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a b s t r a c t

This study aims for providing adapted solutions for disinfestation of cultural buildings and collections
in place of the use of methyl bromide, ozone depleting substance recently forbidden. It reports on a
two-step corrosion test assessing the corrosive activity (corrosivity) of alternative fumigants. Four can-
didate fumigants are investigated: sulfuryl fluoride (SF), dimethyl disulfide (DMDS), phosphine (PH3) and
cyanogen (EDN) in conjunction with five standard metals: silver (Ag), tin (Sn), iron (Fe), lead (Pb) and
copper (Cu). The applied procedure is detailed including the fumigation protocol and the description of
a specific electrochemical twin cells device. The surface evolution of metallic coupons after fumigation
treatments and after hygrothermal ageing (35 ◦C, 95% RH) is compared to a blank reference series (indoor
atmosphere). Results from colorimetry and electrochemical (linear sweep voltammetry) measurements,
completed by Raman spectroscopy investigation show that each fumigant differently affects metals both
in amplitude (amount of surface species) and in composition (nature of corrosion products). Sulfuryl
lectrochemistry
aman spectroscopy
ollutant
ethyl bromide alternatives

fluoride (SF) can be recommended for cultural heritage but care has to be taken in presence of Pb, Sn and
Cu. DMDS is also a good alternative candidate, however, it affects greatly Cu coloration and promotes
Pb corrosion. Phosphine (PH3) is dramatic for Cu and has to be avoided while the efficient biocide EDN
increases corrosion of Ag and Cu even if low color variation is observed. It is strongly recommended for
selecting the fumigant to properly identify the metallic artefacts prior fumigation.
. Research aims

Due to the international forbidden use of methyl bromide
or disinfestation of historical buildings and collections, gaseous
ubstitutes without impact on cultural materials are required for

ultural heritage applications. The objective of this work is to test
lternative fumigants on standard metals, in order to evaluate the

∗ Corresponding authors.
E-mail addresses: robbiola@univ-tlse2.fr (L. Robbiola),

queixalos@orange.fr (I. Queixalos).
global corrosive action of these fumigants according to each tested
metal.

2. Introduction

Conservation of historical monuments can require pest control
measures. Usually, the best way to reach this goal remains the pre-
vention. It is based on a strict control of the climatic parameters

linked to the storage conditions. It involves also a well-organized
and strictly applied integrated pest management strategy, includ-
ing for example quarantine or application of specific treatments
(dynamic anoxia, thermal or ionic treatments, fumigation).
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owever as recently mentioned [1], a significant increase in the
resence of insect pests within historic houses is observed since this

ast decade probably linked to a recent increase in favourable indoor
emperature conditions. As a consequence, fumigation remains an
dequate method for disinfestation of large areas in which also
eneralized infestation of collections are observed. This treatment
llows a significant and appropriate response to be applied on a
arge scale at ambient temperature and atmospheric pressure [2]. It
llows efficient controlled mass treatments at acceptable costs and
an be applied in a sealed environment either in situ or in gas-tight
hamber.

Up to recently, among the gaseous fumigant applied for cul-
ural heritage, methyl bromide (CH3Br) was one of the most widely
pplied. However, it has been classified by the Montreal Proto-
ol as an Ozone Depleting Product (OPD) and its use has been
hased out by January 2005. From 2007 according to Instruction
006/140/CE, it was definitively withdrawn for biocide. Recently

n March 2010, the European Community dictates its complete
nterdiction in agreement on the current world climate protec-
ion policy [2]. Gas alternatives to methyl bromide are required [3],
ully respecting cultural materials according to good conservation
ractice [2].

In this context, a research program was designed to study
he behaviour of four alternative fumigants preserving the ozone
ayer on various cultural materials [2,4,5]. They are sulfuryl flu-
ride (SF), dimethyl disulfide (DMDS), hydrogen phosphide or
hosphine (PH3) and ethane dinitrile or cyanogen (EDN), used
or a broad spectrum of phytosanitary and biocide applications
3–20]. Sulfuryl fluoride (SF) [3,6–10] and hydrogen phosphide
PH3) [3,11–13] are registered gases. These two fumigants have
een already applied for cultural buildings. Sulfuryl fluoride (SF)

s successfully used since 1990 [10] under VikaneTM to elim-
nate wood-destroying beetles in historical buildings including

useums, churches and rare book libraries and also in wooden
rtifacts [6–10]. Dimethyl disulfide (DMDS) and ethane dinitrile
EDN) are new environmentally-safe fumigants known on con-
rol of pathogens, weeds and insects in soil [3,14–16] but not yet
pplied to cultural heritage. They have been considered here due
o their promising possibilities including largest biocide effects and
relatively easy use application protocol. At low dose, these soil

umigants can be effective against common stored product pests
ccording to their insecticide and fungicide properties. For DMDS,
ts registration as biocide is not yet achieved but is commercialized
y ARKEMA Company [2]. EDN is not validated as biocide and not
ommercialized under a trademark. However, if the efficiency of
hese biocides is nowadays determined, their effects on the wide
ariety of cultural materials, settled or placed in the historical and
ultural buildings, remain to be defined or refined. Except sulfuryl
uoride fumigant, for which a large set of studies was performed
n several cultural materials such as on gilding [4,5], paper and tex-
ile [17], easel painting materials [18], protineous components like
nimal glue and silk [19,20] or painting pigments [5,19], very little
nformation is available for the other fumigants.

