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Abstract
Camphor wood is welcomed by museums due to its insect-repelling effect but the smell indicates a potential risk to the
collections. In order to judge the suitability of camphor wood as a museum storage material, typical camphor wood
(Cinnamomum camphora) samples aged for different years were evaluated by conducting the Oddy test. Gas
chromatography–mass spectrometry (GC-MS), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), and time
of flight–secondary ion mass spectrometry (ToF-SIMS) were applied to identifying the volatile organic compounds (VOCs)
emitted by the materials and the corrosion products, respectively. The results showed that the camphor wood samples led to
visible corrosion on copper and lead coupons. GC-MS indicated that the major VOCs emitted were terpenes and their derivatives,
while XRD, EDS, and ToF-SIMS provided various clues to the corrosion mechanisms. Pb10(CO3)6(OH)6O and CuO were
regarded as the major corrosion products of lead and copper coupons, respectively. The study provides the museum curators
and the conservators with abundant information to reassess the application of camphor wood to museums as well as a different
way to understand the mechanism of metallic corrosion caused by camphor wood.
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Introduction

The environment inside museums has received more attention
in recent years (Borrego and Molina 2019; Fabbri 2018; Lee
et al. 2011). Museum exhibition hall and storage room are a
special indoor environment in which both the health of human
beings and the safety of cultural objects should be considered
carefully. As a matter of fact, the latter is in many cases prior
to the former, especially when priceless collections are exhib-
ited or stored. Compared with the hall or the storage room, the
showcases or the storage boxes are more attractive to conser-
vators because they are a potential source of volatile com-
pounds which may directly affect the objects placed in the

micro environment. In fact, conservators try their best to take
more factors into consideration and introduce effective tech-
niques into conservation. Differing from natural disasters and
human errors, daily environmental factors impact on cultural
objects in a slow but irreversible way. Among various envi-
ronmental factors, the volatile corrosive compounds emitted
by storage or display materials have been investigated by the
British Museum since the 1970s (Oddy 1973). Many collec-
tions are sensitive to the volatile compounds, especially when
metallic objects are surrounded by acidic atmosphere, corro-
sion occurs significantly. A convenient method called as
Oddy test was developed in order to judge the suitability of
uncertain storage or display materials (Oddy 1973; Robinet
and Thickett 2003; Thickett and Lee 1996). In this accelerated
corrosion test, pure copper, silver, and lead coupons are
employed to simulate the cases of metallic objects. Higher
temperature (typically 60 °C) and relative humidity (approxi-
mately 100%) are set to accelerate the corrosion so that the
phenomenon can be observed in a 28-day period. Corrosion is
observed by naked-eye, which reflects the concentration of
volatile corrosive compounds and the suitability level of the
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potential materials, while the specific contaminants and the
corrosion mechanisms have to be given by other methods.

Wooden materials are welcomed by museums due to their
advantages in availability, air permeability, mechanical prop-
erty (high strength in spite of low density), and texture.
Camphor wood is especially favorable in many cases because
its smell is a natural insect repellant and a fumigant, which has
been approved since the era of Ancient Egypt and Babylon, as
well as in Europe in the Middle Ages (Chen et al. 2013). As a
valuable material preferred by ancient Chinese intellectuals,
camphor wood has also been applied to making storage boxes
in China for many centuries. Chinese people believe that cam-
phor wood is not only a sturdy material which can be used for
decades, but also an uncommon natural material useful for
repelling parasites and inhibiting microbes. This is also ac-
cepted by many traditional museums (Ding 2018; Li 2012).
Camphor wood is thus made into packaging boxes, storage
boxes, and showcases and it really offers protection against
insects and microbes in some cases (Jia et al. 2017; Li 2012).
Nevertheless, as a volatile mixture, the smell of camphor
wood indicates a potential risk to the collections, which may
lead to corrosion, degradation, deterioration, or other diseases
on the objects (Fu 1955; Jia et al. 2017). It is necessary to
evaluate the suitability of camphor wood as a museum storage
material and provide conservators with useful information so
that they can make correct decisions when camphor wood is
listed as a potential candidate.

