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CONSPECTUS

C orrosion is a major source of degradation in heritage metal
objects, and any remedial measures are subject to a strong
(Western) ethic that favors conservation as opposed to restoration.
Accordingly, major scientific challenges exist for developing appro-
priate treatment methods to stabilize and protect artifacts after they
are recovered from an archaeological site, both before and during
their display or storage in a museum. Because inappropriate treat-
ments can cause irreversible damage to irreplaceable objedts, it is
crucial that the chemical processes involved are fully understood and
characterized before any preservation work is undertaken.

In this regard, large infrastructural facilities such as synchro-
trons, neutron sources, and partice accelerators provide a wealth of
analytical possibilities, unavailable in smaller scale laboratories. In
general, the intensity of the radiation available allows measure-
ments on a short time scale or with high spatial resolution (or both),
so heterogeneous changes induced by a chemical process can be
recorded while they occur. The penetrative nature of the radiation
(e.g., X-rays, protons, or neutrons) also allows a sample to be stud-
ied in air. If necessary, complete artifacts (such as paintings or statuettes) can be examined. In situ analysis in a controlled envi-
ronment, such as a liquid or corrosive atmosphere, also becomes an exciting possibility. Finally, there are many complementary
techniques (local atomic structure or crystal structure determination, macroscopic 3-D imaging (tomographies), imaging chemical
analysis, and so on) so the many distinct details of a problem can be thoroughly explored.

In this Account, we discuss the application of this general philosophy to studies of corrosion and its prevention in cul-
tural heritage metals, focusing on our recent work on copper alloys. More specifically, we use synchrotron-based tech-
niques to evaluate the use of corrosion potential measurements as a possible monitoring method for copper-based objects
recovered from marine environments. The extraction of chlorides from such artifacts is a process that must take place before
the artifacts are put on display or stored, because air exposure of untreated metal will result in severe damage or loss in
as little as a few weeks. Chloride is removed by soaking the artifact for up to two years in tap water or dilute sodium ses-
quicarbonate, with regular solution changes.

Our research supports the effectiveness of this treatment for thin nantokite (copper(l) chloride) layers, but it raises ques-
tions for copper hydroxychlorides (atacamite and paratacamite), especially when these minerals are trapped in fissures. Elec-
trochemical parameters such as the corrosion potential are shown to be insensitive to the physical presence of large
hydroxychloride coverages if they overlie a cuprite (Cu,0) layer. X-ray absorption spectroscopy proves to be a good mon-
itor for the chloride in solution over the working electrode, whereas X-ray diffraction offers the potential for real-time mea-
surement of the surface chloride composition. In principle, the two techniques together offer the possibility of monitoring
surface and fluid levels simultaneously.
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Introduction

The physical part of our cultural heritage is deteriorating faster
than it can be conserved, restored, or studied. Assets are being
lost, or are at risk, through natural processes of decay (some-
times accelerated by poor environmental control); environ-
mental disasters (sometimes exacerbated by human activity);
direct effects of increased public access (without commensu-
rate conservation measures); conservation/preservation pro-
cedures whose long-term effects were damaging; and simple
negligence, looting, and watr.

While there is a general agreement that action is required
to halt or mitigate decline, few people actually realize that
high level research and technology play an essential role in
protecting our cultural heritage. In fact, advanced analytical
methods are an essential prerequisite in this field, as they pro-
vide the means to study the structural chemistry of the pro-
cesses involved. They can, additionally, contribute to the
development of simple diagnostic techniques necessary for
practical applied conservation, help establish authenticity, and,
by identifying materials and processes, allow us to reach back
through time and develop a deeper understanding of the
craftsmanship and the technology used.

Infrastructural facilities such as synchrotrons, neutron
sources, and particle accelerators provide a wealth of analyt-
ical possibilities which are unavailable in smaller scale labo-
ratories. In general, the intensity of the radiation available
allows measurements on a short time scale or with high spa-
tial resolution, or both, so that heterogeneous changes
induced by a chemical process can be recorded while they are
happening. Again, the penetrative nature of the radiation (e.g.,
X-rays, protons, neutrons) allows a sample to be studied in air,
and, because there is no need for it to fit within a confined
space in an analytical chamber, whole artifacts may some-
times be studied, provided the logistical problems of trans-
porting them to the facility can be solved. The probe intensity
also opens up the exciting possibility of analysis in situ in a
controlled environment, for example, during immersion in a
liquid or while exposed to a corrosive agent. Additionally,
there are many complementary techniques available, giving
local atomic structure, crystal structure, macroscopic 3-D imag-
ing (tomographies), imaging chemical analysis, and so on, so
that the details of a problem can be thoroughly explored.