Only a few studies have been carried out on metals, revealing
hat the fumigants can have a corroding action. Some of them sug-
ested caution in the use of sulfuryl fluoride (VikaneTM) [6,19,21].
igawa et al. tested SF on six pure metals and two copper alloys

brass and bronze) [19]. They found only a modification of optic
ppearance on lead and zinc. In Derrick et al. [21 and ref. therein],
orrosion or tarnishing on copper, aluminium and silver, was opti-
ally observed for high RH%. Also, interaction of SF with metallic
urfaces was hypothesised to explain the decrease of the gas

oncentration in the sealed cell measured with IR absorption spec-
rometry. Phosphine PH3 severely reacts on copper and copper
lloys [11–13] but not on silver, stainless steel or Pb-Sn solder [13].
or copper electronic metallic materials with PH3 concentration
al Heritage 16 (2015) 15–25

between 35 and 250 ppm [13], weight variation measurements
revealed that severe corrosion rates are observed both at low-
est (< 25% RH) and highest (> 75% RH) relative humidity and at
high temperature (40 ◦C). For DMDS and EDN, test samples of
gildings applied on stones and woods have been recently inves-
tigated [4,5]. The results revealed that, after fumigation and ageing
(thermo-hydrating cycles), gildings can be more reactive and some
tarnishing can be optically detected.

Thus even if a few information regarding the global action of
fumigants on cultural metals are found, a more comprehensive
assessment of the impact of fumigation treatments is needed.

In the present study, the relative degree of corrosivity of the four
fumigants (SF, DMDS, PH3 and EDN) is determined on five standard
metals (Ag, Sn, Fe, Pb and Cu) found in cultural heritage. Here the
strategy is based on a two-step process (fumigation and ageing).
Investigation was performed applying colorimetry, electrochemi-
cal linear sweep voltammetry (LSV) and Raman spectroscopy. LSV
is very adapted for determining very thin corrosion layers up to nm
size [22–25] and has been carried out using a special prototyped cell
device. The results obtained on metallic coupons, before and after
artificial ageing, will be then given and discussed with the purpose
to find the most adapted alternative fumigant(s).

3. Experimental

3.1. Materials

3.1.1. Gases
Table 1 summarized the characteristics of the four selected

fumigants: sulphuryl fluoride (SF), dimethyl disulfide (DMDS),
hydrogen phosphide (PH3), and ethane dinitrile (EDN). As previ-
ously introduced, these substances are known for their efficiency
on insects and their relative low impact on natural environment.
SF and PH3 have been already applied on cultural heritage while
DMDS and EDN are new selected candidates. Other known effi-
cient fumigants such as carbonyl sulfide or carbon disulfide were
not considered due the insufficient data for their effective applica-
tion [2,16]. As shown in Table 1, the toxicity of the tested fumigants
is important and care for handling and using is strictly required.
Their use must remain always under the control of specialists.

3.1.2. Metals
In order to obtain reference data on pure metallic surface, no

surface treatment (oxidation or patination) was applied. Rectan-
gular coupons of silver (Ag), tin (Sn), iron (Fe), lead (Pb) and
copper (Cu) were prepared from industrial quality materials of rel-
ative high purity (> 99.8 wt.%). They were cut from clean sheets
(50 × 20 × 1.5 mm), degreased and SiC polished up to P180 grade,
then rinsed in distilled water and air dried.

3.2. Method

The procedure follows a two-step approach: (step 1) fumigation
of metallic coupons and (step 2) exposition to harmful conservation
conditions (hygrothermal exposure step). The surface characteriza-
tion of coupons after step 1 brings information on the direct impact
of gas and the amount of reactive species on metallic surfaces. The
step 2 allows assessing the relative stability of the treated surface to
high humidity and temperature exposure condition. Blank samples
exposed only to indoor atmosphere (Reference gas also named Ref.
here), before and after ageing, were also considered for comparison
with fumigated samples.
3.2.1. Fumigation (step 1)
The fumigation treatments were performed according to AFNOR

norms (AFNOR U 43-500/AFNOR V 30-107). They were performed
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Table 1
Characteristics of the tested fumigants and of the treatment conditions: volume of the airtight chamber: 1 m3 except for EDN (rigid PVC 200L), ambient temperature: 15 ± 1 ◦C,
initial relative humidity: 50 ± 5%.

Fumigant Gas
(formula)

Usual and
commercial
name

Density
(at 21 ◦C)

Nature
Operating conditions
Exposure time (h. hour – d. day)
Initial injected concentration
(C in g.m−3)

Effective total
dosea

(CTP)
g.h.m−3

CAS registry number
Toxicological information
Exposure Standards TWAb & STELc

Remarks

SF Sulfuryl
fluoride
(SO2F2)

ProFumeTM

(also known
as Vikane TM)

3.7
(atm air = 1)

Liquefied gas under pressure
Injection from 1.5 L
cylinder – weighted with time
Applied with adapted filtration
and ventilation
24 h/150 g.m−3

2873 CAS No: 002699-79-8
Toxic if inhaled
Delayed fatal pulmonary oedema
possible
Damage to red blood cells
Very toxic for aquatic life
TWA:US: 5 ppm/EU: 2 ppm