In this work, the Oddy test was employed to judge the reli-
ability of camphor wood (Cinnamomum camphora) samples as
museum storagematerials.Cinnamomum camphora is a typical
species of camphor wood which is widely distributed in the
tropics and subtropics. The use of it is not just limited in the
source area but common all over the world through trade.
Modern instrumental methods including gas chromatography–
mass spectrometry (GC-MS), X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDS), and time of flight–
secondary ion mass spectrometry (ToF-SIMS) were applied
to identifying the volatile components emitted by the camphor
wood samples aged for different years and the corrosion prod-
ucts. The study gives themuseum curators and staffs substantial
information for making decisions on selecting storage mate-
rials, helps conservators understand the character of camphor
woodmore clearly, as well as provides environmentalists with a
new perspective to museums.

Materials and methods

Materials

Camphor wood (Cinnamomum camphora) materials were
collected from Jiangxi Province, China. Theywere respective-
ly aged for about 30, 50, and 100 years and have not been

processed through boiling or drying. The initial moisture con-
tents were 15.8%, 15.6%, and 15.6% for the camphor wood
materials aged for 30, 50, and 100 years, respectively. The raw
woodmaterials were cut into the same shape for the Oddy test.
Isooctane (analytical grade), and copper, silver, and lead foils
(99.9%) were purchased from Sinopharm Chemical Reagent
Company, China. Metallic coupons used in the present study
were obtained by cutting the raw metallic foils into the same
size (3.5 cm × 1.0 cm) (Thickett and Lee 1996). Isooctane was
used without further purification. Deionized water was used
throughout this work.

The Oddy test

The reliability of camphor wood samples was judged by
conducting an improved 28-day Oddy test. The preparation of
wood sample bricks and metallic coupons, the assembling of
experimental devices, and the testing process were based on
the reference (Shen et al. 2018). Typically, several customized
glass bottles equipped with ground glass stoppers were
employed. For each bottle, a thin iron wire was made into a
hanger and fixed inside the stopper. Specifically, the wire was
bent to the shape containing four sharp turnings, playing the role
as holding three coupons. For eachmaterial, about 2.0 g ofwood
sample was put into the bottle first. Then, a 2-mL glass tube was
filled with deionized water, plugged with a small ball of cotton
wool, and then placed into the bottle. The small tube was kept
standing during the test. Three cotton strings were threaded
through the holes punched on a copper, a silver, and a lead
coupon, respectively, and then tied in the sharp turnings of the
hanger. After that, the bottle was plugged with the stopper.
Coupons were kept away from each other, as well as from the
sample and the small tube. The joint between bottle and stopper
was coated by two layers of parafilm. Thus, a typical experi-
mental vessel was assembled. Also, the control vessel was as-
sembled like this but without adding material samples. The ves-
sels were then moved into a Memmert HPP 750 thermo-
hygrostatic chamber to conduct the Oddy test. The temperature
and the relative humidity inside the chamber were respectively
set as 60 °C and 40% in order to accelerate the corrosion and
promote the evaporation of water stored in the small tube while
prevent the metallic chamber from being affected by high rela-
tive humidity. The typical device is shown in Fig. 1.

Identification of the volatile compounds

Volatile compounds emitted by the wood samples were identi-
fied using an Agilent 7890B-5977B gas chromatography–mass
spectrometer (GC-MS) through solid-phase micro-extraction
(SPME). The SPME conditions are as follows: device: CTC
3-in-1 automatic sampler; fiber: 50/30 μm CAR/DVB on
PDMS; temperature: 50 °C; time: shaking for 15 min and
extracting for 30 min; shaking rate: 250 rpm; desorption time:
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5 min; GC cycling time: 50 min. GC-MS conditions: column:
DB-wax (30 m × 0.25 mm × 0.25 μm); inlet temperature: 260
°C; split mode: splitless; carrier gas: helium (99.999%); flow: 1
mL min−1; column temperature: held at 40 °C for 5 min, then
increased to 220 °C at 5 °Cmin−1, and then increased to 250 °C
at 20 °C min−1 and held for 2.5 min; interface temperature: 260
°C; ionization temperature: 230 °C; quadrupole temperature:
150 °C; ionization mode: EI+, 70 eV; scanning mode: full scan;
mass range: 20–400; spectra database: NIST 2014.

