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SUMMARY

The role of organic pollutants in the alteration ofhistoric soda silicate glasses

The stability of glass is linked to its compositiand the atmosphere controls its alteration. The
organic pollutants emitted by wooden showcases plate in the alteration of historic glasses.
This study examines the effects of acetic acidnforacid and formaldehyde on objects from
the National Museums of Scotland and on replicasga aged artificially, all with a soda
silicate composition. Composition was determined ddgctron microprobe and analytical
decomposition of the Raman spectra was used tblisstaorrelations between glass structure
and composition. This allowed interpretation of tteuctural variations between bulk and
altered glass. The structure of the glasses alteyqubllutants is characteristic of an alteration
by selective leaching, with transformation of tliécates linked to alkali into silanols, which
subsequently underwent condensation reactions rra 8 more polymerised structure. The
SIMS concentration profiles of glass aged in anitfi and real atmospheres were used to follow
the alteration evolution as a function of time, lditg and pollutant concentration. The water
film formed by the humidity at the surface anddtgdity control the alteration by leaching of
alkali and hydration of the glass. Formaldehydesdoet act on the leaching reaction while
acids accelerate and amplify it. In mixed polluttthosphere, formates compounds always
predominate in the film even at low formic acid centration. The humidity and temperature
fluctuations in museums maintain the leaching reactKnowledge of the harmful effect of
organic acid pollutants in the alteration of sodlicate glasses will help improve their
conservation.

Keywords: soda silicate glass, alteration, museum, sodarmdte, stability, Raman, SIMS.

RESUME

Le role des polluants organiques dans I'altératiomles verres sodiques historiques

La stabilité d'un verre est liée a sa compositibhemvironnement contrdle son altération. Pour
les verres historiques, les polluants organiques @ar les vitrines en bois interviennent dans
leur altération. Ce travail étudie les mécanismaklétation des acides acétique et formique et
du formaldéhyde sur des objets de musée et dessverillis artificiellement, de composition
sodique. Apres détermination de la compositionnparosonde électronique, la décomposition
des spectres Raman a servi a établir des corm$agtiotre composition et structure des verres, et
a interpréter les variations de structure entreeveain et altéré. La structure des objets altérés
par les polluants est caractéristique d’'une ait@ngtar lixiviation, ou seuls les silicates liéxau
alcalins sont transformés en silanols, qui polys#ri par la suite. Les profils de concentrations
SIMS de verres vieillis en atmospheres artificel¢ réelles ont permis de suivre 'altération en
fonction du temps, I'lhumidité et la concentrationpwliuants. Le film d’eau formé a la surface
par I'hnumidité et son acidité contrblent I'altétipar lixiviation des alcalins et hydratation du
verre. Le formaldéhyde n’agit pas sur la réactienixiviation tandis que les acides I'accélerent
et I'amplifient. Quelques soient les proportionss dpolluants, les composés formates
prédominent dans les produits cristallins, mémefable concentration d’acide formique.
L’humidité et la température fluctuante des muséesetiennent la réaction de lixiviation.
L'évidence du réle néfaste des polluants organiqueédes dans I'altération des verres sodiques
permettra d’améliorer leur conservation.

Mots-clés verre sodique, altération, musée, formate deusodstabilité, Raman, SIMS.
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GENERAL INTRODUCTION

Glass is a beautiful material. It forms a large part of our cultural heritage as well as our
everyday life; however much remains unknown about its nature and properties. Early science
benefited greatly from its development: glass lenses and prisms in optics, chemistry with the
transparent glassware, or physics with the creation of thermometers and barometers. In return

advances in these sciences have provided an insight into the material itself.

The chemical alteration of glassis a problem that affects its use in a number of fields and
thisis the reason why the material science of glass has been studied for many decades. It iswell
recognised that the two main factors responsible for alteration of glass are water and the glasses
chemical composition. The interaction between glass and its environment, and the affects on the
alteration processes and on the characteristic and visual appearance of the glass, are subjects of

continued investigation.

All ancient and historic glasses are more or less affected by alteration. Within museum
collections, thisis a particular matter of concern as deterioration results in visual ateration and
physical damage to the objects, including development of surface iridescence, formation of
crystalline products or liquid droplets (depending on the relative humidity), crizzling, cracking
and flaking. In extreme cases, the entire object may disintegrate. Because of this many museums
are concerned with the stability of their glass collections and attempt to control variations in
relative humidity which clearly affects their conditions. However, detailed knowledge of the

chemical processes leading to alteration is required to improve preservation and conservation.

Compared with the ssmple binary glasses compositions which are generally studied in glass
science, historic glasses are complex systems that contain a mixture of elements, each one of
which influences differently the structure and so the durability of the glass. In addition, the
ateration processes which occur are very different for archaeological glass, stained glass
windows or decorative historical glass, due to the different environments to which they have
been exposed. The large range of factors involved makes the investigation of ancient/historic

glasses a complex subject.

-11-



In the National Museums of Scotland (NMS), widespread alteration was observed for part
of the historic glass collection of the 19"-20™ centuries. A first scientific study undertaken by
the Conservation and Analytical Research department of the NMS on the British collection
studied the cause of this alteration. It revealed that organic pollutants, mainly acetic acid, formic
acid, and formaldehyde emitted by the wooden cabinets in which objects were stored or
displayed, were involved in this ateration. Similar aterations have been reported in other
museums; but the exact effect of these pollutants on the ateration of historic glasses has never
been investigated or modelled.

This thesis studies the role of these organic pollutants on the alteration of historic soda
silicate glasses. The first chapter reviews the state of understanding of historic glass alteration,
focusing on the aspects developped in the following chapters. the composition and structure of
the material; the mechanisms, kinetics and the role the different external factorsin the alteration

of glass; the alteration of the NM S glass collection; and finally the organic pollutants.

The research strategy and the organisation of the thesis, which was devel oped following the

review of previouswork, are introduced at the end of the first chapter.

-12-
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Chapter |I.

STATE OF THE ART
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STATE OF THE ART

I-1. Introduction to glass

I-1.1 Technology of ancient glasses

Ancient man-made silicate glasses generally corgtanixture of silica, alkali and lime,
obtained from naturally occurring materials. Ittiought likely that the first glass was
created as a result of chance, when fire, sancaamelting agent such as natron met, and
Syria, Mesopotamia or Egypt have been proposetheabitth place of glass around 2500
BC. Although the colour, shape, working procesd esw materials evolved through the
ages, the composition remained similar, mainly lalikae silicate (either soda or potash)
and later on lead silicate glasses [1, 2]. Theeased sophistication of glass design or the
changes in demand and supply favoured changesinhbice of the raw materials, which

led to maodification of the glass composition [132,

I-1.1.1 Materials and composition

The source of the main chemical constituent siies sand, quartz pebbles and flint,
and typically makes up to 50-70 weight % (wt%) otiant glass. The alkali, soda or potash,
were mixed with the silica to reduce the meltingiperature. Thus 20 wt% alkali reduced
the temperature from 1700 °C to under 1000 °C TB alkali were obtained either from
naturally occurring minerals or from ashes formgdblirning plant or wood. Soda was
predominantly used until about AD 1000. It was jded by lacustrine deposits, such as
natron (sodium sesquicarbonate), saltmarsh plantseaweed. The use of natron stopped
after the ¥ to 9" century, after which only plant ashes were used][IThe magnesium and
potassium oxides content in the glass can inforrthersoda source used. When the content
of the two oxides is below 1.5 wt%, as in Romarsglanatron was used; however when the
content of the two oxides is much greater, as onBe Age, Islamic or Venetian glasses, the
source used was plant ash [1, 5, 6]. Around AD 1@@@ash began to replace soda as a
regular source of alkali, possibly as a result e targe demand for window glasses in
monuments and buildings in the medieval period. potash was provided by the wood
(mainly beechwood) or fern ashes [1]. Table |- g&spnts examples of composition for

glasses from different periods.
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STATE OF THE ART

Table I- 1: Typical composition of ancient and modern glasses; in addition to those listed, the ancient
glasses would have contained also up to 1 wt% FeO and 3 wt% Al,O3 as well as colorants or
decolourisers [3].