Rise to a
maximum
concentration
which
progressively
decreases
Registered
product

DMDS Dimethyl
disulfide
(CH3S-
SCH3)

DMDS
(Atomal TM)

1.063
(water = 1)

Liquefied gas (in a Petri dish)
Applied with ventilation
24 h/60 g.m−3

1061 CAS No: 000624-92-0
Toxic if inhaled
Irritation to eyes, skin and
respiratory tract
Very toxic for aquatic life
TWA (USA) 0.5 ppm as skin

Powerful
insecticide, but
garlic smell
Registration in
progress

PH3 Hydrogen
phosphide
(PH3)

Phosphine 1.14
(atm = 1)

Solid AlP pellets
7 days/2 g.m−3 (10 pellets of
0.2 g.m−3)

227d CAS No: 007803-51-2
Highly toxic by inhalation
Irritation to the respiratory tract,
lung irritation, chess tightness
Delayed fatal pulmonary oedema
possible
STEL: US (1 ppm), EU: 0.3 pmm
TWA:US:0.3 ppm//EU: 0.1 ppm

More exposure
time, due to its
specific
conditioning
Registered
product

EDN Ethane
dinitrile
(C2N2)

Cyanogen
(Viton TM)

1.806
(atm = 1)

Gas introduced with a 2 L
Hamilton syringe (air purged at
the opposite side)
Applied with ventilation
24 h/200 g.m−3

3041 CAS No: 000460-19-5
May cause irritation to the
respiratory tract
Hazardous to the aquatic
environment
TWA: 10 ppm

Colourless gas,
close to
almond smell
Insecticide and
fungicide
Not registered

a Concentration Time Product or CTP: concentration of fumigant in (g.m−3.hour).
b Time Weighted Average (TWA) 8 or 10 hours.
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c Short-Term Exposure Limits (STEL) 15 minutes from US National Institute for O
d Calculated value from the curve integration of Fig. 1b.

n gas-tight stainless steel fumigation chambers of 1 m3 for SF,
MDS and PH3, and carried out in a rigid PVC chamber of 0.2 m3

or EDN. The exposure conditions are summarized in Table 1. The
hambers were located in air conditioned room with a maintained
emperature of 15 ± 1 ◦C and RH 50 ± 5%.

The injection mode of each gas in the chamber was conducted
ccording to their physical properties. SF was introduced in the
hamber as a liquid under pressure contained into a cylinder (dose
50 g.m−3). For PH3, solid PH3 pellets of aluminium phosphide
eacting with water vapor were used (dose 2 g.m−3). For DMDS, liq-
id DMDS was placed in a Petri dish (dose 60 g.m−3). EDN gas was

njected with a 2 L Hamilton syringe while air was being purged
rom the opposite side (dose 200 g.m−3). The exposure time was
4 hours for SF, DMDS and EDN and 7 days for PH3. SF fumiga-
ion has been performed through calcium carbonate particles to
void gas impurities and acid effect on cultural materials [4,5,9].
uring the fumigations with SF, DMDS and PH3, a fan was per-
anently applied for gas homogenization inside the chamber. The

oncentration Time Product (CTP) (Table 1) was determined in
.hour.m−3, except for phosphine where the only rule was to be
ver 200 ppm at anytime [26]. CTP allows a good appreciation of
he gas remaining free during fumigation. It was determined from
he free fumigant concentration, monitored by thermoconductiv-

ty (Fumiscope apparatus) for SF, DMDS and EDN and by using an
lectrochemical cell for PH3 (Oldham MX2100 Industrial Scientific).

The evolution of gas concentration with time is given in Fig. 1
nd shows that sorption is very small with SF and very high with
tional Safety and Health (NIOSH).

EDN. Due to its heavier specific weight, initial vaporisation of DMDS
was very slowly up to 6 hours before reaching a constant concen-
tration. Phosphine hydrolysis is slow likely due to the initial 50% RH
in the chamber. The gas evolutions here applied to cultural heritage
well agree to those recommended for good commercial fumigations
[26].

3.2.2. Hygrothermal exposure (step 2)
In order to test the stability of the surface compounds after fumi-

gation, a continuous six days artificial ageing with RH = 95% and
T = 35 ◦C was performed. The metallic samples were put vertically
and located in the middle of the ageing chamber (Votsch appa-
ratus). Here this simple hygrothermal ageing test is equivalent to
the Oddy’s test, as defined in Green and Thickett [27], applied to
metallic cultural artefacts for testing evolution of surface species in
indoor environment. It is relatively severe for iron, lead and copper
which are more sensible to humidity variation than silver and tin
as mentioned in European norm NF EN ISO 11844-1:8-2008 (table
C1).

3.3. Surface characterization

The characterization of surface was performed after step 1 and

after step 2, for fumigated samples as well as for blank samples only
exposed to Reference gas (indoor atmosphere without fumigation).
All the quantitative results are expressed as an average of at least
three measurements on each metallic coupon.
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Fig. 1. Evolution of gas concentration during fumigation of metallic coupons: (a) for
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density–potential (J–E) curves were performed in potentiodynamic
nitial dosages of 150 g.m−3 for SF, 60 g.m−3 for DMDS and 200 g.m−3 for EDN and
b) 2 g.m−3 (1400 ppm) for PH3.

