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We discuss the effectiveness of a lead tetradecanoate coating on lead to protect against harmful volatile
organic compounds emitted from oak. The oak volatile organic compounds were characterized by GCMS
and the major constituent was found to be acetic acid. Under the test conditions, the coating decreases
the rate of corrosion by up to 75% compared to bare lead. The thickness of corrosion products on the
sample was also calculated thus demonstrating the power of the time-lapse synchrotron radiation
X-ray diffraction technique to deliver a quantitative estimate of the effectiveness of the coating.
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1. Introduction

The release of volatile organic compounds (VOCs) from oak is a
result of the biodegradation and metabolic processes within the
wood [1,2]. The interaction between lead (and its alloys) and oak
can be found in many cultural heritage contexts where the materi-
als coexist in the same environment. For example, within a pipe
organ, the lead-rich pipes can react with VOCs emitted by the
oak wind chest [3–7] causing degradation of the pipe structure
through pitting and cracking. As a consequence this can lead to a
substantial loss of timbre within the instrument.

Other examples of VOC sources in cultural heritage contexts are
found within museum display cases. Although many modern dis-
play cases attempt to explicitly omit wood and other VOC sources
from their structure [8–11], antique wooden cases which have
their own heritage value can still be found in use.

Long-chain carboxylic acids have been studied for possible use
as protective coatings for heritage metals [12–16] as well as
ancient building materials [17]. An aqueous solution of sodium
carboxylates had been suggested by Rapin and co-workers [18]
as a possible coating for heritage lead. Carboxylic acids CH3(CH2)-
n�2COOH, where 12 6 n 6 18, are virtually odorless but have lim-
ited or no solubility in water. In what follows we abbreviate
these to Cn. Rocca and co-workers [19] deposited tetradecanoic
acid (C14) onto lead using the sodium salt of the carboxylate. The
procedure for forming this coating was found to be complex due
to the exact conditions required for layer formation [14,20].

We focus on exploiting the solubility of the carboxylates in eth-
anol as an alternative route for depositing long chain carboxylates
onto lead. Not only does this simplify the deposition compared to
the aqueous method but also it avoids possible corrosive effects
from sodium salts used during the aqueous deposition method.

Tetradecanoic acid is highly soluble in ethanol (48.7 ± 0.5 g/
100 mL) and, importantly for its potential as a conservation treat-
ment, it is inexpensive and of low toxicity. It is widely used in
pharmacology and the preparation of cosmetics.

The ethanolic solution is easy to produce and can be applied
to metal surfaces by a variety of methods (dipping, painting,
spraying). The carboxylic acid solution is applied to the lead
surface and simply dried in air to form a uniform, near-invisible
coating which we shall show is principally lead tetradecanoate
(Pb(C14H27O2)2). The aim of this study is to measure the effective-
ness of lead tetradecanoate as a protective coating against atmo-
spheres polluted with oak-emitted volatile organic compounds in
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enclosed and unventilated atmospheric environments. X-ray dif-
fraction (XRD) measurements are used to identify corrosion prod-
ucts and observe the evolution of surfaces in real time and gas
chromatography mass spectrometry (GC–MS) is used to identify
the specific VOCs to which the samples were exposed.
2. Experimental

2.1. GC–MS of oak VOCs in the eCell

The eCell was set-up with an acrylic dummy sample holder in
lieu of a lead sample and the oak environment created as described
in the previous section with the humidity generator providing a
relative humidity of 75%. The closed eCell environment was
allowed to equilibrate for one hour prior to sampling. A custom-
made septum plug attached a Restek IceBlue� Septa to the cell
allowing collection of VOCs using a solid-phase microextraction
(SPME) tip assembly (DVB/CAR/PDMS; 24 ga needle size; RS
57348-U, Restek, US). The tip was cleaned prior to exposure in
the cell by running it three times through the GC–MS. It was then
exposed to the environment within the cell for 5 min, 20 min or 3 h
before being manually injected into the GC–MS (SCION-SQ™,
Bruker). This involved exposing the fiber tip within the GC injector,
which was kept at a constant temperature of 250 �C.