W% 15|§“g£trlnér|]3c 1StR(?gr]lérAD 1§‘Hr§§r? °AD 14‘“SZ22TIAD Modern

SiO, 65 68 53 70 73

Na.O 20 16 3 12 16

K20 2 0.5 17 2 0.5

CaOo 4 8 12 10 5

MgO 4 0.5 7 3 3

Raw materials Plant ash Natron Wood ash Plant ash Synthetic
quartz sand sand/quartz sand/quartz components

Lime (CaO) was also present in the glass and walsaply not added intentionally
before and during the Roman period and the MiddjesA In those times, the lime present in
the glass came as an impurity from the sand, wiialg contain around 7 wt% CaO from
shell as in the sand of the Belus river in Syrieon 14" century in Europe, CaO was
voluntarily added for economical reason, to rediee ashes consumption. Purification of
the ashes sometimes reduced the CaO content asnietish or Murano glasses in thé"15

century [1, 3].

If no metallic oxide were added, as colorant azalieuriser, the glass had a yellow or
greenish colour owing to the presence of mostly icontaminant in the sand. From the
middle of the I century BC, decolouriser components started todsel to neutralise the
colorant effect of iron. Antimony was the main decwant before the Roman period, and

then manganese dominated from tifec2ntury AD [3].

Lead oxide was incorporated in some glass sinese¢lcond millennium BC, but its use
was probably unintentional. In 1675, George Ravafsinvented the lead crystal glass (or
flint) to compete with the transparent Cristallald®ohemian glass produced in Europe at
that period, and reduces the use of plant asheshwisid to be imported. Lead crystal glass
was made by mixing litharge, saltpetre and flimg &he main component of the glass were
SiO,, PbO, KO, with up to 30 wt% lead oxide [1].

-15-



STATE OF THE ART

I-1.1.2 Manufacturing process

The mixture of components was generally heatedratd000 °C so the ingredient
slowly melted and reacted. Scraps of glass of daiwomposition were sometimes added to
the mixture to act as a nucleus around which the glass was formed. Depending on the
viscosity of the glass, which varies with the cosipon of the glass and heating
temperature, the glass could be worked and giweitda range of shapes. The glass formed

was cooled slowly in an annealing oven to relievesses created during the manufacture

[1].

The first glasses were not translucent but opdgeause of the incomplete fusion and
the presence of varied impurities in the materigded. They were produced by trailing
molten glass onto cores made of clay, which wasowewh after the glass had cooled and
hardened [3]. The blowing of glass was inventedvbet 50-40 BC along the decoloration
methods, and was a revolution for the technologgla$s [1]. The glassblowing technique,
which consisted of blowing through a metal tubeoiidipe) to produce a bubble into the
molten glass, spread rapidly, particularly throughtbe Roman world (Figure I- 1).

Figure I- 1: Still life with glassware, painted plaster, 1% Century AD, Herculaneum (photgraph taken by
the author at the exhibition ‘Le verre dans I'Empire romain’ Paris, 2006)

-16-



STATE OF THE ART

From the blowing technique, two processes wereeldeed to make flat transparent
glass around thé"4entury and used, while being improved, up toli#fecentury [2]:
- Crown glass: made by blowing the glass to form a "crown" olidw globe. This
was then flattened by reheating and spinning aubtiwl-shaped piece of glass into
a flat disk by centrifugal force, up to 1.5 to in@ters in diameter (Figure I- 2).
- Cylinder glass: made by blowing a cylinder, then cutting, openiagd gently
flattening the glass while it was still hot andgblie.

Figure I- 2: Crown glass fabrication from Diderot's Encyclopedia

The availability of flat glass, made by either gges across the world, favoured the
development of stained glass windows (from 18-@dntury), mirrors (18 century) and the
use of more and more clear glass windows in builifi&" century). Nowadays, the main
flat glass used is the float glass, invented in218% A. Pilkington and made by pouring the
molten glass onto a bath of molten tin.

17-
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I-1.2 The structure of silicate glasses

I-1.2.1  Basic concepts — SiO»,

Silicate glass displays short-range order with #nengement of atoms into SiO
tetrahedra, but no order at the medium- and longeaThese SiQunits form the backbone
of silicate glass, for this reason Si is ternfiedmer ion. The disorder present in glass is
because of the non-crystalline nature of the maténduced by the making process. If a
liquid is cooled fast enough to prevent crystatlma the thermodynamic equilibrium cannot
be maintained and the viscosity increases up tpoime where the ‘liquid is frozen’ and the
glass is formed [7, 8, 9, 10].

In each silicate unit, a silicon charged positvisl surrounded by 4 oxygens charged
negatively inducing the formation of covalent Sb@nds with a partially ionic character. In
order to satisfy the electrostatic repulsion ofagims, the silicate tetrahedra are linked by
their corners, thus sharing only one oxygen. Thggers connecting two silicate tetrahedra
are calledbridging oxygens (BOs) (Figure I- 3). The silicate tetrahedra are organhiisgo
rings, which constitute a structure medium-rangienrin pure silica, the silicate tetrahedra
SiO, are polymerised into a three dimensional netwonkens all oxygens are bridging, and

mostly 6-, 4- and 3- members rings are present [10]

+

Na’,

f \ Non-bridging oxygen (NBO)

Bridging oxygen

+

K™...

Si

Figure I- 3: Schematic representation of the structure of alkali silicate glasses (L.Bellot-Gurlet, LADIR)
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I-1.2.2 The role and effect of the cations

Cations such as alkali or alkaline-earth metakiane generally added to a glass to
modify its properties, for this reason they are edmmodifiers. In practical terms, the
addition of alkali ions (sodium or potassium) lowtdre temperature needed to melt
components and improves the workability of the glag decreasing the viscosity. Alkaline-
earth (calcium, magnesium and barium), and/or aliumi ions also decrease the viscosity,
but to a lesser extent, and their main role igdbilise the glass against alteration, hence are
termedstabilisers. Lead is added to increases the refractive inddheoglass, which then
has a greater density and becomes easier to wprkdfd cation can be present both as a
modifier and as a former, like silicon, with its portance as former increasing with the
percentage of lead. The colour of the glass ismgdigeelated to the presence and ionic state
of small amounts of colorant ions, such as coppam, or manganese, and/or decolourisers,

such as manganese, arsenic or antimony [11].

Incorporating modifier cations into the glass stowe induces a depolymerisation of the
silicate network, by breaking the Si-O connectiviind creates an ionic bond between the
oxygen and the cation, which is weaker than th® Siend. The oxygens coordinated to
cations in the silicate structure are caltemh-bridging oxygens (NBOs) (Figure I- 3) [11].
There are also weaker interactions between thersatand the BOs [12]. The different
bonding energy between NBO-cation and Si-O alteesaxygen electronic structure, and
this effect is evidenced and used in vibrationald ad-ray photoelectron (XPS)
spectroscopies [10, 12, 13]. The type of catiomiluced affects the NBO-cation and the
Si-O (BO and NBO) bonds length and strength, th@eeacoordination number (which is
higher than that for former cations) and the Siitb&d angle, therefore modifying the
glass structure [10, 13]. The radii of the catigmesent in silicate glasses is given as a

function of charge and coordination numbeagpendix I.