.3.1. Spectrocolorimetry
Colorimetric measurements of the metal surfaces were per-

ormed in order to determine variations such as tarnishing or
ore pronounced alteration [28,29]. This provides a fast assess-
ent regime to screen the action of fumigants. A HunterLab

ortable spectrophotometer (Miniscan XE Plus 4000S) operating
nder standard daylight illuminant D65 (10◦ observation angle,
00–700 nm spectral range, 10 nm resolution, 6 mm analyzed
rea diameter) was used. The results are expressed according
o the CIELAB color reference space. In this representation, each
olor is defined by three coordinates: a* and b* corresponding
o different color hues and L* to lightness ranging from black to
hite. For each measured surface coupon, the color variation �E*

�E* = (�L*2 + �a*2 + �b*2)1/2) was determined from the color of the
on corroded surface measured after initial polishing. A variation of
E* ≤ ± 3 is usually nearly indiscernible for human eyes and indi-

ates that no significant visual impact of the treatment shall be
eported.

.3.2. Electrochemical reduction
Electrochemical reduction was performed applying linear

weep voltammetry (LSV). In this aim, a specific electrochemical
evice has been developed (Fig. 2). As depicted in Fig. 2a, two cells

ade with an inert polymer are placed in a device which allows
oving cell 1 up to cell 2. The metallic coupon is vertically sand-
iched between the twin cells, allowing analysis of both coupon
Fig. 2. Electrochemical cell experimental set-up: (a) twin cells prototype (open sys-
tem – without metallic coupon) and (b) operating device (close system – the metallic
coupon is vertically blocked within the two cells).

sides with a constant area (S = 0.196 cm2) on all measurements
(Fig. 2b).

A three-electrode electrochemical system was used: the metal-
lic coupon as working electrode, a saturated sulfate mercurous
electrode (SMSE: K2SO4 saturated Hg/HgSO4, +0.65 V vs. NHE at
25 ◦C) as reference and a platinum foil (0.5 cm2) as auxiliary
electrode. Experiments were carried out with a Solartron 1280B
potentiostat controlled with Solartron CorrWare software, also
used for the evaluation of the reduction charge Q (C.cm−2):

Q = J.t (1)

with J: current density (A.cm−2) and t: sweep time (s).

Selected aqueous electrolytes are:

• NaNO3 (0.1 M) for Ag, Sn and Fe;
• NaC2H3O2.2H2O (0.1 M) for Cu;
• Na2CO3, NaHCO3.2H2O (0.1 M) for Pb (sodium sesquicarbonate

0.1 M).

All reagents were from analytical grade. For each experiment,
10 cm3 of aerated electrolyte was used. In most cases, the effects
due to the reduction of dissolved dioxygen, which may partially
mask reduction peaks, were overcome. The reduction current
mode at v = 5 mV.s−1 from the open-circuit potential obtained after
one minute in the electrochemical solution. No correction of the
ohmic drop was applied. On each (J–E) curve, the total charge Q was
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Fig. 3. Color difference (�E*) of metallic coupons (Ag, Sn, Fe, Pb, Cu) with applied
gas treatments. before (left) and after (right) ageing for 6 days at 35 ◦C and 95%RH.
L. Robbiola et al. / Journal of

etermined from the integration of the reduction peaks, after sub-
raction of the baseline defined by the tangent from the beginning
f the peak up to its end in the more cathodic region.

The total reduced electrical charge Q per surface unit is related
o the amount of corrosion components formed on the metal sur-
ace [22–25,30]. Higher is the absolute value of Q, more amount
f electrospecies is formed on the surface and more is the fumi-
ant corrosive. The thickness of the corrosion film, e (nm), on the
etal surface can be approximated applying the Faraday’s law (Eq.

2)) assuming that the distribution of the species is uniform at the
urface:

= MA.Q.10000/nA.F.�A (2)

ith e: film thickness (nm), MA: molar mass of A species (g), Q is the
otal reduction charge of A species (mC.cm−2), nA electron number
cation valency) involved in the reduction of A, F Faraday constant
96485 C.mol−1) and �A density of A species (g.cm−3).

Thus for typical oxides in atmospheric condition (Ag2O, SnO2,
eO, PbO and Cu2O [25,30,31]), for a reduced charge Q of 1 mC.cm−2,
he film thickness on pure metals is around 1 nm (≈ 0.6 nm for SnO2
nd FeO, 1.2 nm for PbO and Cu2O and 1.7 nm for Ag2O).

.3.3. Raman spectroscopy
The Raman spectra were performed in order to determine

he surface species. Measurements were carried out only on the
oupons after ageing with a Jobin Yvon Dilor XY apparatus (Ar:
88 nm, 0.3 mW, LabSpec software) on selected areas of ≈5 �m spot
ize. The scan number and the accumulation time (usually 60 s)
ere adapted according to the intrinsic signal intensity.

Although Raman spectroscopy is a very sensitive method well
dapted to the characterization of the oxidized metallic surfaces,
pectrum processing was remaining difficult mainly due to the very
ow thickness or poor crystallization of the surface compounds even
fter ageing. The results are roughly reproducible at the micromet-
ic level despite the relative homogeneity of the corroded surfaces
ointed out by electrochemical reduction for Ag or Sn as it will
e reported later. PH3 investigation will only concern Cu coupons,
hich dramatically react with.

