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The corrosion rate of copper and bronze Cu-8 wt.%Sn increased rapidly when the concentration of formic
or acetic acid in air reached about 300 ppb at 80% relative humidity (RH) and a temperature of 20 �C. It
decreased slowly during the several days after pollutant removal due to the slow rate of pollutant desorp-
tion from the metal surfaces. Corrosion of these metals was barely affected by the acids at RH up to 60%.
For iron, the critical concentration of formic acid in air which led to surface activation at 80% RH was
between 1000 and 1590 ppb.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Formic acid, HCOOH, and acetic acid, CH3COOH, are major cor-
rosive pollutants in indoor cultural heritage premises. In contrast
to sulphur dioxide, nitrogen dioxide and ozone, which come from
external sources, they are of internal origin emitted primarily by
wooden furniture [1–6]. Aside from the wood itself, carboxylic
acids are released from the glues, adhesives, varnish and plastic
accessories used regularly by the furniture industry [2,7]. Hard-
woods, e.g. oak, beech and mahogany, are known to emit more ace-
tic acid than softwoods due to a higher content of hemicellulose
with acetyl group esters, which are prone to hydrolyse to acetic
acid [3]. The emission of formic acid from wood is generally an
order of magnitude lower than that of acetic acid, but still not neg-
ligible [3]. Other sources of carboxylic acids in museums and
archives are hemicellulose-containing wrapping papers and card-
boards [4], exhibited or stored objects made of wood, paper and
some plastics [4,5], and conservation and preparation materials
[7]. Smaller amounts of these pollutants may come from biogenic
sources [1] and decomposition reactions, e.g., formaldehyde may
decompose to formic acid upon adsorption on surfaces [2,7] and
isoprene can be photo-oxidized to formic acid [8].

Typical concentrations of acetic acid in clean, low troposphere
and urban areas are 0.1–2 and 0.2–8 ppb, respectively [9]. Due to
the numerous indoor sources of short-chain volatile carboxylic
acids, their concentrations in rooms, showcases, storage facilities
and cabinets usually exceed background outdoor levels. In indoor
residences, concentrations of formic acid range from 9 to 33 ppb
while those of acetic acid range from 9 to 88 ppb [10]. Allen and
Miguel reported that exposure to acetic acid was enhanced 2–15
times indoors at different Brazilian sites [1]. Concentrations in
hundreds or even thousands of ppb have repeatedly been reported
in enclosures with limited air exchange in cultural heritage institu-
tions [1,3,5,7,11–13]. When extreme values are excluded, concen-
trations of formic and acetic acid in indoor museum atmospheres
range from low levels up to 500 and 2000 ppb, respectively.

Short-chain volatile carboxylic acids were reported to acceler-
ate the degradation of objects made of lead [2–6], bronze and cop-
per [3,5], zinc [4], iron [3], and glass [3] and to cause efflorescence
on calcareous materials, such as shells, fossils, ceramics, pottery
and limestone [3–5]. The deterioration of other materials such as
paper or plastics can also be accelerated in their presence due to
acidification [5]. Based on previous studies, recommendations on
maximal concentrations of formic and acetic acids in indoor atmo-
spheres were issued. The maximum average concentration of ace-
tic acid for a 1- and 100-year preservation target for museum,
gallery, library, and archival collections is set to 400 and 40 ppb,
respectively, by the ASHRAE Handbook [9]. However, lower limits
may be necessary for particularly sensitive materials such as lead.

Concentrations of short-chain volatile carboxylic acids in air can
be measured using active or passive sampling techniques [5,11].
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Fig. 1. Electrical resistance corrosion sensor; schematic drawing (left) and photo-
graph of a 500-nm copper sensor (right).
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Passive sampling is more affordable; however, the results of an
assessment are typically available only after a delay of several
months following exposure of the samplers, transport and analysis
in a specialized laboratory. In addition, the impact of carboxylic
acids on material degradation is affected by a complex interplay
among numerous factors such as temperature, relative humidity,
the presence of other pollutants and ventilation patterns, which
have not been fully investigated yet. Thus, it may be preferable
to monitor their direct impact on materials of interest. This is
traditionally done by exposing coupons of given materials to the
environment and analysing their degradation after a certain expo-
sure period. According to current standards and recommendations,
a metal coupon needs to be exposed for 30 days or for 1 year [14–
16]. The impact of the environment on metal degradation is then
evaluated based on mass loss, mass gain or coulometric reduction
of the corrosion products. The mass loss procedure is used for an
assessment of outdoor corrosivity whereas mass gain is usually
measured on coupons exposed indoors. The coulometric reduction
of corrosion products is more demanding with respect to equip-
ment and expertise but can provide an indication of the nature
of the pollution in addition to the rate of metal degradation.