The resulting VOC gas sample was then split in the injector with
a ratio of 1:10, allowing only one tenth of the sample through the
column in order to sharpen the peaks on the eventual chromato-
gram. An initial column temperature of 50 �C was held for the first
minute of the sample run, following which it was heated at a con-
stant rate of 20 �C per minute to a maximum of 280 �C before being
held constant for a further 2.5 min. This temperature profile was
used to separate the different VOCs desorbed from the SPME fiber
tip according to molecular weight, volatility and polarity before
they were transmitted to the detectors.

2.2. Lead coupon preparation

Lead coupons with a diameter of 13 mm were pressed from
2 mm thick 99.95% lead metal sheet (Goodfellow Ltd., Cambridge,
UK) and machined in an oil-free environment to a diameter of
12.5 mm.

One surface was then polished and cleaned using a protocol de-
signed to eliminate as much preparation-related contamination as
possible. This is as follows: The lead surface was polished by hand
using a damp abrasive disc (BuehlerMet II �) to remove visible sur-
face defects and to expose a fresh metal surface. Coupons were
then polished using a sequence of diamond polishes with decreas-
ing particle sizes (6 lm, 3 lm, 1 lm Buehler MetaDi � polycrystal-
line diamond suspension). A polishing cloth (Buehler MicroCloth �)
was saturated with the appropriate diamond suspension. A cus-
tom-made jig fitted to an automatic polisher (Buehler Minimet �

1000) was used to hold the coupons in place during automated
polishing. Coupons were polished for 15 min using each diamond
suspension followed by rinsing with 2-propanol (99.5%, reagent
grade) and cleaning in 2-propanol for 5 min in an ultrasonic bath.
After polishing with the 1 lm diamond suspension, the coupons
were ultrasonically cleaned in 2-propanol for 3 � 5 min, with fresh
propanol for each cleaning cycle. Polished coupons were stored in
2-propanol until required.

2.3. Coating preparation

Tetradecanoic acid (1.14 g, 5 mmols, P98% purum, Fluka Ana-
lytical) was dissolved in ethanol (100 mL, 99.99% reagent grade)
to make a 0.05 M solution. Polished lead coupons were coated by
immersing them in this solution overnight in a sealed beaker and
then allowing them to dry naturally in air.

2.4. Ex situ experiments

To study some longer-term effects of oak VOCs on the coated
lead, an oak polluted environment was created within a desiccator
with a total volume of 800 cm3. A total of 150 cm3 of a saturated
solution of sodium chloride at the base of the desiccator created
an elevated relative humidity (RH): up to 75% for the ambient test
temperatures (18–20 �C) [21]. Coated and uncoated lead samples
were placed on a shelf alongside thirteen 1 cm3 oak cubes within
the desiccator for 2, 7 and 30 days. Coated and uncoated reference
samples were simply left covered in air for the same period of time.
The oak cubes were cut from a piece of contemporary oak (Quercus
sp.) on a fine band saw to expose a fresh oak surface. The ratio of
the oak surface area to air volume was 0.12 cm�1.

Ex situ XRD measurements of samples exposed for 30 days to
oak and laboratory air were taken on a PANalytical X’Pert Pro
X-ray MRD X-ray powder diffractometer equipped with a curved
Johansson monochromator giving pure Cu Ka X-rays at a wave-
length of 1.540598 Å and a PIXcel detector allowing for faster data
acquisition. The X-ray beam width was controlled using an auto-
matic divergence slit to give a fixed 9 mm by 5 mm footprint on
the sample. A 70 min h – 2h scan from 1� to 70� 2h with a step size
of 0.0132� 2H was performed on each sample. Other ex situ mea-
surements were performed using a Siemens D5000 diffractometer
using Cu Ka X-rays with a wavelength of 1.5405 Å with a scintilla-
tion counter detector. A 185-min scan from 1� to 70� 2h with a step
size of 0.02� 2H was performed on each sample.

2.5. In situ experiments

Time-lapse in situ XRD measurements took place on a the DUB-
BLE beam line, ESRF within the eCell Mk IV, whose prototype is de-
scribed elsewhere [22]. The eCell was created for in situ
measurements on a synchrotron beam line and is designed to host
a range of liquid or gaseous environments.