The use of ion beam analysis (IBA) techniques in the field
of cultural heritage goes back for more than 20 years, with
particle induced X-ray emission (PIXE) being the most popu-
lar fingerprinting technique for trace elements. One of the first
proceedings of a workshop on the use of small accelerators in
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archaeometry was published in 1986 in the journal Nuclear
Instruments and Methods in Physics Research, Section B." The
workshop coincided with the installation of a 2 MV tandem
accelerator AGLAE (Accelerateur Grand Louvre pour I'’Analyze
Elémentaire) in the basement of the Louvre museum in Paris
which has since been dedicated exclusively to cultural heri-
tage research.? Since 1986, several other proceedings, for
example, refs 3 and 4, and individual papers have been pub-
lished in peer-reviewed journals, all demonstrating the vast
interest in using IBA techniques in the area of heritage sci-
ence. In 1995, COST (one of the EU instruments for funding
research networks) dedicated a specific action to the topic. It
ran for five years (1995—2000) under the title “COST G1:
Application of lon Beam Analyses to Art and Archaeological
Objects” and involved the participation of 12 European coun-
tries. The output of this network resulted in ca. 30 joint papers
and two monographs.>® Within the sixth and seventh Frame-
work Program of the EU, the EU-ARTECH project and its suc-
cessor CHARISMA, a consortium among 13 internationally
distinguished European infrastructures dedicated to artwork
conservation, offer a coherent set of transnational access pro-
grams including one to AGLAE.”

At the same workshop in 1986, a paper was presented on
new possibilities in cultural heritage research using synchro-
tron facilities,® and by 1996 the number of synchrotron-re-
lated papers in the field of cultural heritage was increasing
rapidly. Today, more than 50 papers per year® are published
in this area. The main techniques used are X-ray fluorescence
(SR-XRF), absorption (XAS), and diffraction (SR-XRD) and infra-
red spectroscopies. In 2004, an interface dedicated to arche-
ology and cultural heritage was launched at Synchrotron
SOLEIL, which aims at facilitating the access of researchers to
the synchrotron.'® Other synchrotron infrastructures also wel-
come cultural heritage related projects.

The use of neutron imaging techniques is becoming in-
creasingly popular. Paintings (neutron autoradiography) and
metallic artifacts such as statuettes (radiography and tomog-
raphy) are suitable objects of study. Especially with regard to
metal or large objects, the advantage of neutron imaging com-
pared to X-ray imaging is the fact that neutrons usually have
a much higher range in the material, and in cases where
intense X-ray fluxes cause damage, neutrons may not. It is
well-known that the attenuation of X-rays increases strongly
with higher mass numbers of the investigated material. If
heavy metals are to be investigated, a few millimeters are suf-
ficient to shield the X-ray beam completely. At this point, neu-
trons become valuable due to higher penetration for most of
the relevant metals."’



In this Account, we will discuss our own experience at syn-
chrotron infrastructures for one specific project, namely, the in
situ monitoring of the surface and electrochemical behavior of
archeological copper alloys during their storage and stabiliza-
tion. Artifacts recovered from marine environments or from
the ground are typically saturated with chlorides whose attack
on the metal will be greatly accelerated upon air exposure.
Serious degradation or even loss of the artifact can result. To
alleviate this problem, objects are stored in tap water or
sodium sesquicarbonate solution for periods of up to several
years.'?~'* This is believed both to remove potentially dam-
aging soluble chlorides from the microstructure of the metal
and to change various copper chlorides into more benign
compounds such as cuprite. A method which has been pro-
posed for monitoring the progress of the treatment and deter-
mining its end-point is the measurement of the corrosion
potential E.y, the open circuit potential of the electrochemi-
cal cell in which, effectively, the artifact is immersed. The stor-
age process in our work was imitated by immersing artificially
corroded copper coupons in a 1% (wt/v) sodium sesquicar-
bonate solution. The possible use of corrosion potential mea-
surements as a monitoring method was evaluated by re-
cording the corrosion potential of the immersed coupons as
a function of time while analyzing the surface of the coupon
simultaneously using either SR-XRD or XAS. In order to be
able to perform these experiments, we developed an electro-
chemical cell (eCell) which is engineered so as to permit X-rays
from a synchrotron beamline to be scattered or absorbed by
the surface of a sample while in solution and electrochemi-
cal reactions are taking place. X-rays emitted from the sur-
face then carry time-resolved information on the specific
reactions as they occur.

Monitoring the Corrosion of Cupreous Artifacts

As with many other metals, copper corrodes once it comes
into contact with an aggressive environment, for example, the
sea or the atmosphere. In the field of art, copper-based objects
are often preferred in the corroded state, not only because of
the aesthetically pleasing colors but also because the pres-
ence of corrosion products provides evidence of time past and
time passing, thereby adding extra value to the object.’*'®
However, corrosion may also become a problem, especially
when specific corrosion products (such as cuprous chlorides)
are in contact with the metal core. Under certain conditions,
the deterioration of the underlying metal will continue and will
lead to the destruction of the object.