However, none of these techniques yields real-time data.
Within the exposure period, valuable objects might further deteri-
orate if the air is contaminated. Since it is believed that informa-
tion on the present corrosivity of the atmosphere is crucial to
effective corrosion protection, an electronic logger, called AirCorr,
which allows for continuous measurement of the corrosion rate
of a metal in air has been developed [17,18]. The logger provides
very high sensitivity enabling real-time corrosion monitoring even
in low-corrosivity indoor facilities, good reproducibility for metals
corroding mostly uniformly in a given environment, and good
accuracy [19–23]. It makes use of the electrical resistance (ER)
technique to monitor corrosivity. The use of ER is described in,
e.g., ASTM standard G96 [24]. The concept is simple and yet highly
effective: the electronic unit measures and registers the change
over time of the electrical resistance of a thin metal track applied
on an insulating substrate. If the metal corrodes, the cross-sec-
tional area of the track decreases and the electrical resistance
increases. A part of the metal track is protected by an organic coat-
ing or tape and, thus, serves as a reference to compensate for resis-
tivity changes due to temperature variations. Based on the initial
cross-sectional area of the exposed element, the cumulative metal
loss at the time of reading can be determined.

For a metal film with constant thickness corroding uniformly,
the extent of corrosion can be represented as a corrosion depth.
Assuming that the electrical conductivity of the track is propor-
tional to the remaining metal track thickness and assuming that
corrosion products do not contribute to the conductivity, the corro-
sion depth of the metallic sensor, Dh, can be calculated according
to the equation

Dh ¼ href ;init
Rref;init

Rsens;init
� Rref

Rsens

� �
ð1Þ

where href,init is the initial thickness of the reference metallic track,
which is assumed equal to the sensor track at the beginning of
exposure; Rsens and Rref are the current resistances of the sensor
Fig. 2. Experimental setup for corrosion measure
and reference tracks; and Rsens,init and Rref,init are the initial resis-
tances of the sensor and reference tracks [20]. The calculation is
based on the electrical resistance measured as a potential difference
along the track through which a defined current passes.

Sensors made of the most technically important and some his-
torical metal alloys in different thicknesses and sensitivities have
also been developed [19,25]. A schematic drawing of a sensor is
shown in Fig. 1 along with a photograph of one of the sensors with-
out the reference part protection. The metal tracks were laid down
by magnetron sputtering on a fine-grained Al2O3 ceramic substrate
[21]. The width of the measuring track is from 1 to 2 mm, depend-
ing on sensor type, and the length over 100 mm. This geometry
ensures high sensitivity to changes in the electrical resistance
due to metal corrosion.

For this study, the logger-sensor system was applied to monitor
corrosion of copper, bronze and iron in model atmospheres con-
taining controlled concentrations of formic and acetic acid at
defined relative humidity and constant temperature. These sys-
tems have been studied by other researchers to determine the
mechanism and kinetics of corrosion product formation on bulk
metal [26–29]. For the thin-film copper, bronze, and iron sensors
used in this study, the minimum detectable change in a metal track
thickness due to corrosion was below 0.1 nm [19,20]. The main
purpose of the work was to confirm the capability of the technique
to assess small changes in air corrosivity in real time.
2. Experimental

2.1. Experimental chamber

A chamber allowing for corrosion studies in air with small and
well-controlled concentrations of gaseous pollutants was built. It
consists of an air dehumidifier, air filter, gas generator, humidifier,
exposure chamber and exhaust air treatment unit. A schematic
drawing of the system is shown in Fig. 2.
ments in air polluted with carboxylic acids.
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The gas generator used to produce the target pollutant level is
made up of an oven with a precisely controlled temperature of
between 30 and 100 �C (±0.1 �C) and an air flow controller. A PTFE
permeation tube filled with the pollutant of interest is placed into
the oven. The permeation rate of a tube depends on the tempera-
ture. Calibrated permeation tubes were able to provide up to
1500 ppb of acetic acid or up to 3000 ppb of formic acid in the
outlet air.