For alkaline-earth elements, the network conndgtis partially maintained by the link
established by the doubly charge cation betweenrntvikeNBOs created [8], which might
account for the stabilising role of alkaline-eactttions compared to alkali cations. In mixed
alkali silicate glasses, the substitution of or@kaby another leads to significant non-linear
changes in the physical properties of the glasdes physical origin of this effect, known as
themixed-alkali effect, is not currently understood [13]. In the struefu8i may potentially

be replaced by other cations that have a similaicicadius and electric charge of about 4.
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Thus cations such as%lor F€*, which could substitute §j would take the role of network
former. In that situation, alkali and alkaline-dametal ions have a dual structural role, first
as network modifier associated with NBOs, and seélyoas charge-compensating ions for

cations in tetrahedral coordination. Fot*Sihe most prevalent substitution is"AJ10].

The degree of polymerisation, which directly affethe physical properties of glasses,
is given by the average number of NBOs per tetnadtlyccoordinated cation, represented by
NBO/Si in silicate glasses. However, this paramdtes not take into account the nature of

the former or modifier cations [10].

Thenotation Q", where n is the number of bridging oxygens, whiaties from 0 to 4

for SiQ,, is used to distinguish between the differentatetdral species in the networld Q
corresponds to silicate species with one NB®tdsilicate species with two NBOs and Q
to silicate species with no NBO (Figure I- 4) [14]. This @ model is used as a basis for
the interpretation of the Raman spectroscopy andRMNMta of glasses. By their charge and
radius, the cation type and concentration affeet @hdistribution, influencing the charge
balance conservation, stoichiometry and the elstidtizc forces in the glass structure. For
alkali silicate glasses, in particular, the NBOtlmition per silicon decreases in the order
Li > Na > K [13].

C|)Si (TSi C‘)

Si0— gj—O0Si Si0— gi—O0  SiIO— g—O

OSi OSi OSi
0 NBO 1 NBO 2 NBO
Q* Q’® Q*

Figure I- 4: Schematic representation of silicate species Q*, Q® and Q?

Moreover, in glass containing mixed cations, thedists an ordering which is governed
by the charge and ionic radii of the cations [Xkali and alkaline-earth cations are ordered
differently among the different NBOs. The more #ieaegative the metal cation, the
stronger is its tendency to form bonds with NBQlia least polymerised"@pecies. Thus

alkali cations are preferentially bonded to NBOnir@® units, while alkaline-earth cations
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are preferentially bonded to NBO from? Qnits [10]. In soda-lime silicate glasses the
prevalence of Na-Ca pairs has been demonstratedxatained by the similarity of the two
cations radii [12]. The disorder and the differefifiects induced by the cations create a
distribution of bond strengths and angles in thecstire, which results in a distribution of

vibrational frequencies and thus a broadening oflban Raman spectra.

I-1.2.3  The structural models

With the progress of analytical techniques andeasing knowledge in glass science,
the understanding of the medium- and long-rangecsitre of glasses evolved. Lebedev in
1921 first suggested that glass was made up ofd#ised arrangement of very small crystals

whose structure is similar to the crystalline fddr6].

Later theContinuous Random Network (CRN) model was proposed by Zachariasen
in 1932 and confirmed experimentally by Warren [18, 19]. This widely accepted model
considers that the structure of glasses is closigetstructure of the crystal, as they share the
same basic structural elements (SiDits in silicate). However, they differ by théack or
symmetry and periodicity caused by slight atomiptiicements inducing random variation
of bonding angles and length (Figure I- 5). In tmgdel random distribution of the cations

was considered and the notion of bridging and mialging oxygens was introduced.

Figure I- 5: Two-dimensional glass network of a silicate glass (after Zachariasen [13]). Dark circles: Si
atoms; light circles: O atoms [9].
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Greaves modified the previous model to explain ¢ikperimental results on alkali
silicate glasses which could not be applied to@GRN model. Based on EXAFS (Extended
X-ray Absorption Fine Structure) measurements, dtedied the local structure of sodium
silicate glasses and introduced the notion of pgatiom channels occupied by modifying
metals in the silicate network [20, 21]. These cted® would weave between the network
parts of the structure, facilitating the displaceinef cations in the structure (Figure I- 6).

This new model, called thd odified Random Network (MRN) it the most widely accepted
model at the present time.
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Figure I- 6: Modified Random Network (MRN) model for a silicate glass [16]. Open circles: glass
network; filled circles: modifiers.

22



STATE OF THE ART

I- 2. Alteration of glasses

Water and the glass composition are the two nfaors responsible for the alteration
of glasses. The effect of water was reported byolser in 1770 [22]; while the influence of
glass composition was noted in 1760 by the direatdhe ‘Manufacture Royale’ in France.
He observed that the use of modifier cations abhést purity induced a decrease in quality
and concluded that the presence of lime, presdatge quantity in ashes, stopped the glass

from corroding [2].

Fields as varied as the glass industry [23, 2jmbdical research [25, 26], geology
[27, 28, 29], material science [30, 31, 32] musagience [1, 33, 34, 35] and the nuclear
waste industry [36, 37] are concerned by the qoestif the alteration of glass. In the
industry in particular, minute modification or ig@arities in the glass surface, affect
subsequent treatments, such as deposition of adiimodify the transmission properties of

the glass.

I-2.1 Influence of the composition

It is generally admitted that glasses with highele of alkali, above 20 wt% (~13.5
at%), and low levels of calcium, below 4 wt% (~21%6), are the most prone to degradation
[29, 33, 38, 39]. Alteration of glasses, ancientotherwise, is linked to their chemical
composition in two main ways: the structure of thetwork, which depends on the

composition, and their coordination strength ofarat to the structure.

The first compositional factor determining thedency of a glass to deteriorate is the
silica content. Because silica is the former catbthe network, its content determines to
the number of NBOs in the structure and therefoeedegree of polymerisation of the glass.
The presence of NBOs in the structure enhancessuiseeptibility of silicate glass to
alteration primarily as they create a more ‘opeiicae network [8, 40]. It has been noted
that alteration increases rapidly for silica conteelow the 66 mol% (~22 at%), point at
which every silicate has 1 NBO [41]. In additiohetmobility of the ions is linked to the
structure of the glasses and the presence of ctetheonduction pathways, both of which

are influenced by the type and size of the catfmesent in the structure [20, 42]. Greaves
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suggests that these percolation channels are telikely routes for alkali diffusion, ion-

exchange and water diffusion as well as crack mapan [20].

The different modifier cations do not react witater in the same way. In general, the
glass becomes more reactive as the charge-toiadias ratio of the cation decreass=e(
appendix 1). Thus,alkali ions are the first affected by the alteration asythre the less
strongly coordinated and therefore the most motégons. lons with larger radius have
weaker bonds with the NBO and have smaller (largagative) free energy of hydration,
hence they are most likely to be extracted fromrtiarix. Consequently, lithium glass is
more resistant than soda glass, which is slighttyenresistant than potash glass [9, 29].
However, in a glass containing mixed alkali thddifon of the alkali in minor concentration
is always smaller than for the alkali in major centration, no matter the size of the cation
[8]. This phenomenon associated with the mixedla#éect means that a glass containing
mixed sodium to potassium cations has lower casrosate than a glass containing only

sodium ions, in equivalent alkali content [43].