The largest possible oak annuli, which could fit into the eCell
without obstructing the mechanism, were made. The objective
was to achieve the highest partial pressure of VOCs in the shortest
time with an oak surface area to cell volume ratio of 0.6 cm�1 so as
to observe the effects on a time-scale compatible with a synchro-
tron experiment. The dimensions were: outside diameter 4.1 cm,
inside diameter 2 cm, height 0.7 cm. After machining, the annuli
were stored in a sealed container. A separate annulus was used
for each experiment described below. A relative humidity of up
to 75% was produced within the eCell by attaching a specially de-
signed environment generator containing the saturated sodium
chloride solution to one of the cell ports (see Fig. 1).

Two experiments are reported here: In the first, a coated lead
coupon was exposed to oak VOCs from the annulus for 14 h with
humidity controlled by the environment generator described
above. In the second, a similar experiment was carried out on bare
lead for 7 h. In this case oak VOC exposure was at the ambient RH
of around 50%. Samples were placed on a sample holder within the
cell, so that they could be automatically positioned around 200 lm
from the X-ray window during XRD acquisition and then retracted
to allow the environment unrestricted access to the surface.

Time-lapse interactions of lead samples with oak VOC
atmospheres were studied using synchrotron X-ray diffraction
(SR-XRD) at DUBBLE [23] (station BM26A, ESRF, Grenoble, France).
X-rays with a wavelength of 1.5498 Å were incident at 10� to the
surface producing a footprint of 1 mm � 200 lm. A Mar CCD 165
(Mar USA Inc., Evanston, IL, USA) 2D detector was used to record
2D diffraction patterns of the corroding lead surface. The axis of



Fig. 1. The set-up on the DUBBLE beamline for time-lapse XRD of the effect of oak VOCs on the lead tetradeconate coating using the eCell MkIII and the Mar camera. The eCell
is shown here with a Kapton window held in place by an O-ring. An oak annulus and an environment generator (cylinder, top) provide the corrosive environment.

Table 1
List of VOCs detected from oak within the eCell at 75% RH at various tip exposure
times using GC–MS.

Time
(minutes)

VOC (peak label) SPME tip exposure time
at which VOC is
observed

1.320 Acetone (A) 5 min, 20 min, 3 h
1.914 2-Butanone (B) 5 min, 20 min, 3 h
2.270 Acetic acid (C) 5 min, 20 min, 3 h
2.645 2H-pyran-2-one (D) 3 h Only
2.858 Pentenal (E) 3 h Only
3.413 Toluene (F) 3 h Only
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the CCD camera was at 40.5� to the incident X-ray beam. The axial
distance between the face of the detector and the beam center on
the sample surface was 130 mm. Time-lapse sequences of images
were collected, comprising XRD patterns with a 15-s exposure time
recorded every 10 min for 14 h (coated lead) and 7 h (bare lead). A
fast shutter was used to shield the sample from the X-rays between
exposures.

All XRD data were processed using the group’s esaProject 2013
software [24]. All extracted patterns were normalized to the beam
monitor in order to account for beam decay. Patterns are given as
intensity or counts vs. wave number Q (=2p/d where d is the
d-spacing), so that they can be compared on a common scale.
3.880 Acetic acid butyl ester (G) 5 min, 20 min, 3 h
4.420 Furfural (H) 20 min, 3 h
>4.420 Styrene (I), heptenal (J), benzaldehyde

(K), octanal (L), limonene (M), nonanal
(N), dodecanal (O), various other long-
chain hydrocarbons

3 h only

Fig. 2. GC trace after 3 h exposure of the SPME tip to the oak environment within
the eCell. Peak labels are explained in Table 1. The peaks below 1 min are attributed
to carbon dioxide.
3. Results

3.1. GC–MS of Oak VOCs in the eCell

All peaks over 5 � 107 counts per second (cps) were identified
(Table 1), using the NIST 2012 library. The compounds identified
have been found in previous studies of oak emissions and museum
environments [1,25–28] although the experimental methods are
not directly comparable.

As VOC concentrations were allowed to accumulate in the oak
VOC environment within the cell, the number of identifiable com-
pounds increases according to the longer exposures of the SPME
tip. However, the dominant component from all tip exposure-
times is acetic acid. Fig. 2 shows that three times more acetic acid
is emitted compared to any other compound. The high prevalence
of acetic acid is probably due to its active production via a known
degradation pathway [29,30]. Therefore lead is susceptible to
interaction with acetic acid even during short periods of exposure
to oak within the eCell.