Corroded archeological copper and copper alloy artifacts
recovered from wet saline environments are particularly sus-

Synchrotron-Based Corrosion Studies Adriaens and Dowsett

Window Counter

eleclrode

Reference

Working
elecirode
assembly

if- ?\\ Piston
|
1

Wiring to
working
electrode

—
i

FIGURE 1. Schema of the electrochemical cell used in this work.

ceptible to further corrosion. Studies have shown that, despite
storage in tap water and stabilization in sodium sesquicarbon-
ate, corrosion layers can subsequently provoke side effects
such as the modification of the natural patina and the devel-
opment of new active corrosion,'®'” hence the need for
continuous monitoring of the objects under care. During
treatment, the chloride concentration in solution can be mea-
sured. When this exceeds a predetermined value, the solu-
tion is replaced. This procedure is repeated until the chloride
concentration remains low enough. The disadvantage of this
method is the fact that it is indirect: the conservator has no
idea what is happening with the metal surface. Hence, a dif-
ferent monitoring method is needed. In our work, we have
evaluated whether E, measurements may have a role to
play. Eqorr is the open circuit potential of the metal object
against a stable reference electrode. The potential obtained
depends on the solution (electrolyte) in which the object is
immersed (which is known as it was chosen by the conserva-
tor) and the composition of the clean or corroded metal sur-
face. The hypothesis is that stable E., data imply a stable
surface chemistry. The method is easy to use, is of relatively
low cost, and may therefore be suitable for museum appli-
cations.

The Use of eCell

Central to this work is a new environmental cell (eCell), capa-
ble of maintaining a controlled liquid, gas, or vapor environ-
ment over a sample (Figure 1). The eCell is a second
generation of a published design.'® It can be used as a three
electrode electrochemical cell when filled with liquid electro-
lyte, allowing simultaneous real time analysis of the metal sur-
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face using a spectroscopic technique (in our case XRD and
XAS).'®19 To ensure that X-rays can reach the sample sur-
face, and that electrochemical and solution processes can take
place undistorted by limited electrolyte volumes, the work-
ing electrode can be raised and lowered between “X-ray” and
“electrochemistry” positions under remote control. In the
former position, about 125 um of electrolyte remains between
the sample surface and an 8 mm thick Kapton X-ray window.
In the latter, the electrolyte thickness increases to ~5 mm.

Experiments in this study were carried out on simulated
materials; that is, copper coupons were artificially corroded.
Four corrosion products commonly found on real copper arti-
facts were considered:'® cuprite, nantokite, atacamite, and
paratacamite. Cuprite (Cu,O) is regularly found on copper arti-
facts and is a stable corrosion product.?® Among the cop-
per chlorides, nantokite (CuCl), atacamite (Cu(OH)sCl), and a
mixture of atacamite and paratacamite (both isomers of
Cu,(OH)sCl) were selected. Nantokite (CuCl) is considered as
the main catalytic agent for active corrosion. The presence of
nantokite on the metal surface can jeopardize the long-term
stability of an object. In fact, bronze disease or pitting corro-
sion is usually attributed to this corrosion product.'®2° Ata-
camite and paratacamite are two other important chlorides in
bronze corrosion. They are often considered as end products
and are formed on top of the active corrosion areas.'® Ata-
camite is the most common of the Cu,(OH)sCl isomers, but it
often alters into paratacamite.?® Conversion between copper
hydroxychlorides and their relative stabilities has also been
discussed by Pollard et al.?! The corrosion layers were made
on pure copper coupons (ADVENT, purity 99.9%) according to
protocols listed in the literature.'92°

The corroded coupons were immersed in a sodium ses-
quicarbonate solution in order to imitate the stabilization treat-
ment. Various concentrations of sodium sesquicarbonate
solutions have been used by conservators to stabilize bronze
artifacts with lower concentrations currently favored, to limit
rinsing steps, and to avoid the potential formation of copper
carbonate. For this study, a 1 wt % (wt/v) sodium sesquicar-
bonate solution was prepared by dissolving 11.89 g/L
Na,COs-NaHCOs - 2H,0 (Sigma) in deionized water (pH = 10).

In addition to the artificial corrosion of the copper coupons,
powder samples of Cu,O (for comparison with cuprite, Fluka,
> 99%) and Cu(l)Cl (for comparison with nantokite, Fluka, >
97%) were purchased to serve as reference material. Atacam-
ite powder is not commercially available and was prepared
according to an existing protocol.?°