In parallel, the addition oélkaline-earth ions to soda glasses greatly enhances the
corrosion resistance when compared to a simpleausodilicate glass. This is explained by
the stronger bond formed between the ions and B®d9\ and possibly to the fact that the
doubly charged cations establish a connexion betWwdOs, blocking the alkali migration
[42, 44, 45]. In mixed alkali / alkaline-earth sdite glass, it was noted that the sodium
mobility increases as the alkaline-earth ion sizerdases [42, 44, 46, 47]. Thus, Mamore
mobile in a glass containing Mgthan it is in a glass containing T identical proportion.
This was explained by the different polarisatiofeeff induced by the cation on the NBO.
The cation M§" polarises the NBO more than Cathus the attraction force between the
NBO and Na is reduced and Namobility increase [8]. Moreover, the Na-Ca pairimay
also be responsible for the reduced Na mobility].[12 general, alkaline-earth cations are
not affected by the alteration, however at highcemtration (>10-15 mol% for CaO) in the
glass, the alkaline-earth are extracted at the damws as the alkali [48]. This may be
related to the high depolymerisation of the streetinduced rather than a concentration
effect. Finally, it has been reported that the mitation of alkaline-earth silicate at the glass

surface may act as a barrier for further hydrol{gjs

Aluminium ions improve the durability consideralilgcause they can immobilise alkali

ions which acts as charge compensating ions. Signflerric oxide could improve durability
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by immobilising alkali ions. Thus glass colouredlgw by ferric ions would be more

durable than the corresponding blue glass con@ifi@mous ions [49].

Finally, the durability of glass is influenced big manufacturing process ; it appears
that durability can be improved slightly by the eaped re-heating of the glass in the ‘glory
hole’ (furnace), this producing a fire-finished fawe which is depleted in alkali and forms a

protective layer at the surface of alkali silicgtasses [49].

I- 2.2 Alteration mechanisms

The alteration caused by the atmosphere, rathem #olution, is generally called
weathering. Its effect on the glass has been & déudied, although it has been mentioned
that a humid atmosphere can induce more severadigyn on silicate glass than liquid
water, since there is no solution to carry awaydpecies (degradation products) sitting on
the surface [49, 50, 51]. However, the alteratioocpss of the glass in the atmosphere is
expected to be similar to that in solution, wheve &lternative reactions exist, the relative
proportions controlled by the pH of the solutior3,[29, 49, 51, 52, 53, 53]. Thus, when a
glass is exposed to water,sdective leaching reaction takes place with the removal of
mostly alkali metal ions from the glass structured ahe entering of hydrogen bearing
species from the water. As long as the pH remaétieden 1 and 9, the leaching reaction is
enhanced. Through the leaching reaction a solutfolNaOH, which is highly alkaline,
builds up at the surface of the glass and trigtfersecond stage of the alteration. Above pH
9, the leaching process is slowed down emrthyr uent dissolution of the silicate network is
enhanced [23, 25, 29, 40, 53, 54, 55, 56].

I-2.2.1  Selective leaching

The leaching reaction in solution is characterisg{b3, 29, 52, 57] :
- Areaction rate largely independent of pH frono D
- The migration of mostly univalent cations (alkali
- Low levels of alkali retained in the altered gl promote the ion—exchange ?)
- The formation of &eached layer (de-alkalinised), which is silica rich and hydrated

- The altered layer may act as a protective baagainst further attack
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During leaching three types of reaction occur stemdously, each one influencing the
others, and all resulting in an hydration of thasgl[30, 40, 58]:

1) lon-exchangewhen cations, such as alkali ions, are replagedtor H;O"

=Si-O'Na" +H* - =Si-OH + Na’
=Si-O'Na’ + H;0" - =Si-OH + H,0 + Na*

2) Hydration when molecular water enters the glass as antistdwent

=Sij-0' Na" + H,O - =Si-OH + Na' + OH"

3) Hydrolysis when water breaks Si-O-Si bonds to form silanols

=Si-O-Si= +H,0 - =Si-OH + HO-Si= - =Si-O-Si= + H,0

Interdiffusion / ion-exchange:

The penetration in the glass by H-bearing spéasiesly possible if there is diffusion of
alkali out of the glass in a way such that the teleameutrality is conserved at each point
[59]. The high mobility of N& ions, the existence of a concentration gradiemt e
presence of positive ions such asdd H;O", result in the diffusion of Neout of the glass as

it is replaced by Hor H;O" by formation of a silanol.

The nature of the species from the water exchgngith the alkali ions remains under
discussions [58, 60, 61, 62, 63]. While an H/Naoratound 1 would support an exchange
with H*, a ratio around 3 would instead support an exobavith HO". The interpretations
based on this ratio do not agree because expeahdaia display a ratio varying between
under 1 to over 3. Scholze mentions that the HéNi® depends on the glass compaosition
and thus more H would be expected in glass withelacations [58]. For examples knd
H;O" ions have similar radius with ~140 pm and it waggested that hydronium ions could
replace potassium ions in the structure of potditate glass [59]. It is currently believed
that the experimental differences are caused byaagangement of the structure and the
rapid drying of the hydrated layer (by exposureatnbient air or high vacuum) with a
removal of the water [9, 64]. Therefore, it appahet an exchange with hydronium ions is

more likely.
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Diffusion of molecular water [60]:

The water molecules can diffuse into the glagsvimdifferent ways, either as an intact
solvent through void spaces between oxygens insthecture or through hydrolysis and
condensation reaction of the silicate network. Tdte of molecular diffusion is controlled
by steric effects, determined by the size of tHeate rings and the cations filling and
blocking the voids. The diffusing & molecules are immobilized at the sodium NBO’sssit
resulting in the formation of silanol groups. Thuke sodium ions are freed and can,

together with hydroxyl co-ions, diffuse towards theface.

Network rear rangement
The formation of silanols is followed by a reagament of the silicate network which
occurs by condensation of the silanols, resultmthe formation of molecular water [40, 58,

64]. This reaction implies that the leaching reatis not reversible.
=Si-OH + HO-S¢ - =Si-O-SE + HO0

Kinetics of the leaching reaction

In all three situations, water reacts with thecatle network (either with BOs or NBOSs)
to create hydroxyl ions that migrate in the glasslevleaching out the alkali ions so that the
electrical neutrality is maintained. Tlkénetics of the leaching reaction is controlled by a
diffusion process as indicated by the S-shapelprobserved in SIMS measurements of the
extraction of alkali as a function of depth (seamter V). Therefore the amount of alkali
leached is proportional to the square root of tand the reaction process is governed by the
Fick law [60, 65]. Therefore the amount of alk&athed (Q) from the glass with time (t)

_ Dt
Q=203

where C, corresponds to the initial alkali concentration

follows the relation [66]:

and D the diffusion coefficient
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After a time, the leaching reaction slows downause of the presence of the leached
layer through which the ions must diffuse and beedte bonds created between NBOs and
H species are stronger than between NBOs and Nansg®, 49]. Moreover, at higher pH
the NBO are increasingly occupied by alkali ionsisiag the slow down of the Naons
exchange and transport. At long times a steady stateached so the thickness of the
leached layer is constant. In some unstable sditatsi glass however, the formation of
cracks in the leached layer causes a linear pregrethe alteration with time, presumably

because water continues to reach the bulk glassttiif30, 67].