Acetone, 2-butanone and acetic acid butyl ester also feature at
all exposure times. Acetone was detected from reference solutions
of acetic acid so it is presumed to originate from the ambient atmo-
sphere, although it is also known to have biosynthetic origins [1].

Over twenty VOCs were identified from the GC trace after 3 h
exposure to the oak environment, including an entire spectrum
of saturated aldehydes from pentanal to dodecanal. The origin of
these shorter-chain aldehydes in VOCs in unclear in literature
but they could be degradation products as a result of prior heat-
treatment of our wood sample [30]. Similarly furfural was only
detected after 3 h tip exposure. This cyclic aldehyde is a product
of cellulose dehydration, either from enzymatic action or as a re-
sult of prior heat-treatment of the wood sample [31]. Limonene,
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a common terpene biosynthesised in plants [32], was detected
after 3 h tip exposure. Limonene is not a degradation product of
wood so low detection concentration suggests diffusion of limo-
nene out of the wood rather than active production.

3.2. Corrosion of lead and coated lead by oak VOCs – long-term
corrosion

Fig. 3a shows the XRD pattern of a tetradecanoate coated lead
coupon measured on the PANalytical X-ray diffractometer. The
fifteen peaks with a uniform spacing of 0.156 Å�1 are the even
reflections in the series 002, 004, . . ., 0030, etc. which arise
because the c-axis d-spacing is much larger than one wavelength.
The odd reflections have a much lower intensity and the 001 peak
is not visible, probably because of surface roughness. Although we
can find no comparably high quality reference pattern for this
Fig. 3. (a) XRD pattern of the lead tetradecanoate coating taken a freshly prepared s
tetradecanoic acid on Kapton. The reflections labeled * in the main figure show possible lo
coating is not visible but is present in the XRD pattern of tetradecanoic acid coated lead
holder and shifted by the height difference between the lead and aluminum surfaces. T
compound, Fig. 3a shows a reasonable similarity to International
Centre for Diffraction Database (ICDD) reference no. 00-049-1964
(lead tetradecanoate) and strong qualitative similarity to ICDD
references for other long chain lead carboxylates such as lead hex-
adecanoate (No. 00-055-1624) and octadecanoate (No. 00-055-
1625). It is quite distinct from the pattern measured from a thin
layer of tetradecanoic acid on a Kapton� foil shown in the inset
with the ICDD reference 00-008-0786. Work on fully indexing
this pattern is incomplete, but the reflections labeled with asterisks
between 1.4 and 1.8 Å�1 are probably higher order reflections
from the lead tetradecanoate lattice rather than from residual
tetradecanoic acid.

Fig. 3b shows the XRD pattern of a tetradecanoate coated lead
coupon after 30 days of storage in air measured on the PANalytical
instrument. The data does not show any detectable crystalline
corrosion products, thus demonstrating the effectiveness of the
ample (5 h 20 min scan) with an inset showing the pattern from a thin layer of
cations of higher order lead tetradecanoate reflections. The 001 reflection from the

(b), stored in laboratory air for 30 days (3 h scan). The Al peaks are from the sample
he y-axis of the XRD patterns in this figure are shown on a square-root scale.
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coating against appreciable corrosion in ambient conditions. The
001 reflection from the coating is visible in Fig. 3b. The other
odd reflections are weak but just visible. The 00n reflection
sequence in Fig. 3 is consistent with a c-axis spacing of
80.5 ± 0.1 Å. Lead reflections are also identified. The other peaks
in Fig. 3b are due to the aluminum sample holder. The difference
in relative intensity of the lead and lead tetradecanoate reflections
between Fig. 3a and b suggests that the coating in the latter is thin-
ner. Control of the coating thickness is still under investigation.

Fig. 4 shows raw (a) and reprojected [24] (b) Mar diffracto-
grams from a lead tetradecanoate coated coupon acquired on
DUBBLE. The acquisition time was 20 s. The bottom ring is at
Q = 0.7843 Å�1 (peak 5 in Fig. 3). The coarse polycrystallinity of
the lead coupon is demonstrated by the streaky nature of the lead
rings. On the other hand, the evenly spaced rings which represent
the lead tetradecanoate are smooth and homogenous which shows
that the coating is formed from small polycrystals [14] randomly
oriented in 2 directions, but with strong c-axis alignment indicated
by the intensification in the in-plane scattering direction. The 1-D
diffraction patterns from the Mar camera are simply integrated out
of reprojected images, as shown in Fig. 4 (b), by summing image
rows.

