0034-8570



[44]
[45]
[40]
[47]

(48]

[49]
(501
(51]
(52]
(53]
(541

[55]

(56]
(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[60]

[67]

A. CHEBBI and P. CARLIER, Atmos. Environ. 30
(1996) 4233-4249.

M.P. ALONSO, Efecto de la Contaminacion Atmos-
Jférica en las Esculturas de Bronce, PhD Thesis,
Complutense University of Madrid, Madrid, (1994).
H. FANG and X. JiA, Wat. Res., 33 (1999) 1791-1798.
L. Brack and G. ALLEN, Brit. Corros. J. 34 (1999)
192-197.

I. BRIDIER, F. CARALP, H. LORIAT, R. LESCLAUX, B. VE-
GRET, K.H. BECKER, A. REIMER and F. ZABAL, /. Phys.
Chem. 95 (1991) 3594-3600.

K. KaAwAMURA and L.R. KAPLAN, Atmos. Environ. 19
(1985) 1082-1086.

J. SERVANT, G. KONADIO, B. CROS and R. DELMAS,
J. Atmos. Chem. 12 (1991) 367-380.

E. ZERVAS, X. MONTAGNE and J. LAHAYE, /. Air Waste
Manage. 49 (1999) 1304-1314.

M.O. ANDREAE, R.W. TALBOT and S.-M. LI, /. Geo-
Dphys. Res. 92 (1987) 6635-6641.

R. ATKINSON, Atmos. Environ. 24A (1990) 1-41.
N. KUMAR, U.C. KULSHRESHTA, A. SAXENA, K.M. KU-
MARI and S.S. SRIVASTAVA, Atmos. Environ. B-Urb.
27 (1993) 87-91.

H. PuxBAUM, C. ROSENBERG, M. GREGORI, C. LAN-
ZERSTORFER, E. OBER and W. WINIWARTER, A/1m0s.
Environ. 22 (1988) 2841-2850.

T.E. GRAEDEL, Corros. Sci. 27 (1987) 721-740.

A. ECHAVARRIA, F. ECHEVERRIA, C. ARROYAVE, E. CA-
NO and J.M. BASTIDAS, Corros. Rev. 21 (2004) 395-
402.

S. KOCH, R. WINTERHALTER, E. UHEREK, A. KOLLOFF,
P. NEEB and G.K. MOORTGAT, Atmos. Environ. 34
(2000) 4031-4042.

W. CARTER, Atmos. Environ. 24A (1990) 481-518.
P. DAGAUT, T.J. WALLINGTON, R. Liu and M.J. KURY-
L0, Int. J. Chem. Kinet. 20 (1988) 331-338.

D.M. BasTIDAS, P.P. GOMEZ and E. CANO, Rev. Metal.
Madlrid 41 (2005) 98-106.

M.I. MARTIN, F.A. LOPEZ and F.J. ALGUACIL, Reu.
Metal. Madrid 41 (2005) 292-298.

E. CANO, Efecto de los Vapores de los Acidos Acélico
1y Formico en la Degradacion yy Patinado del Cobre,
PhD Thesis, Complutense University of Madrid,
Madrid, (2000).

A. ECHAVARRIA, Estudio del Mecanismo de Interac-
cion Entre el Cobre Puro y los Vapores de Acido
Propionico, PhD Thesis, University of Antioquia,
Medellin, Colombia, (2004).

D. KNOTKOVA-CERMAKOVA and J. VLEKOVA, Brit,
Corros. J. 6 (1971) 17-22.

M. LOPEZ, C. CAMURRI, D. CORREDOR and J.A. JIME-
NEZ, Rev. Metal. Madrid 41 (2005) 313-318.

O. COMINELL, H. LuO, H.M. LIMATAINEN and L.P.
KARJALAINEN, Rev. Metal. Madrid, Vol. Extr. (2003)
407-411.

ANT-NEST CORROSION OF COPPER TUBING IN AIR-CONDITIONING UNITS
CORROSION POR NIDO DE HORMIGAS DE TUBOS DE COBRE UTILIZADOS EN SISTEMAS DE AIRE ACONDICIONADO