Often systematic carbonyl pollution with characteristic bands
t about 1600 cm−1 corresponding to graphitic carbon and at
930 cm−1 for C–H stretching vibrations was detected more par-
icularly on silver.

. Results and discussion

Here, two aspects are addressed. The first one involves the global
ction of fumigants and their corrosivity on the metallic coupons.
he second aspect relates to the behaviour of metal surfaces before
nd after ageing, also investigating in more details the surface
ature applying electroreduction (LSV) and Raman spectroscopy.

.1. Corrosivity of fumigants

The colorimetric measurements and the determination of the
mount of reduced charge of the tested coupons are given in
igs. 3 and 4 respectively. In these figures, the mean values of the
volution of surface colors (color differences �E*) and of Q values
mC.cm−2) are given for the different fumigants, before (step 1) and
fter the ageing test (step 2). Indoor atmosphere exposure is used
s a blank reference for comparison and is named “Reference” (Ref.)
n Figs. 3 and 4.
In indoor atmospheric condition, a slight tarnishing is system-
tically observed on metals which increases the color difference
alues after ageing as shown in Fig. 3. This is related to the for-
ation of a thin corrosion film for which the thickness can be
Ref.: blank indoor atmosphere (no fumigation), SF: SO2F2, DMDS: CH3S-SCH3, PH3:
phosphine, EDN: C2N2.

estimated between 1 to 10 nm, according to the Faraday’s law (Eq.
(2)) applying the Q(Ref.) values given in Fig. 4.

Except a few cases later discussed, a similar evolution
between colorimetry and surface electroreduction measurements
is observed for fumigated coupons. This is particularly well illus-
trated for Fe and Pb in Figs. 3 and 4, widely affected by the ageing
step, as revealed by a marked increase of both their colour variation
and amounts of reduced species.

Regarding the action of fumigants from Figs. 3 and 4, the com-
parison with the results of the blank indoor atmosphere (Ref.)
reveals that after the two-step process:

• SF is comparable to the indoor atmosphere. Both �E* and Q val-
ues are close to those obtained for the blank Ref. series for all the
metals, except for Pb slightly more reactive (mean of electrore-
duced species Q = 307 instead of 235 mC.cm−2 for Ref. series);
• DMDS markedly affects Pb (Q = 490 instead of 235 mC.cm−2 for
Ref. series) and Cu colour variation (�E* = 35 instead of 4 for Ref.
series), even if it reveals good performance for Ag, Sn and Fe;
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Fig. 4. Total reduction charge Q (mC.cm−2) related to the amount of surface species
formed after gas treatments of metallic coupons (Ag, Sn, Fe, Pb, Cu), before (left) and
a
S

•

•

r
m
P
a

4.4. Surface characterization
fter (right) ageing for 6 days at 35 ◦C and 95%RH. Ref.: blank indoor atmosphere,
F: SO2F2, DMDS: CH3S-SCH3, PH3: phosphine, EDN: C2N2.

EDN acts similarly to blank indoor atmosphere. However, it
significantly modifies the Cu colour (colour variation �E* = 17
instead of 4 for Ref. series) and increases the formation of sur-
face products on Ag and Cu (Q = 5.9 and 33 mC.cm−2 respectively,
instead of 3.3 and 15 mC.cm−2 for Ref. series);
PH3 exhibits a dramatic behaviour for copper: a thick layer of
blue cupric species is observed optically, inducing a very impor-
tant colour deviation (�E* = 50 instead of 4 for Ref. series) as
well as an increase of the total reduction charge (Q = 108 instead
of 15 mC.cm−2 for Ref. series). But except on Cu, the over-
all action of PH3 appears apparently similar to that of blank
indoor atmosphere. Even more, PH3 could inhibit pure Ag cor-
rosion as a marked decrease of the average Q values is observed
(Q = 1.3 mC.cm−2 with PH3 instead of 3.3 mC.cm−2 for Ref. series).

Thus a classification of the fumigant corrosivity after ageing
emains uncertain as each fumigant differently affects the tested

etals. For example, DMDS is found to be very corrosive towards

b but poorly affects Ag, while the converse is true for EDN. As
consequence, a more detailed analysis of the treated surfaces is
al Heritage 16 (2015) 15–25

required for a better assessment of the fumigant action on each
tested metal.

4.2. Relationship between colour deviation �E* and surface
charge Q

Even if the overall evolution of the color deviation values (Fig. 3)
is accompanied by a similar evolution of the electroreduced charges
(Fig. 4), a few specific cases has to be mentioned for which color
difference �E* and charge Q are not linked together.

Firstly, as revealed for EDN on silver (Ag), an important increase
of electroreduced species Q can be detected while color modifica-
tion �E* is very low compared to blank indoor atmosphere (Ref).
Thus, pronounced corrosion can occur even if the color remains
poorly modified. On the opposite, a marked color modification can
be evidenced with no significant increase of Q. This is the case for
DMDS on Cu (before and after ageing) or on Pb (before ageing), for
EDN on Cu (before ageing) and for PH3 on Fe (after ageing). Here, the
fumigation induces a marked color evolution without pronounced
corrosion.