Fig. 5 summarizes the data from the exposure of lead to oak
VOCs over periods of up to 30 days. In general, increased exposure
times lead to increased backgrounds and loss of structure in the
patterns. This can be attributed to four effects, viz: an increase in
the number of peaks causing more overlap, broadening of peaks
as long range order declines, the formation of amorphous phases,
and deliquescence (frequently observed in environments with
combined high RH and acetic acid concentrations [33].

Fig. 5a shows the progressive corrosion of the coated surfaces
which were enclosed in the oak environment within a desiccator
for 2, 7 (measured on the Siemens D5000 diffractometer) and
30 days respectively (measured on the PANalytical X-ray diffrac-
tometer). The most obvious effect of the oak environment after
2 days is the formation of lead acetate oxide hydrate (ICDD No.
18-1739) (see peak at 0.55 Å�1). The GC–MS data show that acetic
acid is the main VOC emitted from oak (Fig. 2), so it can presumed
that this initial corrosion product derives from the reaction of ace-
tic acid with the underlying lead, associated oxides and carbonates
or with the coating itself.

Since these coatings are known to be hydrophobic we suppose
that the reduction in pH of surface water through combination of
water and acetic acid degrades this property. Then, the humid
environment provides a thin film of water on the surface where
acetate ions from dissolved gaseous acetic acid can form and react
with lead. The association of these ions with the native oxide mas-
Fig. 4. Raw (a) and reprojected [24] (b) Mar SR-XRD diffractograms from a lead tetradeca
15 s. Lead reflections are denoted by a *.
sicot, b-PbO (ICDD No. 38-1477) (peak at 2.0505 Å�1) forms the
lead acetate oxide hydrate compound. Massicot is formed during
oak VOC exposure, but not on the protected surface left in air dur-
ing the measurement period. After 7 days in an oak environment
the peak area of the lead acetate oxide hydrate has halved, whilst
the background due to amorphous and/or unresolved scattering
has increased significantly. This is presumably due to ongoing
corrosion and the breakdown of the lead acetate oxide hydrate to
produce lead carbonates and re-form acetic acid – the oak VOC
polluted environment (i.e. elevated humidity and acetic acid con-
centration) allows the breakdown of the acetate to the carbonate.
Tétreault and co-workers found that plumbonacrite (6PbCO3-

�3Pb(OH)2�PbO) was the favored corrosion product at 75% RH when
lead was exposed to acetic acid, whereas hydrocerussite (Pb3

(CO3)2(OH)2) was the preferred product at lower RH values and
higher acetic acid concentrations [34]. In the oak polluted environ-
ment both hydrocerussite and plumbonacrite are formed because
the elevated humidity causes a higher concentration of acetic acid
to be released from oak [35,36]. This result is in agreement with
Tétreault’s findings.

All peaks of the lead tetradecanoate coating decrease in height
with oak exposure (2 days compared to 7 days), which suggests
either that the lead tetradecanoate layer is breaking down, or that
it is being covered by the overgrowth of corrosion products, some
of which may be amorphous [37]. Although a direct comparison
between the 2 and 7 day data and the 30 day data cannot be made
because the sensitivity and resolution of the PANalytical instru-
ment are superior to the Siemens diffractometer, it can be seen
that, even after 30 days, the 001 reflection and the even part of
the 00n sequence are still visible (out to the 0010 reflection)
and the sharp peaks are consistent either with coverage or the sur-
vival of a significant fraction of the coating intact.