-2.2.2 Dissolution of the silicate network

The dissolution of the silicate network, also edllcorrosion, corresponds to the
breakdown of the siloxane bonds at the interfacevden the glass and solution. The
dissolution is said to be congruent because alstitoients of the glass are present in the
altered layer in the same proportion as they existhe glass. The silica breakdown
predominates in alkaline solution, and its rateréases with pH above 9, because OH
species catalyse a nucleophilic attack of the amexsites. Since the OkEoncentration is
kept constant through the equation reaction betbevamount of glass hydrolysed is linear
with time and is only limited by the solubility iwater of the hydrated silicate species
formed [9].

=Si-O-SE+ OH - =Si-O + HO-SE
=Si-O + H,O - =Si-OH + OH

After dissolution, ael layer made of hydrated silicate species is formed asthace.
At pH 10, HSIQ is predominant and at pH 12 both HSi® SiO;* are present. After
condensation of the gel, an amorphous, hydrategparalis material forms. A leached layer

IS present between the gel/amorphous materiall@drialtered glass [29, 37, 52, 53].
Dissolution of the silicate matrix also occurgét below 9, but at a much slower rate
that is negligible compared to the leaching reacti®]. In that situation silicilic acid

(H4SiQy) is formed according to the equation:

SiO + 2H0 - H,SIO,
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As a result of both alteration process, the gtasface is made of a stack of different
layers: the bulk glass, non affected by the alienathe leached layer (de-alkalinised) and
the gel layer, containing crystalline deposits antbrphous materials, which is sometimes
separated into two separate layers [8]. A schenudsrription summarises the different

steps of the alteration on the glass in Figure I- 7

Glass
i Step 1: leaching
NaOH solution
and/or crystalline products ——p @Qﬁm\?
leached layer —p»
Glass
i Step 2 : dissolution

Porous gel layer

(+ crystalline products)

leached layer >

Glass

Figure I- 7: Morphological evolution during the alteration of a soda silicate glass with water.
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I- 2.3 Glass surface reactivity

During cooling, the siloxane bondings Si-O-Si prasat the extreme surface of the
glass react with water molecules present in theoanding atmosphere to create silanol

groups with the dissociation of water as in théofwing the reaction:
Si-O-Si + HO — Si-O-H + H-O-Si

Due to the high energy of adsorption of water doxsine (~80 KJ/mol), the primitive
surface of the glass is rapidly covered by a largmber of silanols sites [68, 69, 70].
Subsequently water molecules are adsorbed at #es gurface without dissociation by
forming hydrogen bonds with the silanols. Thuslasg exposed to the atmosphere is rapidly
covered with one or several layers of absorbednvatevhich some organic molecules can
also be present [68, 71]. The amount of water lgelsorbed on different glass surface is a

function of the relative humidity of the atmosphé&feure I- 8) [72, 73].

Number of H,O Monolayers

Relative Humidity

Figure I- 8: Number of monolayers of adsorbed H,O on glass as a function of relative humidity. Solid
line: fit of the data and the dotted line shows a BET isotherm for multilayer adsorption from Saliba [68].

The surface density of one monolayer of water isL@’X molecule crif, based on an area
per water molecule of 10%A[72]. The first few layers interact strongly with theicsl
surface, and at RH below 50 %, the water coveragigought to form clusters on the surface

[72]. However, at higher RH the water uptake issgiere to the pre-treatment of the surface,
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with less water if the glass has been cleaned [8@inner's measurements indicated that
water adsorbs even to hydrophobic materials pregehe glass surface and showed that the
presence of micropores on a glass surface, createthe leaching of the alkali ions,

provided the major sites for water uptake [73].

The addition of cations to the silicate structurduces the formation of permanent
dipoles at the glass surface (as ). These sites modify the reactivity of the glass
surface compared to pure silica. Thus silicatesglasire able to attract molecules charged or
polar molecules (permanent dipoles) close to thiéase, or can create induced dipoles in
apolar molecules, which will undergo electrostadittractions. Therefore, there exist
physiosorption interactions on the glass surfacehvinvolve Van der Waals interactions
with polar or polarisable molecules. This explains contamination of glass surface with
volatiles hydrocarbons [68, 74]. Moreover, silargsbups and siloxanes tend to form
hydrogen bonds, which are stronger than the VanVdaals interactions, with numerous
compounds such as water, alcohols, ester, amimexdic acids, or amino-acids... The
adsorption of these molecules is accentuated wieodncentrations in alkali and alkaline-

earth ions in the glass are high.

I- 2.4 Factors influencing the alteration processa  nd kinetics

I-2.4.1  Alteration in static or dynamic condition

In dynamic conditions, as in ventilated environments or byasure to rain, the
solution at the surface of the glass is removegtefiore reducing the rate of the alteration. In
static condition however, the water sits on the glasstaedconcentration of NaOH builds

up, enhancing the progression of the alteration.

-2.4.2 Surface area to volume ratio, SA/V

The ratio of the surface area to the volume aftsmh in contact with this surfac8A/V
has a great impact on the rate at which the pHeases [43, 56].
- If a large volume of water is in contact with i@en glass surface (SA/V low), the
concentration OHformed via the leaching process, remains low dugiltition and

it takes a long time before the pH 9 at the surfaceached.
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- However, if the volume of water is small, as imaspheric alteration with thin film
of water spread over the surface (SA/V high), th& Encentration and so the pH

increases rapidly to the critical value.

I-2.4.3 Relative humidity, RH

TheRelative Humidity, or RH, is the ratio of the amount of water vapour in alreat
a specific temperature to the maximum amount thatair could hold at that temperature. It
is expressed as 100 x R/R®here P is the pressure of the water vapourdrathand Ris the

equilibrium vapour pressure of water at the samep#gature.

Thedew point, is related to the RH, and corresponds to the temye to which the air
must be cooled, at constant pressure, for the wafgour to become saturated (100 % RH)

and condense, so produce dew.

As mentioned earlier, water is the principal faabé alteration, whether it be in the
liquid or gas state. When a glass is exposed f@eén at low relative humidity (RH), a thin
film of adsorbed water is formed at the surfacdofeing the mechanisms outlined above.
An increase in the environmental RH results inramease of the amount of adsorbed water,

causing an acceleration of the alteration proce$s15, 76].

I-2.4.4  Temperature

Thetemperature is important from two points of views:

- It increases the kinetics of the chemical readjoso both stage of the alteration
process are accelerated. For example, an incrgabe ¥, doubles the speed of the
leaching reaction [77]. Moreover the solubility sifica increases significantly at
higher temperatures and pressures [54].

- Since the relative humidity is closely linked \@msely) to the temperature, if the
temperature drops suddenly below the dew pointieonsation of atmospheric water

forms on surface, accelerating the alteration.
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I-2.4.5 Environmental pollutant

In general the alteration of glass is associatigll thre formation of crystalline products
at its surface. These products are formed by @macti the cations extracted from the glass
and present in solution at the glass surface wighgas-phaspollutants in the surrounding
environment. Carbonates and sulfates generallyesept most of the crystalline products
formed at the glass surface due to the reaction @€, and SQ from the atmosphere [38,
75, 76, 78]. It is believed that sulfates are sdaoyreaction products formed by reaction of
carbonates with S48, 49]. Atmospheric pollutants are dominatedetgvated levels of
nitrogen compounds (NOQHNG;...), mainly from vehicles emission, as well as ozone

which may also affect the glass alteration [48].