An important point has to be noticed at this stage. In fact, even
if colorimetry remains an interesting method to screen the surface
evolution impacted by pollutants, the use of more developed meth-
ods must be applied for assessing properly the fumigated metals.

4.3. Overall corrosion behaviour of metals

A more informative approach on the behaviour of treated metals
is given when are considered both the mean total reduction charge
Q values as well as their standard deviation �Q. Q value gives infor-
mation on the corrosion amplitude: higher Q values indicate more
developed corrosion. �Q brings information on the surface homo-
geneity: higher �Q value relates to more heterogeneous corroded
surface.

This is depicted in the Fig. 5 for all the studied metals after ageing
(step 2). Distinctive quadrants can be defined according to specific
corrosion domains: passivation (or uniform corrosion) for low Q
and low �Q (thin film of a few nm), localised corrosion for low Q
and high �Q and generalised corrosion for high Q (thick film) and
high �Q.

Fig. 5 confirms the different corrosion behaviour of metals
observed after ageing:

• silver (Ag) and tin (Sn) are poorly reactive metals. The applied
fumigants induce a rather uniform corrosion corresponding to a
tarnishing of a few nm thick (cf. 3.3.2), except EDN on Ag and
also DMDS on Sn here inducing surface heretogeneity (higher �Q
values);

• markedly more reactive to fumigants are iron (Fe), lead (Pb) and
copper (Cu) metals:
◦ for Fe, localised corrosion is linked to the specific formation

of brown rust systematically observed as later confirmed by
Raman spectroscopy,

◦ for Pb and Cu, generalized corrosion is clearly observed. It is
dramatic for Pb with DMDS and for Cu with PH3.

According to each metal, from Fig. 5 also and by comparison to
the reference (blank indoor atmosphere), it can be concluded that
the most aggressive fumigants are: EDN on silver (Ag), DMDS on
tin (Sn) in a less extent, SF and DMDS on lead (Pb), PH3 and EDN (in
a less extent) on copper (Cu).
Another important aspect to consider is the stability of fumi-
gated surfaces after hygrothermal ageing (step 2). This allows to
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ig. 5. Variation of mean total reduction charge Q versus �Q for tested metals after ag
Ref) corresponds to blank indoor atmosphere (without applied fumigant).

ee if exposure to high RH% induces the evolution of surface com-
ounds but also to discern if these compounds could be directly

inked to specific chemical species induced by the applied fumigant.
n this last case, fumigant could act as a specific pollutant.

.4.1. Less reactive metals Ag and Sn
For the less reactive metals silver and tin, ageing of fumigated

oupons poorly affects their surfaces. A comparison of the reduc-
ion (J–E) curves, before and after ageing, is shown in Fig. 6. Except
he cases of EDN on Ag and SF on Sn hereafter discussed, the gen-
ral shape of the (J–E) curves is poorly modified. A difference of
ehaviour between these two metals is however revealed: Ag sur-
aces appear sensitive to the gas treatment applied while, for Sn, the
umigated surfaces exhibit important similarities with the blank
ndoor atmosphere. For silver (Ag) as shown in Fig. 6, several reduc-
ion peaks are formed. For blank Reference, SF, DMDS and EDN the
eduction peak maximum at –0.9 V/MSE could be ascribed to Ag2O,
hile the peak at about –1.2 V/MSE could be probably related to
g2S for SF, DMDS and EDN [22,30]. Also the peak at –0.6 V/MSE
as to be linked more likely to an unknown compound related to
H3. For the Sn coupons except with SF gas, one reduction peak is
ound at about –1.55 V/MSE relative to tin dioxide systematically
ound in atmospheric condition [31].

In Fig. 6, the specific cases of EDN on silver (Ag) and SF on tin
Sn) are clearly revealed. The shape of their reduction curves is

odified with ageing. This indicates an evolution of the surface
ompounds which changed of nature with hygrothermal test. For
DN on silver (Ag), a specific product at around –0.45 V is observed
ut vanished after ageing, while two others peaks appear at around
0.6 V and –1.2 V/MSE. It can be stated that the initial product linked

o EDN fumigation is unstable with humidity and temperature and
nhanced the corrosion of silver. For SF on tin (Sn), a peak observed
t –1.48 is shifted to –1.6 V/MSE. Interestingly here is the decrease
f the Q value, which could indicate that the tin-compound initially
cf. data in Fig. 4) – the line positions defining the quadrant limits are only indicative.

formed with SF became more protective with the hygrothermal
ageing.

Representative Raman spectra on silver (Ag) coupons are shown
Fig. 7. The identification of silver oxides and sulphides was difficult,
as the surface compounds often exhibit a photosensitive behaviour
inducing photo-decomposition even at low laser power [32]. This
was more manifest for Ag coupons submitted to SF and EDN fumi-
gants. However in Fig. 7, low frequency bands between 150 and
250 cm−1, related to Ag lattice modes in Ag–O are evidenced. Most
often systematic carbonyl pollution in atmosphere, with character-
istic bands at about 1600 cm−1 corresponding to graphitic carbon
and at 2930 cm−1 for C–H stretching vibrations was detected partic-
ularly on silver. For Sn coupons, attempts to observe regular Raman
spectra of Sn surface species failed. Except for EDN on Sn for which
broad bands at around 550 and 3565 cm−1 were observed (spec-
tra not shown). These bands can be assigned respectively to Sn–O
and O–H symmetric stretching vibrations linked to nano- or poorly
crystallized “hydroxylated” tin oxide [33], in accordance with the
above electrochemical result.