Bare lead was also corroded within the same environment. A
white layer of corrosion products formed within a few minutes
exposure to the oak VOCs. Fig. 5b shows the XRD results of bare
lead kept with oak for 2 and 7 days measured on the Siemens
D5000 diffractometer. The higher background for the 7-day expo-
sure could be due to the formation of a large number of different
corrosion products leading to the coalescence of unresolved small
peaks, the growth of amorphous corrosion products, or even some
deliquescence. Strong diminution in the lead reflections (e.g. 111
and 311) due to the coverage of corrosion products is evident.
The small lead acetate peak demonstrates advanced corrosion
compared to the coated lead, and lead carbonate has formed
already after 2 days. Lead acetate is an important intermediate to
lead carbonate formation [33] therefore corrosion occurs more
rapidly when lead is uncoated.
noate coated coupon acquired on DUBBLE beamline, ESRF. The acquisition time was



Fig. 5. (a) XRD patterns of lead tetradecanoate coated lead coupons after 2, 7 and 30 days within an oak environment. These patterns are compared to the XRD pattern from
an unexposed coated coupon. Aluminum peaks derive from the sample stage. (b) XRD patterns of bare lead coupons after 2 and 7 days within an oak environment compared
with an unexposed lead coupon. The y-axis of the XRD patterns in a and b are shown on a square-root scale. Diffraction patterns are compared against reference diffraction
patterns in (c). The reference diffraction pattern for lead is shown in Fig. 8.
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Fig. 6. Corrosion of the lead tetradecanoate coating in real time (elevated humidity, oak environment) and comparison with bare lead corrosion (ambient humidity, oak
environment). Peak areas were extracted from (a) lead (111) @ 2.21 Å�1, (b) massicot (b-PbO) (010) @ 2.07 Å�1, (c) hydrocerussite (Pb3(CO3)2(OH)2) (003) @ 1.91 Å�1, and (d)
lead tetradecanoate even reflections from (0012) to (0018).
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3.3. Corrosion of lead and coated lead by oak VOCs – SR-XRD time-
lapse corrosion study

Fig. 6 shows the background corrected peak areas of lead, mas-
sicot (b-PbO), hydrocerussite (Pb3(CO3)2(OH)2) and the lead
tetradecanoate coating extracted from the sequences of SR-XRD
diffractograms recorded from the eCell containing the oak annulus
to generate VOCs. The coated lead was exposed over a period of
14 h (85 images) with RH rising to 75%. The bare lead was exposed
for 7 h (43 images) at ambient RH �50%. The difference in relative
humidity between experiments is important because increased rel-
ative humidity not only accelerates acetic acid emission from oak
[35,36] but also enhances corrosion directly due to the presence
Fig. 7. Thickness of hydrocerussite growing on coated (squares) and uncoated
(triangles) lead with time. Mass thickness is calculated by translating Fig. 6a data
into the Eq. (3). Thickness of the coating uses the mass thickness divided by the
density of hydrocerussite.
of a thicker electrolyte layer. Data from coated lead are delineated
in black, whilst those from bare lead are in grey.

Fig. 6a shows the time dependence of the area of the lead 111
peak at 2.21 Å�1. For each set, the areas have been normalized to
that of the first peak in the set. Peak area data for the remaining
lead reflections when manipulated in the same way give very sim-
ilar results. The peak from the bare lead actually increases by 5%
during the first 4 patterns. This is an artifact of the measurement
process: the polycrystalline lead surface re-orientates somewhat
with the onset of corrosion. The observed overall decrease in the
peak areas is due to increasing coverage by corrosion products,
which absorb both the incoming beam and X-rays scattered from
the lead surface. For both coated and bare lead the behavior is
characteristic of corrosion growth, which passivates somewhat,
but there is appreciably less corrosion on the coated lead at any
given time. Below, we use these data to obtain a semi-quantitative
estimate of the corrosion layer thickness.

Peak areas from a surface layer which grows without structural
change or being itself covered will increase to an asymptotic value
because, once the corrosion layer is sufficiently thick to absorb or
scatter all the incoming beam, no further increase in peak area
(or height) will occur. This behavior is convolved with any ten-
dency for growth to passivate, and cannot be modeled unless the
growth law is known or assumed. Nevertheless, direct compari-
sons between the data from coated and bare lead can be made as
follows.

Fig. 6b shows the change in lead (II) oxide (b-PbO, massicot)
010 peak at 2.07 Å�1 area over time. The amount of detectable lead
oxide at any time after the first 30 min is around four times greater
for the uncoated sample. Some oxide is present on both samples
from the start – the polished lead surface has already been exposed
to air for a few minutes. Rapid growth does not start for 20–30 min,
possibly reflecting the time taken for the atmosphere (RH, oak
VOCs) in the cell to stabilize. Although native oxide growth results
from direct contact of lead with oxygen in the air (Reaction (1)), its
production can be increased as a result of acetic acid exposure [38].
This is due to the formation of lead acetate oxide hydrate, which
uses the native PbO in its formation (Reactions (2) and (3)): the
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dissolved acetate ions promote the reaction of the underlying lead
with air to produce b-PbO.