In the presence of enough water, these pollutarggransformed into their respective
acid, which accelerates the leaching of alkali frma glass. Many other pollutants can
interact with the ions extracted from the glasstipalarly organic pollutants which are
presented in details later in this chapter. Aciplidlutants are expected to accelerate the
alteration as they enhance the leaching reactidn T2]. Acids influence the alteration
depending on their strength and their ability teate stable complex with the cations [24,
79, 80].

I-2.4.6 Particles

Studies on the role gfarticles or solid pollutants are limited, and their effect the
alteration process is not well determined [81]. Aspheric particles have different origins:
biogenic, terrigenous, marine, anthropogenic. i ¢hse of glass exposed outdoors in an
urban area the anthropogenic particles (sulphatensinrosoots) are predominant [82, 83,
84]. In museums, the major source of particulatéutamts is the dust induced by visitors,
which can affect objects when showcases are ngtwell sealed. In the case of unstable
glass, Munier suggested that particles act as ndetecondensation and facilitate the

crystallisation at the surface [84].
The crystalline products formed at the glass serthrough the alteration reaction play

a similar role, as these are generally hygroscapit facilitate the condensation and the

retention of water at the surface. In order to kiéwgn crystalline, the recommended RH in
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the range 35-40 % currently applied for the storafeinstable glass in museums was

defined by considering the stability ranges of sodor potassium carbonate [38, 78].

I-2.4.7 Combination of factors

All the factors presented above play an importalg in the alteration of glasses stored
in environment where the RH and temperature are cootrolled. For example, when
industry glass sheets are packed in a warehousspnfined environment where air
circulation is limited is created [56]. If the teerature drops suddenly below the dew point,
condensation appears at the glass surface, ingiditie leaching process. Due to the small
amount of water, the SA/V is high, consequently@t€ concentration rapidly builds up and
reaches the critical pH of 9, when the silicatesdligtion starts. Any increase in the
temperature accelerates further the rate of legchinvas noted that the use of wood flour,
which is a source or organic pollutants, as a Hasween lights of flat glass during shipment
caused an increase of the alteration and its umeithé packing during storage of industrial

glass was ruled out [85].

In museums, glasses having thick hydrated layemsemes appear unaltered and
retain their shiny surface up to the point theydnied by heating (eg from a spot light in a
display) or by a low RH. In such situation crizglidevelops, from dimensional changes due
to the different thermal expansion coefficients tbé layers and the glass, causing a
diminution of the transparency by the presenceeoy ¥ine surface crazing. For this reason,
Brill concluded that ancient (altered) glass shautd be exposed to dry atmospheres and
that storing the glasses in the range 40-55 % Ribwequilibrated silica gel would be safe
[86].
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I- 3. Alteration of historic glasses from the NM S collections

I-3.1 Identification of the problem

A survey of the glass collection of the Nationalis¢ums of Scotland (NMS) carried
out in 1996 showed deterioration in proportion liglthan expected of the 190 20"
century British, Islamic and Asian glass colleci§d87]. In the case of the British collection,
19 % of the objects were unstable and showed eisilgns of deterioration: 80 % of the
unstable objects had white crystalline surface digpor were weeping/slippery (depending

on relative humidity at the time of examination, % were crizzled with very fine networks

of fractures and 5 % had surface flaking (Figur@)l-

Figure I- 9: Photograph displaying the different signs of deterioration: (A) crizzling, (B) crystalline
deposits, (C) cracking (NMS copyright).

A first scientific study was carried in the Consdion and Analytical Research
department of the NMS and investigated the caudeghis alteration. This study
concentrated on the British collection, and exawhititee compositional difference between
stable (showing no sign of alteration) and unstafalkered) glasses, identifying the
crystalline corrosion products, and measuring theirenment [88 89]. The results are

summarised below.
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I-3.2 Elemental composition

The composition of the glass was analysed usingyXfluorescence and electron
microprobe (EPMA).

Two general compositional groups were distinguisioedhestable glasses:

- Group 1: high levels of potassium (9-11 wt%K and lead (34-35 wt% PbO) and
low levels of sodium (<2 wt% N®).

- Group 2: high levels of both calcium and potass{d1 wt% CaO and 13 wt%,R)
low levels of sodium (1 wt% N®).

In contrast, the majority of theéeteriorating (unstable) artefacts had high levels of
sodium with moderate to low levels of calcium aratassium. For example, samples of
glass from 1Qunstable clear press-moulded glasses had 18-19N&@% and 4-6 wt% CaO.
Two severely deteriorated glass decanters had pasition with 4-7 wt% PbO, 4-5 wt%
K0, 13-14 wt% NgO and <0.5 wt% CaO. The low content or absencealafum accounted
for their instability.

I- 3.3 Crystalline corrosion products

Deposits taken from 108 British glass artefactsndutheir conservation treatment were
analysed by ion chromatography (ions quantificgtimnd Raman spectroscopy (molecular

identification).

The samples were generally composed of a heteeogenmixture of crystals with
varied size and morphology, including small roundedle-like crystals, large flat angular
crystals and liquid droplets (Figure |- 10). Rammaicroscopy and lon chromatography (IC)
showed that the crystalline products were domindtgdsodium formates, mainly small
round crystals or larger flat angular crystals oflism formate anhydrous Il. The fine

needle-shape crystals were identified as sodiumdte phase (Figure |- 10).

-36-



STATE OF THE ART

20um 1sgmE255 20um 7omm 255 20um 100 g 255

Figure I- 10: SEM image of the different crystal shapes for sodium formate (a) large flat crystal, (b)
small round crystals, (c) needle-shape crystals [89].

The presence of the phasewas unexpected and could not be explained as this
metastable phase is known to form after the coadihthe high temperature form, phase I,
itself formed by heating at 250 °C [90, 91, 92]. dddition minor sodium sulphate
decahydrate and sodium calcium formate were idedtifs possible secondary alteration
products of sodium formate. Only traces of acetatmpounds were detected by IC, but
were not unambiguously identified by Raman spectipg. Finally, SEM-EDS suggested
the presence, at minor levels, of sodium and potasshloride crystals. The origin of the
chloride may be due to the fact that the storaigevgas close to the coast.

Sodium formate has previously been identified@sosion product on glass and it was
suggested that the formaldehyde, emitted from thgpboard shelves in the storage

cupboards, was responsible for its formation [93,9%5].

I- 3.4 Environmental conditions

[-3.4.1 Humidity and Temperature

The majority of the unstable glass artefacts vetoeed at Leith Customs House (LCH)
prior to 1999, after which they were moved to aemsuitable store at Granton following the
conservation survey. The original store at LCHargffrom fluctuating RH and temperature,
with RH levels between:

- 20-40 % in the winter months

- 40-65 % in the summer and autumn months.

The temperature showed a variation of 12-25 °C.
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Some unstable glass artefacts are also on dispthg gallery of the Royal Museum of
Scotland (RMS) (Figure |- 11), where the RH reachealdies as low as 15-20 % during the
winter and as high as 60-65 % during the summigh, atemperature of 17-31 °C.

Figure I- 11: Showcase displaying Chinese glasses in the Royal Museum of Scotland

These environmental conditions are extremely uablé for unstable glass since the
cyclical deliqguescence and crystallisation accédsrdhe rate of deterioration of the glass
surface. In contrast, the new store at Grantoroigrolled to give a RH of 35-40 %, as

recommended for unstable glass, and a temperaitd@ 22 °C.