The total volatile organic compound (TVOC) emitted by
each wood sample was measured using a RAE PGM-7340
portable TVOC analyzer in a 16-L closed desiccator with
2.0 g of wood sample.

Identification of the corrosion products

Coupons were analyzed using a Rigaku SmartLab X-ray dif-
fractometer (target: Cu Kα; voltage: 40 kV; current: 100 mA)
in situ to identify the corrosion products adhered to the coupon
surface when the Oddy test was finished. An Oxford INCA
energy dispersive X-ray spectrometer was employed to detect
the relative contents of elements existed on the coupon surface
(voltage: 10 kV, under which the elements can be detected
effectively while the substrate of metallic coupons can be
prevented from being scanned to the greatest extent possible).
Species adhered to the coupon surface were identified using
an ION-TOF GmbH ToF-SIMS 5 instrument (primary ion:
Bi3

++; voltage: 30 kV; raster area: 200 μm × 200 μm).

Results and discussion

Coupon appearances

Coupon appearances before and after the Oddy test are shown
in Fig. 2. Corrosion was observed on lead and copper

coupons, while the silver coupons maintained the initial con-
ditions in general. It is easy to find that the corrosion level of
lead coupons increased along with the aging of camphor
wood, which was in accord with the monotonic increasing
tendency of the corresponding TVOC values (see below);
while in the case of copper, the corroded coupons showed
partly discolored surfaces compared with the control.
According to the reference (Thickett and Lee 1996), materials
are classified based on the degree of corrosion of the corre-
sponding metallic coupons. Specifically, materials are judged
unusable if severe colorful corrosion is observed on the cor-
responding lead coupon, or clearly black/green corrosion or
loss of polish is observed on the corresponding copper cou-
pon; while judged temporarily usable if slight overall corro-
sion or a few very localized spots are observed on the lead
coupon, or slight discoloration is observed on the copper cou-
pon compared with the control; and the final overall judgment
is based on the worst single judgment result for the three
coupons. In comparison with the lead coupons for other wood
samples, the lead coupon for the wood sample aged for 100
years produced larger corrosion spots with darker color, which
was especially conspicuous in the affected coupons.
Therefore, the wood sample aged for 100 years was judged
to be unusable, while the other two wood samples were
regarded as temporarily usable.

Species and amount of the volatile compounds

Major volatile compounds identified by GC-MS are listed
in Table 1. The TVOC values were 600, 670, and 780 ppb
for the wood samples aged for 30, 50, and 100 years,
respectively. According to Table 1, terpenes and their de-
rivatives occupied a predominant part of the volatile spe-
cies emitted by the samples. These matters are typical
volatile organic compounds (VOCs) which produce aroma
and play the role of repelling insects and inhibiting

Fig. 1 The typical experimental
device used in this study

46460 Environ Sci Pollut Res  (2021) 28:46458–46468



microbes. Specifically, D-(+)-Camphor and Eucalyptol
were detected as major compounds in all the three cases.
During the whole aging period of the camphor wood ma-
terial, both the relative contents of D-(+)-Camphor and
Eucalyptol increased to the top at about the fiftieth year,
and after that, they decreased to lower values. D-(+)-
Camphor did not hold the first place in data for the wood
sample aged for 100 years; instead, α-Copaene occupied
the position. Such differences may have direct or indirect
effects on corrosion and other chemical reactions on me-
tallic coupons for different wood samples. On the other
hand, as the most important lower fatty acid, acetic acid is
also the commonest volatile component emitted by many
wooden materials (Tétreault et al. 1998). Since acetic acid
emitted only occupied 0.08%, 0.01%, and 0.05% of the
total peak area for the wood samples aged for 30, 50, and
100 years, respectively, acetic acid was not significant in
both relative and absolute concentrations in the camphor
wood samples. Other typical lower fatty acids such as
formic acid and propionic acid were more hardly detected,
indicating that lower fatty acids did not occupy an impor-
tant position in the volatile compounds. Furthermore, less
common acidic volatile compounds including inorganic

acids and carboxylic acids with more complex structures
were also hardly detected.