A first set of simultaneous synchrotron X-ray diffraction (SR-
XRD) and electrochemical experiments was carried out at sta-
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tion 2.3 of the Synchrotron Radiation Source, Daresbury
Laboratory (U.K.).2? The amount of data collected as a func-
tion of time was limited here by the scan time of the diffrac-
tometer (ca. 30 min). Acquisition times of the order of 1 s
would, however, would be preferable, so that data for differ-
ent products can be recorded contemporaneously, fast reac-
tions can be studied, and short-lived byproduct can be
observed. Times in this range can be achieved using one- or
two-dimensional area detectors which collect a large range of
angles in parallel. Parallel collection of spectra also minimizes
the X-ray dose; the beam can be off for most of an experi-
ment lasting many hours. Moreover, it is vital to be able to col-
lect the electrochemical data in a mode where the reaction
takes place in the bulk of the electrolyte (i.e., allowing the opti-
mization of transport processes in the electrochemical cell),
and to raise the working electrode to the cell window for a
short time for X-ray analysis. This is not possible with a scan-
ning diffractometer, as spectra must be recorded continuously
throughout the experiment. Further sets of SR-XRD experi-
ments were therefore performed at SRS station MPW6.2 and
beamline 28 (XMaS) at the ESRF.?* The advantage of the
former beamline lies in the fact that data were acquired using
a RAPID II detector system which is one-dimensional and col-
lects all of the in-plane diffraction simultaneously. It allows the
acquisition of spectra with a time resolution of under a sec-
ond.** The latter beamline makes use of a 2D Mar CCD 165
detector (Mar USA Inc., Evanston, IL) for the acquisition of sur-
face diffraction patterns. The advantage over a 1-D in-plane
detector is that preferential crystallographic orientation shows
up immediately as do time dependent changes in crystal ori-
entation. Spectra can be extracted which average over or high-
light these effects as one wishes.

XAS measurements were performed at station BM26A
(DUBBLE) at the ESRF.?>2° Cu K-edge (8.979 keV) XAS spec-
tra were recorded as a function of energy. The scan time was
20 min, and measurements were made in fluorescence mode.

Can Corrosion Potential Measurements Be
Incorporated in a Trustworthy Sensor?

Figure 2 shows a typical SR-XRD spectrum (gray) of a copper
sample initially covered with synthetic nantokite and some
cuprite (which is also formed by the protocol). The offset spec-
trum (black) shows the sample after 10.3 h in the sesquicar-
bonate. The copper signal increases by a factor 2.4, nantokite
disappears, and cuprite diminishes slightly. Figure 3 shows the
variation of the SR-XRD peak heights of nantokite and cuprite
as a function of time, together with the simultaneously mea-
sured Eqorr.'® Again, nantokite disappears. This time, however,
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FIGURE 2. Typical spectra from copper coated with nantokite before and after treatment in 1% w/v sodium sesquicarbonate for 10.3 h. In
the gray spectrum taken prior to treatment, cuprite and nantokite are evident. After treatment, only cuprite remains. In this experiment, the

copper intensity increased by a factor of 2.4.
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FIGURE 3. Variation of the SR-XRD peak heights of nantokite and
cuprite as a function of time, together with the simultaneously
measured Eqn. The reference electrode was 3 M Ag/AgCl.

the cuprite signal grows by more than a factor of 2.5. Many
repeated measurements show behavior between these two
extremes, probably dependent on the thickness and morphol-
ogy of the nantokite, and other factors. The mechanism of
cuprite formation remains unclear at this stage, as several
routes are possible in the presence of chloride ions. For exam-
ple, Oddy and Hughes'? believe that nantokite can react with
water to form cuprite through the following reaction:

2CudCl + H,0 — Cu,0 + 2CI~ + 2H"

However, cuprite can also be formed through a precipitation
reaction.”’

2CuCl; + 20H™ — Cu,0 + H,0 + 4CI™

The increase of the copper signal in Figure 3 may either be
due to the fact that the final cuprite layer is thinner than the
original nantokite, or, alternatively, give evidence for the pre-
cipitation of copper as a superficial layer over the cuprite.?®

For the open circuit potential (OCP) data, the right-hand
y-axis gives the corrosion potential. The hypothesis that a sta-
ble E.or means a stable surface chemistry is not supported.
Although there is a rough correlation between the rise in Econ
and the rapid loss of nantokite during the first 30 min, Ecoq
then becomes more or less stable while the surface composi-
tion continues to change.

The ongoing processes were studied in further detail using
XAS.2>2¢ The latter provides an independent means of sur-
face characterization, as the technique is not only sensitive to
the presence and evolution of amorphous surface compounds
but will also give information on the presence of potential
complex ions in the solution. As with the SR-XRD experiments,
eCell was filled with a 1% (wt/v) sodium sesquicarbonate solu-
tion and XAS data were taken as a function of time.