2Pbþ O2 ! 2PbO ðReaction1Þ
PbOþ 2CH3COOH! PbðCH3COOÞ2 þH2O ðReaction2Þ
3PbðCH3COOÞ2 þ PbOþH2O! Pb3ðCH3COOÞ6 � PbO � H2O

ðReaction3Þ

The concentration of acetic acid forming on the surface is not
likely to be the same in the coated lead and uncoated lead and
the position of the water film is different. At the least, the long
carbon chains of the lead tetradecanoate coating form a hydro-
phobic barrier on the surface of the lead which reduces the
amount of water into which acetic acid vapor can dissolve whilst
placing a barrier between this and the surface. It therefore
takes longer for the corrosive agents to reach the lead surface
promote the formation of b-PbO and the down-stream reaction
products.

Fig. 6c shows the changes in peak area with time for the hydro-
cerussite 003 peak at 1.9 Å�1. The peak areas of this corrosion
product on coated lead are six times lower than for the bare lead
6 h into exposure. These results demonstrate the protection affor-
ded by the coating. Hydrocerussite growth results from the reac-
tion of lead with acetic acid emitted from the oak. As discussed
previously, lead acetate oxide hydrate breaks down to form car-
bonates and simultaneously reform acetic acid (Reaction 4).

3Pb3ðCH3COOÞ6 � PbO � H2Oþ 8CO2 þ 10H2O

! 4Pb3ðCO3Þ2ðOHÞ2 þ 18CH3COOH ðReaction4Þ

Lead acetate oxide hydrate cannot be seen on the diffraction
patterns due to the low angle limitation of the instrumental setup
– the lead acetate peak would be expected at 0.5 Å�1 but the mea-
surement limit with our Mar configuration is 0.6 Å�1 (to prevent
secondary scattering off the camera bezel). Despite the lack of an
acetate peak it can be deduced from the longer-term oak exposure
data (Fig. 5) that lead acetate is the cause of hydrocerussite
formation.
Fig. 8. Final SR-XRD patterns of lead and tetradecanoate coated lead after exposure to oa
Diffraction patterns are compared against reference diffraction patterns for hydroceruss
1477) and lead. The y-axis of the XRD patterns in this figure are shown on a square-roo
Fig. 6d shows the change in peak areas of the even lead tetrade-
canoate peaks from 0012 to 0018 over time within the oak envi-
ronment. At longer oak exposure times (see Fig. 5) it was found
that the coating peaks apparently diminish over days, but this
could be due to the eventual build up of corrosion products on
the surface – results from reflections 0012 to 0016 show the ini-
tial signs of this long-term behavior. The peak areas of the lead
tetradecanoate coating in Fig. 6d suggests the location of corrosion
is initially between the coating and the lead surface since the cor-
rosion product growth seen in Fig. 6a–c do not proportionally
diminish the tetradecanoate reflections. The peak areas for the
0014 reflection are more than double that of the 0012 and
0016 reflections but the peak areas of the even reflections from
0012 to 0016 reduce by 6.25%, 11.25% and 46.7% respectively
during the 14-h measurement period. This implies that the higher
order the reflection, the more sensitive the reflection is to surface
coverage by corrosion products. The 0018 reflection increases by
30% during the measurement period due to proximity to the grow-
ing plumboacrite peak, which overlaps into the integration limit
for this carboxylate reflection.