Part of the feed air was passed through a bottle of deminera-
lised water for humidification before mixing with the stream of
polluted air. The polluted, humidified air then entered the
exposure chamber that held the loggers.
3. Experimental procedure

Thin-film copper sensors with track thicknesses of 85 and
500 nm (Cu-85 nm, Cu-500 nm), bronze sensors made of Cu-
8 wt.%Sn with a thickness of 500 nm (CuSn8–500 nm), and iron
sensors with a thickness of 800 nm (Fe-800 nm) were used. The
sensors were cleaned with ethanol, dried in a stream of unheated
air and inserted into the electronic loggers. The loggers were
calibrated after 30 min of temperature stabilisation and moved to
the exposure chamber. The loggers were programmed to measure
corrosion depth every 15 min.

The temperature and RH in the chamber were measured contin-
uously. The temperature was kept constant at 20 ± 1 �C during the
experiment. The relative humidity was controlled to a precision of
±2%. It was measured directly in the chamber and regulated by
adjusting the proportion of air passing through the humidifier.
The air flow was set to 5 L/min ensuring complete exchange of
the air in the chamber within 15 min.
4. Results and discussion

4.1. Corrosivity monitoring

4.1.1. Bronze
Three loggers fitted with CuSn8–500 nm sensors were

exposed to air with relative humidity from 15% to 80% RH and
formic acid concentration from 0 to 600 ppb. The corrosion
depth records are plotted in Fig. 3. The corrosion rates measured
by each logger-sensor system are nearly identical. It is evident
that both relative humidity and formic acid concentration affect
the bronze corrosion rate. The corrosion depth started to
Fig. 3. Corrosion depth measurements on parallel CuSn8–500 nm sensors in air
with controlled concentrations of formic acid at 20 �C; numbers give the concen-
tration of formic acid and relative humidity.
increase rapidly after the introduction of the pollutant demon-
strating the rapid response of the setup. To the contrary, the cor-
rosion rate decreased only slowly after a decrease in the
pollutant concentration. For example, when formic acid stopped
being fed into the chamber on Day 2, the corrosion rate dropped
but had not fully stabilized even after 3 days. Since the air in the
chamber was exchanged every 15 min, this seems to indicate
that a film of the adsorbed pollutant was present on the metal
surface long after the pollutant was removed from the air. It
has been shown that acetate in corrosion products on bronze
can be converted to carbonate in the presence of water and car-
bon dioxide which creates acetic acid for further corrosion reac-
tions [30]. Such a mechanism can be expected to work in
presence of formic acid as well.

A similar experiment was carried out in presence of acetic
acid. In this case, six parallel CuSn8–500 nm sensors were
deployed. An example of a corrosion depth vs. time curve is seen
in Fig. 4. It again shows a short response time to increasing air
corrosivity. It is interesting to note that a delay of several days
was observed before the corrosion rate dropped after the
removal of acetic acid from the air even at the very low relative
humidity of 15% (see the transition 870 ppb – 80% RH to 0 ppb –
15% RH).

The corrosion rates of bronze, given in Table 1, were obtained
from stabilized parts of the curves measured in both environments.
Measurements too short to lead to stabilisation and initial mea-
surements were not considered. It must be stressed that stable
exposure conditions were maintained for only a few days and
the values does not represent long-term corrosion rates.

Based on the current data, the initial aggressiveness of formic
acid towards bronze seems to be comparable to that of acetic acid.
Qiu and Leygraf found that formic acid is more corrosive than ace-
tic acid on Cu–20Zn brass exposed in air at 90% RH, 20 �C and
120 ppb of the pollutants [29]. In experiments with copper and
Cu–Sn–Pb and Cu–Sn–Pb–Zn alloys in air at 100% RH, 30 �C and
up to 300 ppb of different carboxylic acids, Bastidas et al. found
acetic acid to be usually more corrosive than formic acid [31,32].
However, the relative corrosion rates of the studied bronzes
depended strongly on the patina formed and there were cases
where formic acid caused higher corrosion rates than acetic
acid [31].