Since VOCs were more significantly detected than acids, it
is even more debatable to apply the camphor wood material to
the conservation of ancient organic objects like documents or
fabrics than metallic objects. The reference (Jia et al. 2017)
shows that paper deteriorates when camphor wood is used as
the storage material, which is noteworthy for conservators
from both eastern and western museums. Therefore, although
the application of camphor wood may be helpful for repelling
harmful insects and inhibiting microbes (Wang et al. 2019;
Wu et al. 2019), further and deeper studies are required if that
influence on the condition of ancient organic objects is to be
understood more clearly.

Corrosion products

Coupon phases identified by XRD are shown in Fig. 3.
Pb10(CO3)6(OH)6O (JCPDS 19-0680) was identified as the
corrosion product of lead coupons affected by the camphor
wood samples, but no new significant diffraction peaks were
found on the patterns for copper and silver coupons. Differing
from the fact that silver is resistant to certain severe

Table 1 Major compounds
emitted by the camphor wood
(Cinnamomum camphora)
samples. Data listed are
successively the peak area (%)
and the reliability value (%)

No. Constituent

30 years sample 50 years sample 100 years sample

1 D-(+)-Camphor (12.71) (96) D-(+)-Camphor (19.97) (98) α-Copaene (14.60) (99)

2 Nerolidol (9.99) (83) Eucalyptol (17.47) (97) Eucalyptol (10.14) (93)

3 α-Terpineol (7.52) (90) (-)-α-Santalene (16.91) (99) D-(+)-Camphor (9.88) (98)

4 Safrole (6.60) (96) (-)-β-Santalene (8.50) (83) β-Elemene (7.91) (62)

5 L-(-)-Camphor (5.91)(91) (E)-β-Famesene (7.28)(60) α-Terpineol (6.94)(94)

6 α-Humulene (4.71) (93) Safrole (4.35) (98) (+)-δ-Cadinene (5.16) (96)

7 Eucalyptol (4.47) (94) m-Cymene (2.13) (94) α-Humulene (3.60) (81)

8 Terpinen-4-ol (3.83) (90) 3-Carene (1.64) (60) 7-epi-α-Eudesmol (2.50) (64)

9 (+)-δ-Cadinene (2.74)(95) β-Bisabolene (1.62)(95) cis-Calamenene (2.37)(94)

10 cis-Calamenene (2.49) (96) β-cis-Ocimene (1.56) (72) (-)-Alloaromadendrene (2.22) (93)

Fig. 2 Coupon appearances. a Initial. b Control coupons at day 28. c Affected by the camphor wood sample aged for 30 years. d Affected by the
camphor wood sample aged for 50 years. e Affected by the camphor wood sample aged for 100 years
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environmental conditions, the failure of detecting the corro-
sion products of copper coupons was more likely to be attrib-
uted to their low yields. The recognition of them has to be
achieved by other methods.

The EDS results provided semi-quantitative information
about the relative content of elements involved in the corrosion.
As shown in Table 2, C and O were commonly detected on the
coupon surface, which may be originated from the VOCs emit-
ted by the camphor wood samples, the corrosion products, or
the chamber contaminants. It can be seen that for the original
control coupons, both C% and O% values were around 5%.
Compared with that, an increasing was observed in both values
of C% and O% for the copper control coupon after the Oddy
test, indicating the normal oxidation of copper during the Oddy
test (Thickett and Lee 1996); while for the affected copper

coupons, the increasing was more significant, which indicates
the corrosion caused by the VOCs. Considering that the in-
creasing of O%was obvious and the corroded position featured
a black appearance, it is reasonable to deduce that tenorite
(CuO) was the most likely corrosion product of the copper
coupons. In the case of Ag, the increasing of both C% and
O% values was also observed, but much less significant than
that in the case of Cu, especially for C%, implying that carbon-
ates or organics were unlikely the corrosion products of the
silver coupons, while the increasing of C% for the affected
copper coupons compared with the copper control may include
both the adsorbed VOCs and the carbonates or organics (as
corrosion products). On the other hand, element S was not
significantly detected in the case of Ag, indicating that sulfides
were not the noteworthy corrosion product of the silver cou-
pons. In the case of Pb, the increasing of C% and O% values
was similar to that in the case of Cu. Compared with the initial
condition, the lead control showed a higher C% after the Oddy
test, which means the normal conversion of lead during the
Oddy test, probably producing carbonates (Peng 2003). This
phenomenon was more significantly observed on the affected
lead coupons, implying further carbonation of lead.