In order to obtain more quantitative information on the protec-
tion afforded by the coating, we proceed as follows: We assume
that the X-ray absorption follows the Beer–Lambert law. Then, pro-
vided the lead peaks only cover a small range of angle so that the
input and exit paths can be considered invariant over the peak we
can write

AðtÞ ¼ RðtÞA0 exp �l
q

dðtÞk
� �

ð1Þ

where A(t) is the time dependence of the area of the lead 111
reflection, R(t) corrects for changes in the reflection coefficient from
the lead surface (e.g. due to changes in orientation as described
above), A0 is the peak area for no attenuation and for R = 1, l/q is
a mean mass absorption coefficient for the corrosion layer, q is its
mean density, d(t) is the mean mass thickness (mass per unit area)
of the corrosion, and k is a constant which accounts for the experi-
mental geometry:

k ¼ 1
sin hi

þ 1
sinð2h� hiÞ

ð2Þ
k VOCs within the eCell, i.e. the spectra used to calculate the last data point in Fig. 6.
ite (ICDD No. 13-0131), plumbonacrite (ICDD No. 19-0680), massicot (ICDD No. 38-
t scale.
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where hi is the incident angle of the beam to the surface (10�), and
2h is the scattering angle for the 111 reflection. Clearly, this expres-
sion includes the simplifying assumption that l/q remains constant
over time.

The growth law for the corrosion d(t) can be obtained directly
by transforming the data in Fig. 6a according to

dðtÞ ¼ q
lk

ln
RðtÞA0

AðtÞ

� �
ð3Þ

In general, the use of a 2-D detector followed by integration
along the rings will make the data less sensitive to changes in R
compared to a scanned point or linear detector, and, although
the first 4 data points for the bare lead show an abrupt 5% increase
which we attribute to a change in R this is relatively small. There-
fore, for the purposes of obtaining an estimate of d(t) we set R to 1.

By applying Eq. (3) to the data in Fig. 6a, using the mass absorp-
tion coefficient for hydrocerussite calculated using NIST data [39]
we can calculate the mass thickness of hydrocerussite on coated
and uncoated lead. The values of mass absorption coefficients are
similar for massicot (198 cm2/g), plumbonacrite (191 cm2/g) and
hydrocerussite (179 cm2/g) therefore the mass thicknesses calcu-
lated for all corrosion products are comparable. This quantification
exercise also gives us information on the thickness of this corrosion
product on the sample surface by simply dividing the mass thick-
ness results by the density of hydrocerussite, 6.8 g/cm3.

The behavior of hydrocerussite thickness over time is shown in
Fig. 7. As explained previously for Fig. 6a, the initial decrease in
thickness of the corrosion layer on lead is an artifact of the mea-
surement process. After 4 h, the thickness of hydrocerussite on
coated lead is 2.0 lm whereas it grows to a thickness of 10 lm
on bare lead after the same period of time. So, the coating is signif-
icantly retarding the growth of corrosion products on the lead sur-
face. As with the data in Fig. 6a, the thickness of hydrocerussite is
tending towards asymptotic behavior due to passivation of the sur-
face and absorption by the corrosion layer of incoming X-rays.
However, the protective coating will reduce the hydrocerussite
thickness on coated compared to bare lead by up to 75%.

Fig. 8 shows the final diffraction patterns of bare and coated
lead after exposure to oak within the eCell. As expected from
Fig. 6, the peak areas of lead oxide and lead carbonate corrosion
products are greater for the bare lead, again demonstrating the
protective nature of the coating. The peaks are broader than from
a laboratory diffractometer because of the inherently low the
angular resolution inherent in our experimental geometry on the
synchrotron.

4. Conclusion

A study of the effectiveness of a lead tetradecanoate coating on
lead to protect against harmful VOCs emitted from oak was con-
ducted using time-lapse SR-XRD in situ and laboratory XRD. SPME
GC–MS was used to characterize the VOCs themselves.

Acetic acid was confirmed as the most predominant VOC emit-
ted from oak (Quercus sp.), being three times more prevalent than
any other. Acetic acid was also the only reactive VOC, detected,
reacting with lead to produce lead acetate oxide hydrate as a pre-
cursor to other corrosion products such as hydrocessurite. There
was no evidence to show that other VOCs such as long-chain alde-
hydes reacted with the bare lead. The laboratory experiments
showed that the coating was still present after 30 days, but became
visibly patchy, or covered with corrosion products.

By studying the growth of corrosion products it was found that
the coating reduces the growth rates of some corrosion products by
up to 75% compared with bare lead, and generally inhibits attack
from the VOCs. However corrosion products still form, initially at
the metal-coating interface. From the time-lapse XRD data it was
also possible to estimate the thickness of hydrocerussite growing
as a function of time on the bare and coated coupons.
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