The presence of either of the carboxylic acids strongly affected
the corrosion rate of bronze at elevated RH whereas it was of lim-
ited influence at humidities up to 55% RH. The effect of increasing
RH in clean air was also limited below this level.
Fig. 4. Corrosion depth records of a CuSn8–500 nm sensor in air with controlled
concentrations of acetic acid at 20 �C; numbers give the concentration of acetic acid
in ppb and relative humidity in per cent.



Table 1
Corrosion rate of bronze sensors after stabilisation.

Relative humidity, RH (%) c(HCOOH) (ppb) c(CH3COOH) (ppb) Corrosion rate, vcorr (nm/day)

Measured Calculated from Eq. (3)

15 0 0 0.015 ± 0.000 0.003
55 0 0 0.014 ± 0.005 0.011
80 0 0 0.027 ± 0.009 0.016
55 0 310 0.010 ± 0.003 –
80 0 310 0.088 ± 0.017 –
15 0 870 0.022 ± 0.004 –
80 0 870 0.108 ± 0.022 –
80 300 0 0.048 ± 0.007 0.050
15 600 0 0.013 ± 0.000 0.016
80 600 0 0.300 ± 0.057 0.083
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A simple empirical model of the effect of carboxylic acids and
relative humidity on the corrosion rate can be proposed. The corro-
sion rate can be expressed as

vcorr ¼ RH ðk1 þ k2 cÞ ð2Þ

where c is the concentration of carboxylic acid in ppb, RH is relative
humidity in % and k1 and k2 are constants. For bronze exposed to air
containing acetic acid, the corrosion rate in nm/day can thus be
expressed as

vcorr ¼ RH 2:5 � 10�4 þ 1:7 � 10�6 � cðCH3COOHÞ
� �

ð3Þ

Calculated corrosion rates are compared with experimental
data in Table 1.

4.1.2. Copper
Two experiments were performed in which the relative humid-

ity was kept constant during a major part of the exposure and only
the formic acid concentration was varied. Three Cu-500 nm and
three Cu-85 nm sensors were exposed to air at 80% and 60% RH,
respectively, with increasing acid concentrations. It should be
noted that due to the use of different permeation tubes with formic
acid, the concentrations were slightly different in the two
experiments.

An example of the corrosion depth record for a Cu-500 nm sen-
sor is plotted in Fig. 5. The other records were similar. The exper-
iment started in clean air at 15% RH. The corrosion rate was
below the detection limit until the relative humidity was increased
to 70%. The corrosion rate stabilized at about 0.01 nm/day after
4 days and did not change even though the relative humidity
Fig. 5. Corrosion depth measured in air containing formic acid using a Cu-500 nm
sensor; numbers give concentration of formic acid in ppb and relative humidity in
per cent.
was increased to 80% RH. Formic acid did not have a dramatic
effect on copper corrosion when present at concentrations from
10 to 220 ppb. When the formic acid concentration was increased
to 460 ppb, the corrosion rate changed to 0.05 nm/day. It stayed at
this level at 1000 ppb as well. An additional increase in the corro-
sion rate to 0.14 nm/day was recorded at the maximal formic acid
concentration of 1590 ppb. The corrosion rate decreased gradually
to low values when the formic acid concentration was lowered to
190, 80 and 0 ppb.

Cu-85 nm sensors were used in a similar experiment with a
lower maximal relative humidity of 60%. Corrosion rates extracted
from stabilized parts of the corrosion depth vs. time records are
given in Table 2. Analogously to the previous experiment at 80%
RH, the corrosion rate of copper only increased above about
0.01 nm/day when the concentration of formic acid was raised
from 210 ppb to 420 ppb. Indeed, the increase was stronger under
the wetter conditions. Whereas the corrosion rate continued to
increase in more contaminated air at 80% RH, it remained nearly
constant at 0.04 ± 0.01 nm/day at 60% RH until the formic acid
concentration was raised to 2880 ppb.