The atomic % values of the metallic elements are use-
ful for determining the corrosion products. The atomic %
values of Cu or Pb in several pure corrosion products are
listed in Table 3. When copper is corroded through the
route: Cu → Cu2O → CuO (see “Corrosion mecha-
nisms” below), it can be found that the Cu% value for
the corrosion products presents a monotonic decline.
The theoretical values (66.7% and 50.0%) can be used
as critical values for differentiation of the corrosion
stages of copper. For instance, the copper control cou-
pon after the Oddy test was regarded as corroded be-
tween the stages of Cu and Cu2O, while the affected
copper coupons were corroded between the stages of
Cu2O and CuO. This deduction is based on the fact that
all the other corrosion products of copper are less stable
and are converted into Cu2O and CuO under the exper-
imental conditions. In other words, CuO can be regarded
as the final corrosion product of copper, and simulta-
neously the simplest chemical formula having the

Fig. 3 Coupon phases identified by XRD. a Copper. b Silver. c Lead

Table 2 Relative contents (atomic %) of the elements detected on the
coupon surface

Coupon C (%) O (%) Cu (%)

Cu Control, day 0 6.31 3.44 90.25

Control, day 28 9.81 11.98 78.21

Affected by the 30a sample, day 28 16.47 26.23 57.30

Affected by the 50a sample, day 28 15.20 29.04 55.76

Affected by the 100a sample, day 28 16.39 25.60 58.01

Coupon C (%) O (%) Ag (%)

Ag Control, day 0 5.16 5.02 89.82

Control, day 28 5.87 7.99 86.14

Affected by the 30a sample, day 28 6.73 8.72 84.55

Affected by the 50a sample, day 28 7.38 9.58 83.04

Affected by the 100a sample, day 28 6.91 11.86 81.23

Coupon C (%) O (%) Pb (%)

Pb Control, day 0 5.83 4.74 89.43

Control, day 28 8.05 9.33 82.62

Affected by the 30a sample, day 28 11.65 57.87 30.48

Affected by the 50a sample, day 28 11.36 59.09 29.55

Affected by the 100a sample, day 28 15.98 57.12 26.90
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highest Cu% value among the Cu(II) corrosion products,
thus if the Cu% is measured as a value < 50.0%, active
corrosion products (such as malachite, copper hydrox-
ide, and copper acetate) must be included. In the case
of Pb, the Pb% in the corrosion products is usually a
low value if lead is corroded completely according to
the theoretical equations. This case is totally different
from the case of Cu, as the lead oxides (PbO, Pb3O4,
Pb2O3, and PbO2) are unlikely to be permanently stable
under the experimental conditions (Tétreault et al.
1998), and thus the Pb% cannot be a higher value.
Based on this, when lead is corroded through the route:
Pb → Pb(OH)2 → Pb10(CO3)6(OH)6O (see “Corrosion
mechanisms” below), the Pb% value is around 20.0%
after lead is completely converted into Pb(OH)2 if no
side reactions happen. The measured Pb% values for
the affected lead coupons were higher than the theoreti-
cal value, which was related to the feature of EDS, as
element H composing certain corrosion products of lead
cannot be detected by this characterization; also, it may
be caused by the detection of the lead substrate (incom-
plete conversion). For the lead coupon affected by the
camphor wood sample aged for 100 years, the larger size
of the corrosion product particle may lower the possibil-
ity of detecting the substrate by chance. It should be
noticed that the halogens are ruled out of consideration
in both the cases of Cu and Pb, otherwise the above
calculation will be inapplicable. This rule is reasonable
in the Oddy test because both volatile inorganic and or-
ganic halogens are uncommon in the volatile compounds
emitted by most potential materials. Similarly, the pos-
sibility of other non-metallic elements except O and S is
also ignored because most non-metallic elements are ei-
ther inactive or uncommon in air or in the volatile

compounds, while oxygen is the primary oxidant in air
and plays the key role in many corrosion cases in the
Oddy test, and sulfur should only be considered when
absolutely necessary.