Overall, the spectra show two significant features:

First, for the thin corrosion layers, such as nantokite and
cuprite, the XAS signal is strongly influenced by the presence
of the underlying copper, which is less the case for the corro-
sion layers atacamite and paratacamite. The latter is clearly
seen in Figures 4 and 5.%° Figure 4 shows spectra for the four
powder references and a bare copper sample, with an inset to
show the details of the edge region. Figure 5, on the other
hand, shows the data obtained in fluorescence mode from the
corrosion products on the copper surface. The cuprite and
nantokite spectra are strongly influenced by the presence of
the underlying copper, simply because the layers are thin.
Nevertheless, the shoulder in the nantokite at 8985 eV (A) is
clearly a relic of the post edge peak in the CuCl, and the spec-
trum from the cuprite coated sample is modified from its dom-
inant copper shape at (B). The thicker atacamite spectrum
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FIGURE 4. XAS spectra for copper, cuprite, CuCl (the analogue for
nantokite), and synthesized atacamite. The inset shows the edge
region in detail. Reproduced with permission from ref 25. Copyright
2009 The Royal Society of Chemistry (http://dx.doi.org/10.1039/
b814181a).
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FIGURE 5. XAS spectra for a clean copper electrode and copper
electrodes covered with cuprite, nantokite, and atacamite corrosion
layers. Reproduced with permission from ref 25. Copyright 2009 The
Royal Society of Chemistry (http://dx.doi.org/10.1039/b814181a).

remains distinctive, although it too is clearly influenced some-
what by the underlying copper.

Second, our attention was immediately drawn to the fact
that XAS spectra of the corroded copper samples, collected
during their immersion in the sesquicarbonate solution, all
show increasing signals as a function of time. The increase is
observed both at the absorption Cu K edge and in a propor-
tionate increase in the X-ray absorption near edge structure
(XANES) and the extended X-ray absorption fine structure
(EXAFS) modulation, but the shapes of the spectra do not
appear to evolve strongly, even though the chemical compo-
sition of the surface is undoubtedly changing. The effect is
largest for the atacamite layer, as described in what follows.
Figure 6 shows the successive XAS spectra recorded for this
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FIGURE 6. Sequential XAS spectra of the copper/atacamite sample in
a sodium sesquicarbonate solution. The scan humbers are indicated
on the right. The figure in brackets is the elapsed time in minutes at
the end of the scan. Reproduced with permission from ref 26.
Copyright 2008 Maney Publishing (www.maney.co.uk/journals/sur
and www.ingentaconnect.com/content/maney/se).
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FIGURE 7. E. data taken simultaneously with each immersion
stage of the experiment in Figure 8. The reference electrode was 3
M Ag/AgCl. Reproduced with permission from ref 25. Copyright
2009 The Royal Society of Chemistry (http://dx.doi.org/10.1039/
b814181a).

sample.2® The copper edge height of the first measurement is
set to be equal to 1. All subsequent scans are normalized to
the edge height of the first scan. Scan number 8 already
shows an increase of 4 times with respect to the copper edge
of the first measurement. From the ninth spectrum on, the
increase between the different spectra becomes rapidly larger.
The obvious change in the XANES or EXAFS intensity of the
immersed samples could not be observed for the original dry
corrosion layers, monitored over similar times in air (i.e., there
is no increase in signal over time for dry samples).

Figure 7 shows the corrosion potential data as a function
of time with complete changes of the electrolyte in the cell at
15 and 35 h (imitating typical conservation treatment).?®
Again, these data were collected simultaneously with the XAS



FIGURE 8. Webcam images of the eCell during the sequence in
Figures 6 and 7. Left hand plate shows the blue haze flowing off
the sample after 20 min immersion. The right-hand plate shows the
situation at the end of the first immersion (14 h). Reproduced with
permission from ref 25. Copyright 2009 The Royal Society of
Chemistry (http://dx.doi.org/10.1039/b814181a).

data mentioned above. The results demonstrate that over a
time period of 240 min (4 h) the corrosion potential keeps on
changing, implying a continuous change of the surface chem-
istry. The signal stabilizes after ca. 8 h at which moment the
XAS signal is still increasing (not shown). Again, the corro-
sion potential remains relatively stable after the electrolyte
changes, but the XAS data (not shown) indicate further disso-
lution from the layer.

While the spectra are being recorded and the electrochem-
istry is in progress, eCell makes a continuous visual record of
the process using a webcam. Figure 8 shows two such web-
cam images recorded after the sample had been immersed for
20 min (left) and 14 h (right).?> The detachment of material
from the atacamite layer is evident as a blue haze which drifts
downward as the sample surface is in a vertical plane on
DUBBLE. In fact, two sorts of detaching material are clearly vis-
ible: relatively large crystalline fragments up to hundreds of
micrometers in size and the haze reminiscent of dissolving
Cudl,. The sudden increase in signal as of scan number 9 can
in this context be explained by the fact that at this stage more
of the substance becomes detached. It should be noted, how-
ever, that the spectrum remains characteristic of atacamite (or
an octahedrally coordinated copper complex ion) through-
out this process.