4.4.2. More reactive metals Fe, Pb and Cu
Regarding the reactive metals (Fe, Pb and Cu), surface

characterization coupling electrochemical reduction and Raman
spectroscopy were performed.

Pure iron remains very sensible to localized attacks with rust for-
mation after hygrothermal exposure. The electrochemical curves
reveal poorly resolved reduction peaks at around –1.55 V/MSE, not
illustrated here. These very broad peaks are probably linked to the
presence of iron hydroxy-oxide and/or iron oxide as revealed by
Raman spectroscopy for DMDS and EDN fumigants (Fig. 8).

For blank Reference and SF series, only broad poorly resolved

bands centered at around 340 cm−1 are observed (spectra not
shown) but are difficult to ascribe to specific vibrations. For DMDS
(Fig. 8) and also SF, a broad band between 680–710 cm−1 is
detected. This can be probably ascribed to disordered maghemite
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ig. 6. J–E reduction curves of silver (Ag) and tin (Sn) after fumigation (full line) and
.1 M aqueous solution.

-Fe2O3 or a mixture of this phase with ferrhydrite (Fe2O3·H2O)
s also found on ancient iron artefacts [33,34]. Only the sur-
ace submitted to EDN treatment showed partially crystallized
epidocrocite (�-FeOOH) with bands at 235, 365, 525, 640 and
300 cm−1 similar to the one identified by De Faria et al. [34] but
ccompanied by a band at around 1070 cm−1 relative to carbonate
nion.

A difference of electrochemical behaviour between lead and
opper is observed. The general shape of the reduction curves
emains feebly affected after hygrothermal exposure, except for
MDS and EDN on Cu, and even if an increase in current density is
ften observed. In Fig. 9, the electrochemical reduction (J–E) curves
re given only for Pb and Cu aged coupons. PH3 fumigant curve with
broad peak only was not reported here for Cu being one order of
agnitude higher than those found for the other fumigants.
For Pb coupons, broad and overlapped peaks are observed while

u coupons exhibit more resolved and sharp peaks. The poorly
esolved reduction peaks initialising from –1.0 V are relative to a
hick corrosion layer, which includes Pb(II) compounds such as PbO
litharge) and also probably cerussite and hydrocerussite as con-

rmed by Raman investigation in Fig. 8. For Reference series, Raman
pectra reveal the presence of litharge (PbO) with a strong band at
bout 150 cm−1, very similarly to lead coupons exposed to atmo-
phere during 24 months as detailed in Bernard et al. [35, sample
g (dotted line) for 6 days at 35 ◦C and 95%RH. Linear sweep voltammetry in NaNO3

PP1]. For SF, DMDS and EDN fumigants (Fig. 8), a mixture of litharge
(litharge PbO ≈ 145–150 (vs), 280 and 330 cm−1) with sometimes
cerussite and/or hydrocerussite PbCO3 at 1050–1055 cm−1 includ-
ing a broad OH symmetric stretching band (3570 cm−1) is detected.

For copper (Cu), different nature of surface species are revealed
according to the applied fumigants, indicating a direct action of
these fumigants on the surface product formation. As shown Fig. 9,
the reduction of the aged blank coupons confirms the presence of
different cuprous oxides (peaks at about –1.1 and more pronounced
around –1.5 V/MSE), in good accordance with usual values on cop-
per [25 and ref. therein]. For SF and even more for EDN, these peaks
are also observed but more pronounced at –1.1 V/MSE. For DMDS
fumigant, a supplementary reduction peak around –1.3 V/MSE
could be possibly linked to the specific formation of sulphide
species [25].

Raman spectra on aged Cu coupons are given Fig. 10 confirming
the presence of cuprous oxide (specific main bands at 195–215
and 630 cm−1 [36]). For DMDS, no supplementary band linked
to sulphide is observed but it must be recalled that numerous
copper sulphides such as Cu2S (chalcocite) don’t exhibit any vibra-

tion band. For EDN, a supplementary but not ascribed band at
460 cm−1 is observed. The Raman results confirm the different
copper surface species previously expected from electrochemical
investigation. Finally for PH3, additional vibration bands (Fig. 10)
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Fig. 9. J–E reduction curves of lead (Pb) and copper (Cu) after fumigation and
ig. 7. As measured Raman spectra of silver (Ag) coupons after ageing (488 nm, Ar
aser, 0.3 mW).

ell confirm the drastic corrosivity of this fumigant on copper. It

nduces the formation of both carbonate and phosphate species.
upric carbonate is revealed by the bands at 1355 and 1590 cm−1

assigned to carbonate anti symmetric stretching) while a small
road band at 3250–3400 cm−1 is linked to hydroxyl symmetric

ig. 8. Raman spectra of iron (Fe) and lead (Pb) coupons after ageing (DMDS and
DN fumigation). Upper part and Inset: raw spectra (488 nm, Ar laser, 0.3mW). Lead
oupons spectra (lower part) are background subtracted.

ageing. Linear sweep voltammetry in aqueous solution with sodium sesquicar-
bonate for Pb (Na2CO3, NaHCO3.2H2O – 0.1 M) and with sodium acetate for Cu
(NaC2H3O2.2H2O – 0.1 M).