I-3.4.2 Pollutants

Pollution monitoring was undertaken on severabsins in the three sites mentioned.
Levels of acetic acid, formic acid and formaldehydere measured using diffusion tubes
[96, 97] placed inside the case or cupboard ardergallery or store room. After exposure
the pollutants absorbed by the reagents in thestuleee analysed by ion chromatography or
high performance chromatography. The mean valuegh® concentration of acetic and

formic acids and formaldehyde determined for eachtion are shown in Table I- 2.
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Table I- 2: Carbonyl pollutant concentrations in case, gallery and storage area [88, 89].

Site Acetic a_%id Formic e}gid Formaldehsyde
Hg m pg m pHg m
LCH cases 1998 858 +39
LCH room 1998 118 +12
LCH cases Sep 2002 1193 £19 366 18 280+ 10
LCH room Sep 2002 614 +41 220 £11 113 +£12
RMS cases Sep 2002 1829 £21 520 18 34 +23
RMS gallery Sep 2002 481 +18 100 +34 <12
RMS cases Nov 2002 2019 #85 443 +14 133 +12
RMS gallery Nov 2002 246 +38 73 £16 <12
Granton cases Sep 2002 329 41 82 £18 <12
Granton area Sep 2002 248 +18 168 7 <12
Granton cases Nov 2002 204 +39 62 £16 <12
Granton area Nov 2002 345 +38 83 15 16 +14

LCH: Leith Custom House; RMS: Royal Museum of Scotland.

The results indicated that the cases at the RMISrahCH have major levels of acetic
acid, and high levels of formic acid and formaldady which exceed those in the
environment of the gallery or store room. This ssjgd that the pollutant gases were
generated within the cases or cupboards by magesiadh as wood products, adhesives and

paints.

The presence of formate salts was thus attribtdethe reaction of formic acid or
formaldehyde with the unstable glass. The lackigiiicant levels of acetate salts in the
corrosion products from the objects was surprigingen the high levels of acetic acid
vapour measured. The possible transformation ofateénto carbonate by reaction with

carbon dioxide was ruled out since no carbonates detected in the corrosion products.

I- 3.5 Artificial ageing experiments

To improve understanding of the deterioration peses, experiments were set up to
simulate corrosion of glass artefacts exposeddaroc gases. Ageing experiments were set
up in desiccators to create atmospheres with vapofimcetic acid, formic acid and/or
formaldehyde at 100 % RH. Higher pollutant concatiins than those observed in the

storage cases were used to accelerate the pramess.the atmospheres were established, a

-39-



STATE OF THE ART

piece of a British decanter, with a high-soda lead and -potassium composition, was

placed at the bottom of each desiccator and expiosé&dmonths.

The simulation experiments have shown that sodiormate forms in atmospheres
containing formic acid, while sodium acetate isentpd to form in acetic acid atmospheres.

In the presence of formaldehyde, an unidentifiechide with dendritic shape was formed.

I- 3.6 Conclusions from the scientific study

This preliminary scientific study demonstratedtttiee widespread alteration observed
on part of the NMS glass collection was the restithe combination of factors: an unstable
glass composition, a fluctuating humidity and hagimcentration of organic pollutants. The
pollutants influenced the formation of crystallisedium formate at the glass surface.
Although acetic acid was predominant and is expktteform acetates by reaction with
glass at high humidity, no acetates were identifigils suggested that a competing effect

occurred between the different pollutants.

The approved RH for the storage of unstable gkasdten defined by considering the
stability ranges of sodium or potassium carbona8 78]. However these phases were not
identified in this case, and the deliquescent pofrgodium formate which is at 51-52 %RH
[98] should be considered instead. During the pabsurvey in 1996 the salts on the glass
objects appeared to deliquesce at around 50-55 %aRkbom temperature, which is

consistent with the deliquescence range of sodarmdte.

The average relative humidity in the RMS gallemndahe LCH store fluctuated
regularly with < 50 % RH measured in the winterd 2050 % RH measured in the summer.
This suggests that the sodium formate followed decyf crystallisation and deliquescence

between the winter and the summer months.
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I- 4. Volatile organic pollutants

Most of the research concerning pollutants in éhgironment and particularly acids
focused on strong inorganic acids such as sulfumicic acids originating from sulfur
dioxide and oxides of nitrogen. However, organicnpounds which are more common in
the atmosphere than inorganic species have ontgedgebeen examined [81, 99]. Formic
and acetic acids are the most abundant of theseniergompounds and may contribute
significantly to the free acidity of rain in the vid [99]. The atmospheric sources of these
acids are still very uncertain but likely to incekidnthropogenic sources such as vehicular
emissions, natural sources like ants, plants, soiljssion from biomass burning and
oxidation of precursor compounds in the gas phAgrenteresting route was described by
Otha for the formation of formic acid in nature waiiinvolved the reaction of GQwith

silicate rocks in the presence of water and ligbssibly catalysed by metal ions [100].

l ﬁ Qo

! ! ||
H oH Hee™ oM He
Formic acid Acetic acid Formaldehyde

Figure I- 12: Chemical structure of formic acid, acetic acid and formaldehyde.

The deterioration caused by indoor volatile orggmllutants, especially acetic acid,
formic acid and formaldehyde is a major problenmimseums (Figure I- 12). A large range
of inorganic materials is affected by these pofitdéathis includes metal objects made of
copper and/or lead [101, 102, 103], shells [104pse limestone, ceramics [105, 106, 107]
and glass and enamels [93, 108]. The most commante® of these pollutants in museums
are the materials used to fabricate the showcasestomage cabinets, mainly wood and
wood-products for the organic acids and glues asths (including resin in medium density
fiboreboard, MDF) for the formaldehyde [109, 110,111112, 113]. However, paints,
adhesives, varnishes or fabric may also contribBecause the objects are generally
displayed in tightly sealed cases where the aithamge rate is low, the ventilation is
restricted, pollutant vapours accumulate and tleeincentration increases, inducing an

increase of the deterioration.
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The best way to limit the presence of pollutamegating materials within the cases is
to carefully select and test all the materials. @beelerated corrosion test is a simple method
that is widely used by museums nowadays to asBestrosiveness of materials during the

showcases design process [114].

The route of damage for aldehydes is far fromrcégal may require oxidation. The
oxidation of formaldehyde into formic acid in as very slow, although the oxidation
process is accelerated in the presence of metakidising agents such as peroxide and
ozone [115]. The second possible reaction takimgein the presence of formaldehyde is

the Cannizzaro reaction {1} [93]:

NaOH .0 5
2H,LC=0 ——= H,C—O0H + HCZg N 0

formaldehyde methanol sodium formate

In this situation formalehyde does not interactwilie glass, but solely with the alteration

products NaOH formed through the leaching readtidaced by water.

It is clear from the analysis of the deterioratmmthe NMS glass collection that acetic
and formic acid do not react equally. It has besported that in the presence of formic acid,
the action of acetic acid on lead was inhibit&@3]. In rain water, the formate/acetate ratio
is higher than the ratio of the corresponding asidie gas phase. It was suggested that the
relative amounts of these acids in rain were cdlettdby the relative solubilities of both
acids (formic acid pKa= 3.75 and acetic acid pKazb3#[99]. Moreover, the estimated dry
deposition velocities of formic and acetic acidsiew water indicated that formic acid was
incorporated to the liquid phase faster than aaatid [116]. In the presence of thin film of
water on materials, like on the NMS glass artefabis solution may reach a saturation point
for the dissolved species. If formic acid is incangted faster, the water film may be
saturated in formic acid before acetic acid coudditcorporated. This hypothesis may
explain why only formate compounds were formed loe NMS glass artefacts although

acetic acid vapours were predominant.
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I-5.  Summary and research strategy

The preliminary study undertaken on the Britisasgl collection of the NMS clearly
showed that organic pollutants play a role in theration of glass. With these pollutants
white crystalline deposits of mainly formate compds are formed at the surface of the
glass, which implies that the glass has reacteld mgtpolluted environment. However, the
effect of these pollutants on the glass structigefiis unknown. The few studies reporting
similar alteration affirm that the formaldehyde waps within the organic pollutants are
responsible of the formate salts formation, withostification, and without considering the

role of acids expected to have a larger effect.