Our very recent work has shown that this behavior is due
to a major flaw in the corrosion protocol itself. It produces ata-
camite only as a minority constituent, and a highly soluble,
but as yet unidentified, copper salt in the majority. The solu-
ble component is removed by the soaking process, leaving
nearly pure atacamite behind. The solution process as
observed in the webcam images is nearly identical to that
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seen when copper(ll) chloride is dissolved in water, although
the diffraction pattern of the original corrosion layer has no
match with copper(ll) chloride. Moreover, although solid
copper(ll) chloride has a totally different XAS spectrum from
that of atacamite, the spectrum of dilute CuCl; solution is sim-
ilar to that of solid atacamite and the solution observed here
(i.e., the copper becomes octahedrally coordinated in solu-
tion). The dissolution of the soluble fraction leaves the ata-
camite only physically connected to the surface.

Conclusions and Future Perspectives

We have developed an electrochemical cell (eCell) which is
engineered so as to permit X-rays from a synchrotron beam-
line to be scattered or absorbed by the surface of a sample,
or by a liquid in which it is immersed, while electrochemical
reactions are taking place. X-rays emitted from the system
then carry time-resolved information on the specific reactions
as they occur. During the analysis, the surface can remain
immersed in electrolyte or exposed to air so as to study the
process in the most relevant way, and electrochemical data
can be measured coincidentally. Although similar in situ cells
for the study of idealized (e.g., atomically flat, single crystal)
surfaces have been described, this is, so far as we are aware,
the first time such experiments have been done on rough (on
the 1—100 um scale), polycrystalline, impure metals typical of
real artifacts.

In this work, we have used eCell to evaluate a potential
monitoring method for copper-based objects stored in solu-
tion. Results have shown that SR-XRD and XAS analyses of a
surface with a thin layer of electrolyte above give the possi-
bility of probing both the surface structure and the complex
ions or colloidal material in the liquid. The addition of Ecoq
measurements shows that changes in chemistry of the bulk
corrosion product are not necessarily linked to this parame-
ter which appears to be dominated by the chemistry of a
(semi)conducting interfacial layer of cuprite. Therefore, Ecor iS
not a good indicator of chloride removal; that is, we have not
yet found a reliable and straightforward monitoring method (a
sensor device) to replace the laborious testing of chloride con-
centration in solution.

Nevertheless, we will continue our X-ray investigation of
the soaking treatment with a view to looking at optical absorp-
tion or a more refined electrochemical measurement as the
basis for a possible sensor, and more generally to study the
details of reactions leading to the formation and removal of
corrosion layers, and passivation of copper alloy surfaces. In
addition, we will explore the use of X-ray excited optical lumi-
nescence (XEOL) to obtain XAS spectra for monitoring corro-
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sion, passivation, and coating in situ. XEOL has a greatly
improved surface specificity compared to X-ray diffraction and
X-ray fluorescence absorption measurements using beams
with energies > 8 keV where the penetration and escape
depths exceed the thickness of the layers of interest. It is well-
known that the escape depths of optical photons and elec-
trons produced by Auger de-excitation and other processes
occurring as a consequence of the X-ray photoionization event
are in the range 100s nm to <5 nm (unless the material is
transparent to the photons), so that the detection of these,
rather than the X-ray fluorescence yield, has the potential to
enhance the surface specificity. At SRS, we have pioneered the
use of XEOL on corroded metals.>® We have demonstrated so
far that broadband XEOL-XAS spectra from pure copper cor-
rosion products are indistinguishable from those taken with
conventional XAS, but those from thin corrosion layers on
metal are much more characteristic of the corrosion; that is,
one sees an enhanced surface specificity in comparison with
conventional XAS. Another significant feature of the technique
(complementary to XAS) appears to be that the data do not
suffer from self-absorption effects when the radiation escapes
through a fluid containing the corrosion product in solution,
whereas, in our measurements, XAS data are dominated by
the fluid chemistry rather than that of the surface. However,
since XEOL relies on detection of visible photons, the data will
be optically filtered by colored solutions.

Second, our intention is to design and build derivatives of
eCell so that corrosion processes can be studied on a long-
term basis, while maintaining an uninterrupted controlled
environment around the sample. The new cells will be porta-
ble (peCell) while maintaining the sample environment within.
Using these devices, controlled environments can be applied
months or years in advance of beam time (which is much
more realistic timing in terms of actual conservation projects),
and the samples re-examined after continuous exposure in
successive beam-time allocations. It will be possible to com-
bine continuous monitoring of, for example, the electrochem-
ical parameters of a system over a long time scale with
spectroscopic measurements spaced uniformly, but at inter-
vals of months. This is an ideal environment in which to
develop and calibrate practical monitoring tools for use by
conservators in the field. In addition, it raises the possibility of
using complementary techniques at the home institution(s) or
at different facilities, but on the same samples. Overall, this
work will evolve toward the application of conservation tech-
niques to real artifacts (such as organ pipes, coins, and arti-
facts recovered from marine environments), and X-ray data
will be taken from these as treatment/testing proceeds.
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Finally, the failure of the atacamite protocol to produce the
target substance led us to examine a large number of proto-
cols for producing copper chlorides in detail. Even those in ref
21 were found to produce far more nantokite than atacam-
ite, botallokite, or paratacamite on the surface of a coupon,
although the protocol for precipitating atacamite was found to
be reliable. Our future work will therefore also include a
search for robust and reproducible protocols suitable for sim-
ulating corrosion on heritage copper and its alloys.