Fig. 10. As measured Raman Spectra of aged copper (Cu) coupons (488 nm, Ar laser,
0.3 mW).
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tretching [36]. Vibrations around 1040 cm−1 (broad band between
50–1060 cm–1) could be ascribed to poorly crystallised phosphate
roducts, quite similar to libethenite Cu2PO4OH or pseudoma-

achite Cu5(PO4)2 [36, p. 156–158]. The presence of phosphate
ompounds on Cu well agrees with previous results [13] for which
mportant amounts of P and O elements from EDS analysis were
ound after 36 h fumigation with PH3 (250 ppm).

.4.3. Fumigant reaction on metallic surface
Additional information to identification of surface species has

o be noticed. Rarely mentioned in the literature, this concerns
he adsorption of fumigant on metallic surface. Previous infrared
xperiments performed with SF on Ag and Cu in sealed cell [21]
ave shown that significant gas adsorption could be expected on
he metallic surfaces. Furthermore (Table 1), a remnant odor of gar-
ic and almond remains from coupons respectively treated with
MDS and EDN. However, no specific vibration bands of fumigants
ere identified on aged metals. No specific spectral features were

ecorded for sulfuryl fluoride for which the main Raman shift is
he SF stretching vibration band at 884–888 cm−1 (antisymmet-
ic SF2 mode) [37]. Also no indication of high concentration of
dsorbed DMDS molecules were found according to the lack of the
–S stretching band around 500 cm−1 [38] and of the aliphatic C–S
ymmetric stretching band between 670–700 cm−1 as observed
n silver or gold metals [39]. On the same way, bands of the �1
2330 cm−1) and �2 (845 cm−1) fundamental vibrations for EDN
umigant [40] have not been recorded and PH3 (liquid state) Raman
requencies at 979 cm–1, 1110 cm–1 and 2306 cm–1 [41] are not
resent on Cu coupons. At this stage, no supposed adsorbed fumi-
ant molecules were thus evidenced here.

Nevertheless, dissociation of fumigant molecules undergoing
pecific surface reaction is found. This is the case for PH3 on cop-
er as depicted in Fig. 10. For EDN fumigant, a gas impact is also
bserved. For silver treated with EDN, small sharp bands for M–CN
nd CN vibrations respectively at 300–350 and 2135 cm−1 [42] are
resent (Fig. 7), probably linked to the unattributed reduction peak
ound at about –0.6 V/MSE (Fig. 6). In the same way, with EDN on
u (Fig. 10), the band at 2180 cm−1 could be assigned to C–N vibra-
ion. Additionally, for Sn (spectrum not shown) and Pb (spectrum
ig. 8) exposed to EDN, a sharp band at 1035–1055 cm−1 assigned to
–O symmetric stretching vibration is assigned to nitrate species

evealing that C2N2 decomposition occurred on metallic surface;
ere EDN acting as a pollutant inducing specific corrosion.

. Conclusions

This study focused on methyl bromide alternatives for preser-
ation of historic buildings and cultural collections. It covers
he determination of the corrosiveness of four fumigants on five
tandard metals applying a two-step protocol, involving the use of

 set of complementary surface characterization techniques (col-
rimetry, linear sweep voltammetry and Raman spectroscopy). It
as been shown that the corrosive action of the fumigation treat-
ent varies both in amplitude and in composition with the tested
etals.
By comparison to blank indoor atmosphere used as a reference

eries, silver (Ag) and tin (Sn) are poorly reactive and developed
ery thin corrosion film. On the opposite iron (Fe), lead (Pb) and
opper (Cu) are more reactive. Furthermore for Sn and Fe, the
imited reduction peak reveals that the surface species are not so
ifferent from the untreated samples submitted to indoor atmo-

pheric environment. On the converse, for Ag, Cu and Pb, the
mportant number of reduction peaks indicate the presence of
everal species but also a relative complexity of the corrosion
henomena.

[

al Heritage 16 (2015) 15–25

Taking into account the different impacts obtained on each
metal, it can be concluded on the relative corrosiveness of applied
fumigants that:

• sulphuryl fluoride (SF) seems the most suitable substitution gas
to methyl bromide. However, SF induces the formation of specific
surface products on lead, tin and copper also slightly affecting its
color;

• dimethyl disulfide (DMDS) could give satisfactory results except
its very persistent garlic smell and its negative effects on lead. It
accelerates noticeably the tarnishing on lead and copper linked
to the formation of different surface species;

• hydrogen phosphide (PH3) gives satisfactory results except on
copper where irreversible dramatic effects are observed. On other
metals, PH3 promotes the formation of stable compounds which
seems to limit the corrosion on silver (Ag) and on iron (Fe). Thus,
in spite of its easy application, it must be prohibited for the dis-
infestation of heritage premises when copper metal artefacts (or
copper alloys) are present;

• cyanogen (EDN) significantly affects silver and copper linked to
the formation of specific surface compounds. However it appears
to promote stabilization of lead.

It has been shown that fumigant can act as a pollutant involved
in the formation of specific corrosion products. More investigation
is required on their chemical identification and on their stability
with time.

Finally, a clear identification of metallic artefacts prior fumi-
gation is strongly recommended for selecting the fumigant to be
applied.
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