Last but not least, the EDS results should only be regarded
as a reference rather than an absolute standard, because the
measurement accuracy is commonly influenced by some fac-
tors such as working voltage and chamber cleanliness which
make EDS a semi-quantitative characterization in most cases.
Typically, lower working voltage may lead to the failure of
detecting heavy elements, while excessive working voltage
may cause the detection of additional elements located at the
substrate; chamber contaminants and other substances
adsorbed on the sample surface may also lead to the detection
of additional elements such as C and O. It can be seen from
Table 2 that the Cu/O ratios for the affected copper coupons
were close to 2:1 rather than 1:1, which may cause a miscon-
ception to assume that Cu2O was the predominant surface
oxide, but actually it was probably caused by the combined
effect of surface adsorption of VOCs (thus C% relatively in-
creased while O% relatively decreased) and detection of ad-
ditional pure metals from the coupons (thus metal % relatively
increased). In a word, a general judgment of the corrosion
stage using EDS is based on reasonable interpretation of the
measured data.

The secondary ion mass spectra (negative, m/z = 5–100) for
copper, silver, and lead control coupons and those affected by the
camphor wood aged for 100 years after the Oddy test are shown
in Figs. 4, 5, and 6, respectively. It should be noticed that ToF-
SIMS only reflects the information about the species adhered to
the coupon surface while GC-MS characterizes all the volatile
compounds emitted. It can be seen that for each kind of coupon,
the two spectra were similar in general, but for each ion species,
the intensity values differed; meanwhile, different kinds of cou-
pon showed quite different intensity values at some critical m/z
positions. Subtle clues hidden in complex phenomena can be
found by comparing the corresponding peaks carefully. For ex-
ample, the intensity value for CO3

− (m/z = 60) detected on the
affected lead couponwasmuch higher comparedwith that on the
control, while the corresponding values for copper and silver
were generally constant and the absolute valuesweremuch lower
than in the case of lead. This result indicates that carbonates
tended to emerge from the lead coupon surface in air, and this
process was significantly promoted during the Oddy test when
the camphor wood was coexisted, which was in accord with the
detection of Pb10(CO3)6(OH)6O in XRD result. The other infor-
mation obtained was the content of surface oxygen on different
coupons. It can be found that for the three kinds of coupon, the
order of the intensity values atm/z = 16 (O−) was Pb > Cu > Ag,
which was in accord with the order of metal activity, reflecting
the difference of affinity for oxygen. Last but not least, it is
noteworthy that for the affected lead coupon, the intensity values
atm/z = 45 (CHO2

−), 59 (C2H3O2
−), and 73 (C3H5O2

−) (both the

Table 3 Atomic % values of Cu or Pb in several pure corrosion
products

Chemical formula Atomic ratio
of metal (%)

Cu 100.0

Cu2O 66.7

CuO 50.0

Cu(OH)2·CuCO3 20.0

Cu(OH)2 20.0

Cu(CH3COO)2 6.7

Pb 100.0

Pb(OH)2 20.0

Pb(OH)2·2PbCO3 20.0

Pb10(CO3)6(OH)6O 21.3

PbCO3 20.0

Pb(CH3COO)2 6.7
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difference values were 14, indicating a –CH2 group) were signif-
icantly higher than the corresponding values for the lead control,
while in the cases of copper and silver, the values for the affected
coupons were even lower than those for the corresponding con-
trol coupons, which may be related to the intrinsic corrosion
mechanisms. According to the reference (Tétreault et al. 1998),
the peaks imply the existence of formate, acetate, and propionate
groups, whichmay be originated from the intermediate corrosion
products. Meanwhile, there still remained some peaks which
cannot be definitely recognized due to the complexity of the
secondary ion mass spectra. On the other hand, compared with
the lower mass range spectra, the spectra of mass range 100–800
were much more complicated while the intensity counts for each
secondary ion species were much lower, thus deeper studies as
well as more experiences on recognizing critical details are re-
quired for extracting meaningful information from the higher
mass range spectra.