The authors gratefully acknowledge the following for their help:
Gareth Jones, Arie Pappot, Karen Leyssens, Bart Schotte (mea-
surements), Derrick Richards, Pieter van Hoe, Adrian Lovejoy
(cell construction); Dr. L. Bouchenoire, Dr. S. Nikitenko, Dr. A.
Bell, Dr. S. Thompson, Dr. C. Martin, Dr. E. Pantos, Dr. S. Fiddy,
Dr. N. Poolton, Dr. C. Degrigny, Dr. J. Robinson, Dr. R.F. Petti-
fer, and Prof. E. Temmerman. The eCell was developed using
private funds from EVA Surface Analysis (U.K.) and lately from
the Paul Instrument fund. The work was supported by Ghent
University (BOF grants), the Research Foundation — Flanders
and would not have been possible without COST Action G8.

BIOGRAPHICAL INFORMATION

Annemie Adriaens is professor in Analytical Chemistry at Ghent
University (Belgium) where she leads the research group “Elec-
trochemistry and Surface Analysis”. Research involves, amongst
other projects, the use of electrochemical techniques for moni-
toring and treatment of corroded metallic objects. The experi-
ments are performed using spectroelectrochemistry, allowing the
simultaneous treatment/monitoring and analysis of the metal sur-
face. She is vice-chair of COST Action D42 “Chemical Interac-
tions between Cultural Artefacts and Indoor Environment”
(2006—2010) was previously chair of COST Action G8 “Non-de-
structive Analysis and Testing of Museum Objects” (2001—2006).

Mark Dowsett holds a personal professorship in the Physics
Department at the University of Warwick (U.K)) and leads the Ana-
Iytical Science Projects (ASP) group. His research is focused on the
development of novel analytical instrumentation and its applica-
tion to challenging areas of analytical science. He is the inven-
tor of the floating low energy ion gun (FLIG) and other ion optical
equipment now used internationally in the ultrashallow profiling
of semiconductors. His recent interests include the development
of new spectroscopic instrumentation and data visualization meth-
ods for time and spatially resolved chemical analysis.

FOOTNOTES

*To whom correspondence should be addressed. Telephone: +32 9 264 4826. Fax; +32
9 264 4960. E-mail: annemie.adriaens@ugent.be.

REFERENCES

1 Lahanier, Ch.; Amsel, G.; Heitz, Ch.; Menu, M.; Andersen, H. H. Nucl. Instrum.
Methods Phys. Res., Sect. B1986, 14 (1), 000 entire issue.



2 Dran, J. C.; Salomon, J.; Calligaro, T.; Walter, Ph. lon Beam Analysis of Art Works:
14 Years of Use in the Louvre. Nucl. Instrum. Methods Phys. Res., Sect. B B 2004,
219—-220, 7-15.

3 Andersen, H. H.; Demortier, G. Nucl. Instrum. Methods Phys. Res., Sect, B 2004,
226 (1—2), 000 entire issue.

4 Smit, Z. Nucl. Instrum. Methods Phys. Res., Sect. B 2005, 239 (1—2), 000 entire
issue (Archaeometry with IBA and Related Methods - Proceedings of the Workshop
of the COST G8 Action “Non-destructive Analysis and Testing of Museum Objects”,
held in conjunction with the “10th International Conference on PIXE and its
Analytical Applications”).

5 Respaldiza, M. A., Gomez-Camacho, J., Eds. Applications of lon Beam Analysis
Techniques to Arts and Archaeometry, Secretariado de Publicaciones de la
Universidad de Sevilla: Seville, 1997.

6 Demortier, G., Adriaens, A., Eds. lon Beam Study of Art and Archaeological Objects
(EUR 19218}); Office for Official Publications of the European Communities:
Luxembourg, 2000.

7 http://www.eu-artech.org.

8 Harbottle, G.; Gordon, B. M.; Jones, K. W. Use of Synchrotron Radiation in
Archaeometry. Nucl. Instrum. Methods Phys. Res., Sect. B1986, 14 (1), 116—122.

9 http://srs.dl.ac.uk.

10 Bertrand, L.; Vantelon, D.; Pantos, E. Novel Interface for Cultural Heritage at SOLEIL.

Appl. Phys. A: Mater. Sci. Process. 2006, 83, 225-228.