[68]
[69]
[70]

(71]
(72]

(73]
[74]
[75]
[76]
[77]

(78]
(791

(801

(81]

(82]

(83]
(84]
(85]
(80]
(87]

(88]

(89]
(901

(91]

REV. METAL. MADRID, 42 (5), SEPTIEMBRE-OCTUBRE, 367-381, ISSN: 0034-8570

E. DONOSO, A. VARSCHAVSKY and G. DiAz, Rev.
Metal. Madrid Vol. Extr. (2005) 502-506.

J. TETREAULT and E. STAMATOPOULOU, Stud. Con-
serv. 42 (1997) 141-156.

S.G. CLARKE and E.E. LONGHURST, J. Appl. Chem.
11 (1961) 435-443.

W.H.J. VERNON, /. Chem. Soc. (1934) 1853-1859.
Y. FUKUDA, T. FUKUSHIMA, A. SULAIMAN, I. MUSA-
LAM, L.C. YAP, L. CHATIMONGKOL, S. JUDABONG, A.
POTJANART, O. KEOWKANGWAL, K. YOSHIHARA and
M. TosA, J. Electrochem. Soc. 138 (1991) 1238-1243.
B. ROSALES, R. VERA and G. MORIENA, Corros. Sci. 41
(1999) 625-651.

H. ViLca and 1.V. AOKI, Proc. Corrosion in
Electronic Equipment, Campinas, Brazil, (2000).
A. ECHAVARRIA, A. RUEDA, E. CANO, F. ECHEVERRIA,
C. ARROYAVE and J.M. BASTIDAS, /. Electrochem.
Soc. 150 (2003) B140-B145.

W.H.J. VERNON, Trans. Faraday Soc. 27 (1931) 255.
S.K. CHAWLA, B.I. RICKETT, N. SANKABRAMAN and J.H.
PAYER, Corros. Sci. 33 (1992) 1617.

T. NOTOYA, Corros. Eng. 45 (1997) 319-321.

T. NOTOYA, T. HAMAMOTO and K. KAWANO, Mater,
Inform. Trans. Service 6 (1989) 1-13.

G. ISOBE, T. INOUE, K. NAGATA, T. NOTOYA, H. Ba-
BA, F. HIDAKA, M. WATANABE, T. ATsumI, K. MINA-
MOTO, M. KODAIRA and F. TAKAGI, Corrosion Asia
Proc. (1992), pp. 106-109.

S. YAMAUCHI, K. NAGATA, S. SATO and M. SHIMO-
NO, /. Japan Copper and Brass Research Association
22 (1983) 132-140.

T. NOTOYA, T. ISHIKAWA, T. HAMAMOTO, K. KAWA-
NO, First Joint Conference on Corrosion, Finishing
and Materials, A. Atrens, M.S. Pennisi, D.P.
Schweinsberg, (Eds.), Queensland, (1989), pp.
565-573.

T. HAMAMOTO and M. IMAL, Sumitomo Light Metal
Technical Reports, 32 (1991) 243-249.

T. NOTOYA, /. Univ. Sci. Tech. Beijin 6 (1999) 129-
132.

K. NAGATA and K. KAWANO, Sumitomo Light Me-
tals Technical Reports 35 (1994) 28-35.

H. BABA and T. KODAMA, Corros. Eng. 44 (1995)
279-287.

R.S. LENOX and P.A. HOUGH, ASHRAE. J. (1995) 50-
50.

G. TETLEY, M. HEIDENREICH and K. SMITH, Air Con-
ditioning, Heating Refrigeration News 30 (1988)
1-3.

R.A. CORBETT, P. ELLIOTT, Corrosion 2000, NACE
International, Houston, (2000), paper 646.

H. MATSUOKA, Y. MASUNAGA, S. MITSUMOTO and H.
SEKI, Corros. Eng. 36 (1987) 696-711.

J. TIOBLAD and T.E. GRAEDEL, Corros. Sci. 38 (1996)
2201-2224.

381