Corrosion mechanisms

Although silver is usually regarded as a noble metal, silver
surface is easy to react with some non-metallic species in air
(Costa 2001). Tarnishing is the commonest form of silver
corrosion, which typically appears as a brown or even black
film under severe conditions. The innate character of
tarnishing is the formation of silver sulfide (t’Hart et al.
2016). Typical reactions occurring in the tarnishing are listed
as follows (Costa 2001):

4Agþ O2→2Ag2O ð1Þ
Ag2Oþ H2S→Ag2Sþ H2O ð2Þ

According to the literature (Costa 2001), the whole process
is promoted by high humidity, which coincides with the con-
dition of the Oddy test. In fact, tarnishing is also an important
evidence for judging the corresponding material unusable or

Fig. 4 Secondary ion mass
spectra (negative, mass range =
5–100) for the copper coupons at
day 28. a Control. b Affected by
the camphor wood sample aged
for 100 years
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temporarily usable in the Oddy test (Thickett and Lee 1996).
Since tarnishing was not observed on the silver coupons, it is
confirmed that H2S was not a significant factor in this study.
Mineralization, localized corrosion, selective corrosion, and
stress-induced corrosion are regarded as less common types
of silver corrosion (Costa 2001).

As a weak-metallic element, lead tends to be corroded into
Pb(OH)2 in air through the oxygen absorption process (Peng
2003). Then, carbon dioxide participates in the reactions, produc-
ing Pb10(CO3)6(OH)6O [which is also written as 3Pb(OH)2·
6PbCO3·PbO]. The whole process is promoted by the

combination of high temperature and high relative humidity
which coincides with the experimental conditions of the acceler-
ated corrosion test. The relevant reactions can be generalized as
follows:

2Pbþ O2 þ 2H2O→2Pb OHð Þ2 ð3Þ
10Pb OHð Þ2 þ 6CO2→3Pb OHð Þ2 � 6PbCO3 � PbO

þ 7H2O ð4Þ

Another route to producing Pb10(CO3)6(OH)6O was given
in the reference (Tétreault et al. 1998):

Fig. 5 Secondary ion mass
spectra (negative, mass range =
5–100) for the silver coupons at
day 28. a Control. b Affected by
the camphor wood sample aged
for 100 years
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2Pbþ O2→2PbO ð5Þ
3PbOþ 2CH3COOH→Pb CH3COOð Þ2 � 2PbO � H2O ð6Þ
3 Pb CH3COOð Þ2 � 2PbO � H2O
� �þ 6CO2 þ 3H2O

þ PbO→3Pb OHð Þ2 � 6PbCO3 � PbOþ 6CH3COOH ð7Þ

The role of acetic acid in Eq. 6 can be replaced by other
lower fatty acids such as formic acid and propionic acid. In
fact, it can be found that the generation of Pb10(CO3)6(OH)6O
is not related to acids or other special substances but the com-
mon elements in air when combining Eq. 6 with Eq. 7:

10PbOþ 6CO2 þ 3H2O→3Pb OHð Þ2 � 6PbCO3 � PbO ð8Þ

Both Eq. 8 and Eq. 4 indicate that acids are unnecessary in
the corrosion of the lead coupons, but they can promote the
process.

The corrosion route of copper is even more complex com-
pared with the case of lead. Acids, air, and water play requisite
roles in the conversion. According to the reference (Shen et al.
2018), the key reactions can be generalized as follows:

2Cuþ O2 þ 2Hþ þ 2e→Cu2Oþ H2O ð9Þ

Fig. 6 Secondary ion mass
spectra (negative, mass range =
5–100) for the lead coupons at
day 28. a Control. b Affected by
the camphor wood sample aged
for 100 years
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Cu2Oþ H2O→2CuOþ 2Hþ þ 2e ð10Þ

Lower fatty acids are traditionally regarded as the main
body of acids participating in these reactions. In fact, when
Eq. 9 is combined with Eq. 10, it can be found that acids only
play a catalytic role in the overall reaction:

2Cuþ O2→2CuO ð11Þ

Thus, acids are unnecessary in the corrosion processes of
lead and copper expressed by Eqs. 4, 8, and 11, which is in
accord with the above result that acetic acid, the most typical
lower fatty acid, was not significant in both relative and abso-
lute contents. Nevertheless, the existence of acids promotes
the corrosion processes.