11 Lehmann, E. H.; Vontobel, P.; Deschler-Erb, E.; Soares, M. Non-invasive Studies of
Objects from Cultural Heritage. Nucl. Instrum. Methods Phys. Res., Sect. A 2005,
542, 68-75.

12 0ddy, W. A.; Hughes, M. J. The Stabilization of ‘Active’ Bronze and Iron Antiquities
by the Use of Sodium Sesquicarbonate. Stud. Conserv. 1970, 15, 183-189.

13 Macleod, I. D. Conservation of Corroded Copper Alloys: A Comparison of New and
Traditional Methods for removing Chloride lons. Stud. Conserv. 1987, 32, 25-40.

14 Pollard, A. M.; Thomas, R. G.; Williams, P. A. Mineralogical Changes Arising from
the Aqueous Sodium Carbonate Solutions for the Treatment of Archaeological
Copper Objects. Stud. Conserv. 1990, 35, 148—152.

15 Hughes, R.; Rowe, M. The Colouring, Bronzing and Patination of Metals; Thames
and Hudson Ltd.: London, 2006.

16 Scott, D. A. Copper and Bronze in Art, Corrosion, Colorants, Conservation; Getty
Publications: Los Angeles, 2002.

17 Horie, C. V.; Vint, J. A. Chalconatronite: A By-product of Conservation. Stud.
Conserv. 1982, 27, 185-186.

Synchrotron-Based Corrosion Studies Adriaens and Dowsett

18 Dowsett, M.; Adriaens, A. Cell for Simultaneous Synchrotron Radiation X-ray and
Electrochemical Corrosion Measurements on Cultural Heritage Metals and other
Materials. Anal. Chem. 2006, 78, 3360-3365.

19 Leyssens, K.; Adriaens, A.; Degrigny, C.; Pantos, E. Evaluation of Corrosion Potential
Measurements as a Means to Monitor the Storage and Stabilization Processes of
Archaeological Copper-Based Artifacts. Anal. Chem. 2006, 78, 2794-2801.

20 Lamy, C. Stabilisation d’objets Archéologiques Chlorurés en Alliage Cuivreux -
Définition des Conditions d’une Polarisation Cathodique a Potentiel Constant en
Solution de Sesquicarbonate de Sodium 1%; Unpublished Rapport du Stage,
Université de Nantes ISITEM, 1997.

21 Pollard, A. M.; Thomas, R. G.; Williams, P. A. Synthesis and Stabilities of the Basic
Copper(ll) Chlorides Atacamite, Paratacamite, and Botallackite. Mineral. Mag. 1989,
53, 557-563.

22 Leyssens, K.; Adriaens, A.; Dowsett, M.; Schotte, B.; Oloff, I.; Pantos, E.; Bell,

A. M. T.; Thompson, S. Simultaneous In Situ Time Resolved SR-XRD and Corrosion
Potential Analyses to Monitor the Corrosion on Copper. Electrochem. Commun.
2005, 7, 1265-1270.

23 Adriaens, A.; Dowsett, M.; Leyssens, K.; Van Gasse, B. Insights into the Electrolytic
Stabilization with Weak Polarization as Treatment for Archaeological Copper Objects.
Anal. Bioanal. Chem. 2007, 387, 861-868.

24 Lewis, R. A.; Helsby, W. I.; Jones, A. O.; Hall, C. J.; Parker, B.; Sheldon, J.; Clifford,
P.; Hillen, M.; Sumner, I.; Fore., N. S.; Jones, R. W. M.; Roberts, K. M. The “RAPID”
High Rate Large Area X-ray Detector System. Nucl. Instrum. Methods Phys. Res.,
Sect. A1997, 392, 32—-41.

25 Adriaens, A.; Dowsett, M.; Jones, G. K. C.; Leyssens, K.; Nikitenko, S. An In-situ
X-ray Absorption Spectroelectrochemistry Study of the Response of Artificial
Chloride Corrosion Layers on Copper to Remedial Treatment. J. Anal. At. Spectrom.
2009, 24 (1), 62-68.

26 Adriaens, A.; Dowsett, M. Time-resolved Spectroelectrochemistry Studies for the
Protection of Heritage Metals. Surf. Eng. 2008, 24 (2), 84-89.

27 Kear, G.; Barker, B. D.; Walsh, F. C. Electrochemical Corrosion of Unalloyed Copper
in Chloride Media - A Critical Review. Corros. Sci. 2004, 46, 109—135.

28 Costa, V. private communication.

29 Dowsett, M.; Adriaens, A.; Jones, G. K. C.; Poolton, N. R. J.; Fiddy, S.; Nikitenko, S.
Optically Detected X-ray Absorption Spectroscopy (ODXAS) Measurements as a
Means to Monitor Corrosion Layers on Copper. Anal. Chem. 2008, 80, 8717-8724.

Vol. 43, No. 6 = June 2010 = 927-935 = ACCOUNTS OF CHEMICAL RESEARCH = 935