4.1.3. Iron
Records for three iron Fe-800 nm sensors exposed to air with

increasing concentrations of formic acid at 80% RH are plotted in
Fig. 6. Sensors 2 and 3 were passive until the concentration of for-
mic acid reached 1590 ppb when the corrosion depth increased
dramatically. In five days, 190 nm of the iron track corroded on
sensor 2. In half that time, 2.5 days, 11 nm corroded from sensor
3. After reducing the concentration of formic acid from 1590 to
190 ppb, the corrosion rate dropped rapidly and only an additional
8 nm of sensor 2 and 1 nm of sensor 3 corroded by the end of the
experiment. Sensor 1 behaved somewhat differently: just under
3 nm of the iron track corroded in the first 28 days at formic acid
concentrations up to 460 ppb and 80% RH. The sensor started to
corrode rapidly when air with 1000 ppb of formic acid was fed into
the chamber and 92 nm of iron corroded in this period of 14 days.
A further increase in the pollutant concentration up to 1590 ppb
Table 2
Corrosion rate of copper sensors after stabilisation in the presence of formic acid.

c(HCOOH) (ppb) Corrosion rate, vcorr (nm/day)

60% RH 80% RH

0 0.014 ± 0.003 0.010 ± 0.005
30–60 0.013 ± 0.003 0.013 ± 0.002
80–100 0.013 ± 0.002 0.009 ± 0.003
210–220 0.015 ± 0.003 0.012 ± 0.001
420–460 0.050 ± 0.014 0.053 ± 0.003
1000–1180 0.047 ± 0.011 0.051 ± 0.002
1550–1590 0.034 ± 0.005 0.143 ± 0.002
2880 0.043 ± 0.003 –



Fig. 6. Corrosion depth measured in air containing formic acid using three parallel
Fe-800 nm sensors (1, 2, 3); numbers give concentration of formic acid in ppb and
the relative humidity in per cent.
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caused an increase in the corrosion rate and 130 nm of iron cor-
roded in 6 days. At the end of the experiment, when the air aggres-
siveness was decreased, an additional 10 nm of iron corroded in
28 days.

The iron was initially in a passive state characterised by a neg-
ligible corrosion rate even at high RH. The passive layer failed
when the formic acid concentration reached a critical concentra-
tion of 1000–1590 ppb. Activation of the surface was accompanied
by localized corrosion in the form of thread-like red rust features
that spread progressively over most of the surface. Even so, small
areas without visible corrosion could be found at the end of the
experiment. Such behaviour explains the large scatter in the mea-
surements with the final corrosion depth of 148 ± 84 nm.

The behaviour of iron was clearly different from that of copper
or bronze and from that of the silver and lead tested previously
[19]. A concentration of at least 1000 ppb formic acid was needed
to activate iron. The corrosion rate before activation was either nil
or very low and irreproducible. The corrosion process progressed
rapidly once the surface activated at a rate of up to 41 nm/day.
When the formic acid concentration further decreased to 220,
100 and 0 ppb, the corrosion rates of previously-activated iron
dropped to 0.10 ± 0.09, 0.04 ± 0.03 and 0.02 ± 0.02 nm/day, respec-
tively. In experiments on other metals, the spread in measured cor-
rosion depths was lower than ±20% [19]. Indeed, the technique
requires corrosion to progress mainly uniformly to allow for calcu-
lation of corrosion depth from the ER record using Eq. (1). In any
case, the sensors clearly responded to aggressive environments
indicating that the technique has applications for corrosion moni-
toring even of non-uniformly corroding metals. It is also possible to
pre-corrode a sensor to avoid the induction period.
Fig. 7. Corrosion rates as a function of the relative humidity and carboxylic acid concen
acetic acid; experimental points: Nvcorr 6 0.015 nm/day, � 0.015 < vcorr 6 0.06 nm/day, j
4.2. Corrosivity limits for copper and bronze

A corrosivity classification for indoor atmospheres is defined in
the ISO 11844-1 standard [14]. Based on the mass loss or mass gain
of copper, silver, zinc and carbon steel coupons exposed for a year,
atmospheric corrosivity can be split into five classes from IC 1 –
Very low to IC 5 – Very high. This is practical since a threshold
maximal corrosivity for a given exhibition room, showcase or stor-
age facility, or for a given category of objects can be defined by
conservators, management or authorities notwithstanding the type
and quantity of pollutant present. The corrosivity classification
based on air reactivity monitoring can thus be used to describe
the quality of the atmosphere in general not just from the perspec-
tive of metallic materials [33].