Acids participating in these reactions may also have other
sources. It is well known that ozone is efficient in oxidizing
terpenes in the troposphere and one major product is carbox-
ylic acids (Atkinson and Arey 2003; Calogirou et al. 1999).
The typical reactions can be written as follows:

NO2 þ hν→NOþ O 3P
� � ð12Þ

O 3P
� �þ O2→O3 ð13Þ

CH2 ¼ CH2 þ O3→CH2OO � þHCHO ð14Þ
CH2OO � þH2O→HOCH2OOH ð15Þ
HOCH2OOH→HCOOHþ H2O ð16Þ

The indoor environment is totally different from the tro-
posphere, but some studies show that unsaturated terpenes
have a high potential to react with ozone indoors and carbox-
ylic acids are produced as a result as well (Weschler and
Shields 1997; Wolkoff et al. 1997; Wolkoff et al. 2000).
Since the Oddy test was performed in a thermo-hygrostatic
chamber without lighting, ozonewas unlikely to be originat-
ed directly from the photolysis of NO2; rather, it was more
likely to be generated mainly from electrical discharging ac-
cording to the reference (Weschler 2000). The factors
influencing the indoor ozone concentration include the in-
door ozone source, the outdoor ozone concentration, the
indoor-outdoor air exchange rate, the indoor ozone remove
rate, and the ozone-related reactions in air. As an essential
element for producing ozone, electrical equipment was
available in this study.However, the corresponding oxidized
products, the carboxylic acids, or the corresponding carbox-
ylates, were not reflected significantly by GC-MS or ToF-
SIMS, which may be due to rearrangement, decomposition,
or other complex organic reactions.

The role of terpenes and their derivatives in the corrosion of
collections is crucial to museums but it has not been adequate-
ly recognized and studied. One reference (Oikawa et al. 2005)
shows that artifact materials made of iron, copper, or some
inorganic pigments are strongly affected by the wooden

interior materials used in museum storage rooms. Hinokitiol,
a species of terpene derivative, together with acetic acid, is
regarded as the causal component emitted by the wooden
materials influencing the artifacts. In the following study
(Oikawa et al. 2006), the role of Hinokitiol and acetic acid is
further confirmed, and the importance of studying the role of
specific VOCs other than acetic acid, the most concerned cor-
rosive substance by museums (Ghiara et al. 2014), is empha-
sized, while there still remains some interesting points such as
the conversion mode of Hinokitiol, the corrosion process of
the artifact materials and the investigation of other unknown
causal components. In a word, it is interesting to further study
the corrosion mechanisms in the wooden storage material–
cultural object systems (typically, the VOCs-metal system).

Conclusions

Although camphor wood is useful for repelling insects, it is
unsuitable to be permanently used as a museum storage ma-
terial, especially for the conservation of objects composed of
copper, lead, or any active metals. The corrosion is probably
promoted by traces of acids emitted by the camphor wood
samples, which is a big challenge to the researchers trying to
modify camphor wood to a more reliable material and may
advance the tendency of abandoning wooden storage mate-
rials in museums. The catalytic role of acids in the corrosion
requires more attention from museums on a global level. The
predominant VOCs emitted by the camphor wood
(Cinnamomum camphora) samples are terpenes and their de-
rivatives, typically D-(+)-Camphor (in the samples aged for
30 and 50 years), Eucalyptol (in the samples aged for 50 and
100 years), and α-Copaene (in the sample aged for 100 years).
Each of the three components occupies at least 10% of TVOC
emitted by the corresponding camphor wood samples. With
traces of ozone coexisted, terpenes have a high potential to be
oxidized to carboxylic acids which may also promote the cor-
rosion, especially on lead and copper. The main corrosion
products of lead and copper coupons are Pb10(CO3)6(OH)6O
and CuO, respectively. As advanced instrumental methods,
ToF-SIMS is helpful for deeper understanding of the corro-
sion process, while EDS provides useful information for gen-
erally judging the corrosion stage of the metallic coupons. The
relations among volatile compounds, metallic coupons, and
the environmental factors in the system need further
investigations.
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