The current measurements do not allow for the ISO 11844-1
classification due to several limitations. First and most important,
the experiments were significantly shorter than the 1 year
required by the standard. Because the mass gain or average corro-
sion depth of copper versus time curve usually has a parabolic
shape [34], any linear extrapolation of short-term measurements
can be misleading. Second, the response of the ER technique is
close to the maximal depth of corrosion attack [19,23] whereas
mass loss as assessed by the ISO 11844-1 standard corresponds
to the mean corrosion depth. Third, the corrosion properties of thin
metal films may differ from those of bulk metal. Fourth, a fresh
sensor would need to be exposed to each set of conditions to avoid
any effect due to corrosion films formed previously.

With the possible limitations in mind, the obtained corrosion
rates in nm/day were compared to threshold limits for copper cor-
rosivity classes calculated from mg/m2/year of mass loss as
described in the standard. Considering a constant corrosion rate,
the upper threshold values for IC 1 and IC 2 are 0.015 and
0.060 nm/day. Fig. 7a shows the measured corrosion rates as a
function of RH and formic acid concentration separated with iso-
corrosion curves corresponding to the limits given above. The
curves, which were calculated using the simplistic model of Eq.
(2), must be regarded as only approximate due to the small num-
ber of measurements.

There is no corrosivity classification for alloy materials. How-
ever, the threshold limits defined in the previous paragraph for
copper can be used for a rough estimation of the impact of the
environment on a-bronze. Charts showing regions with identical
corrosivity ranges as a function of the formic and acetic acid con-
centration and RH can then be constructed for bronze, see Fig. 7b
and c. The corrosion rate of bronze in acetic acid at 55% RH and
310 ppb was below 0.015 nm/day, so the point is correctly shown
as a triangle, although it falls above the iso-corrosion line.

Although bronze seemed to corrode more readily than copper in
identical amounts of formic acid in these experiments, it must be
stressed that the experiments were relatively short. Due to the
tration; (a) copper and formic acid; (b) bronze and formic acid; and (c) bronze and
vcorr > 0.06 nm/day; iso-corrosion curves are calculated from models (Eq. (2)).
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formation of stable SnO2, tin-bronze is usually somewhat more
resistant to corrosion than copper in both aqueous and atmo-
spheric exposure conditions [30,35,36]. Copper will dissolve pref-
erentially from the a-phase bronze and the remaining tin will be
incorporated into SnO2 outdoors [36]. It may be that the corrosion
reaction leading to a protective tin oxide patina is the one that was
measured in these short experiments. Additional experiments will
be needed to determine if the corrosion rate for bronze remains
higher than that of copper.

Since rates of corrosion processes are affected by the presence
of films of corrosion products, the experimental setup used here
with changing air composition during experiments does not pro-
vide information on the corrosion rate of fresh pieces of metal as
used for the ISO 11844-1 classification. The data in Fig. 7 may
not be valid for such fresh surfaces, although it should be kept in
mind that the exposure time required by the standard is a full year
and it is doubtful that conditions within a real environment will be
constant over that time. The goal of this work was to show that the
corrosion rate changes with variations in climatic parameters even
on previously-corroded surfaces and to assess the relative aggres-
siveness of the studied climates.
5. Conclusions

The effect of short-chain volatile carboxylic acids on the corro-
sion rate of copper and bronze was low up to the concentration of
200 ppb in air. Clear detrimental effects of the pollutants were
observed when the concentration of formic or acetic acid reached
about 300 ppb at an elevated relative humidity of 80% RH. The
metals were little affected by the acids at relative humidities of
up to 60%. The corrosion rates of both copper and bronze increased
rapidly after the introduction of the pollutants, but decreased
slowly for several days after their removal. The slow decrease
was likely due to a low rate of desorption of the acids from the
metal surfaces. The corrosion rate of bronze in the presence of for-
mic acid was slightly higher than that of copper, at least for short
time frames.

For iron, the critical concentration of formic acid in air at 80%
RH leading to surface activation and rapid corrosion was found
to be between 1000 and 1590 ppb.

The developed technology provided extreme sensitivity at the
sub-nanometer level allowing for real-time corrosion monitoring
in low-corrosivity indoor environments. Even small changes in
air corrosivity caused a change in the measured corrosion rate
within a short time.
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