Because nin-depthresearch has ever been undertaken on the rolgafic pollutants
on the alteration of unstable glasses, it was mssiple to give any further conclusion
concerning the alteration of the NMS glass coltatti Moreover, the situation encountered
in NMS is not unique and many museums, aware graretaffected by the same problem.
For this reason, it is necessary to get a bettderstanding of the alteration of glass in the
presence these pollutants to develop better coaisenv treatment and preventive

conservation measures.

The aim of this research is to investigahe role of organic pollutants on the
alteration of unstable glass compared to a non-polluted environment. The rebear
concentrates on the alteration of soda silicatesgls, with an unstable composition, and
examines the role of formic acid, acetic acid aodnaldehyde pollutants. The research
focuses mainly on the modification of the chemisaiucture, the mechanisms of the
reactions involved and the kinetics of the alteratilt is based on the examination of glass
objects from the NMS collections, and replica gissaged in real or artificial environments.
Two main analytical techniques were chosen for ithigstigation: Raman spectroscopy and

Secondary lon Mass Spectrometry (SIMS).
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This investigation is presented into four chaptgaaised as follows:

In the next chaptechapter || the materials studied, the experimental procedndsthe

different analytical techniques applied are introehl

A short chapterchapter Ill, is devoted to the examination of the crystaltieposits, in
order to complement the information obtained frdma structure analyses, and to assist in
the determination of the reaction mechanisms. Musglass objects and artificially aged

glasses are examined and compared.

The modification of the chemical structure of saileate glass with alteration is dealt
in chapter I\/ based mostly on the analyses provided by Rameetrgscopy. The ability of
the analytical technique to determine the stabitifya soda silicate glass, as well as to
examine altered glassassitu and non-destructively (both extremely importanthte study

of museum material), is assessed in this chapter.

The mechanisms and kinetics of the alterationpagsented irthapter V based on the
SIMS depth profiles obtained from replica soda ggssexposed to real and artificial ambient

atmospheres.

Finally the conclusion summarises the main infdromagained from this research and
discusses its relevance to the study and preservatihistoric material and indicates future

perspectives.
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[I-1. Introduction

The extensive glass collection of the National ®uss of Scotland (NMS) was used as
the basis for this investigation, concentratingtiom 19" and 28' century British, Chinese
and Islamic glasses (Figure II- 1). The objectsengsed to examine different questions, for
this reason different types of samples were obthiaed are presented in this chapter
according to these questions. In parallel, repyjlzsses with a composition similar to the
NMS glass objects were used to examine the effatifferent parameters on their alteration
through ageing experiments. By examining the eftdobrganic pollutant on glass in the
museum atmosphere, this research extends the Wdétkam and Fearn on the atmospheric
deterioration of unstable glassware in museum, atieey concentrated on the effect of
relative humidity [1, 2, 3]. In their study theyagsa replica glass with a high-soda low-lime
composition (RG1), similar to the unstable glassethe NMS [1, 2]. For this reason, we
chose to work with the same replica glass, whicts wapplied to us by Fearn. Two

additional glass replicas, also with a historic position, were used for comparison.

The ageing experiments were undertaken eitheminient or in accelerated conditions
to examine different aspects. Ambient experimebtgh( in real and artificial conditions)
were carried out to assess the effect of the @iffeparameters on the atmospheric alteration
of glass. Accelerated experiments, with high tempee and RH, were applied to obtain
altered layers with a sufficient thickness in asmr®mble time (several weeks), for the

structural analyses.

Because Raman spectroscopy has the interestirigy aboi analyse materials non-
destructively and the Raman spectra of glasses lhese widely studied, this technique was
chosen to examine the modification of the chemis@ucture in this research. Both
modifications with the composition and the altevatbased on objects and replica glasses
aged in accelerated conditions were examined. tlitiad Raman spectroscopy was used
also to characterise the crystalline products faraethe glass surface. Because SIMS is a
highly sensitive technique perfectly suited to ekamthe first stage of the atmospheric
alteration under ambient conditions [1, 2, 3, #lvas used in the depth profiling mode to
follow the alteration on replica glass aged in ambiconditions to determine the
mechanisms and kinetics of the alteration. Add#lanalytical techniques, presented in this

chapter, were used to complement the results fraamdR spectroscopy and SIMS.
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1: Selected objects from the NMS British, Islamic and Asian glass collection (NMS copyright).

Figure II-
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lI- 2. Materials and samples

[I-2.1 Museum objects

[I-2.1.1 Study of the link composition-stability-Raman spectra

In order to correlate the stability of glass wRkhman spectral data and the composition
measured by electron microprobe, small glass samwpége required (~0.5 mm). The glass
fragments were removed from broken edges, chipg thie pontil mark (left after rod was
detached) at the bases of artefacts using scaipetzers and a diamond pen. Both stable
and unstable glasses were sampled, however thetslpjelged visually too fragile or intact,
could not be sampled. The stability of a glass assessed by the museum conservator from
visual and microscopic observation. In this clasatfon, glasses which displayed crystalline
or liquid alteration products at their surfacesaveonsidered unstable. The glasses sampled
include ten 19-20 century British glasses (museum reference stamith ‘Hmen’ or
‘unreg’), 40 Islamic glasses (museum referencdistawith ‘A.’) from the 19-28' century,
one 18 century Venetian glass (1956.1233) and one Napalapass (1998.492).

[I-2.1.2 Study of the glass structure modification with alteration

Two objects from the NMS collections were choseextamine the modification of the
chemical structure following the alteration by theseum atmosphere (Figure II- 2):

- A British glass decanter (unregistered) datimgrfithe late 18to early 28 century,

- An Islamic bottle (A.1893.61) attributed to"8entury Iran.

The two objects were chosen because their baseasitiop is similar as both are silicate
glasses with major soda but differs in the stadilisation content. Both objects have
deteriorated over several decades as a resulbdgs in wooden cabinets emitting high

levels of organic pollutants.
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Figure II- 2: NMS glass objects (left) British decanter; (right) Islamic bottle (NMS copyright).

Moreover the British decanter was de-accessionddragments could be cut and used for
analyses and experiments. This same decanter wasreed and used in the series of ageing
experiments during the first scientific investigaticarried out at the NMS. In the case of the
Islamic bottle a fragment naturally broken from th@ttom of the artefact was used for the

analyses.

Two additional glass artefacts from the NMS cdllmts showing signs of alteration
were also examined as application examples: asBritiecklace made of glass beads
(H.1992.392) and an Islamic glazed ceramic (A.1888). The use of non-destructive
analyses was required on both objects. Becausebjkets had detached fragments available
before the conservation treatment was undertakesgetfragments could be taken away and

analysed non-destructively by Raman spectroscogycantrolled pressure SEM.

[I-2.1.3 Characterisation of the crystalline products

Crystalline products formed in the museum envirentrwere examined on objects
from the NMS collections, mostly Chinese and Iskarglasses. In addition crystalline
products from glass objects in the Corning MusetfiGlass (Corning, USA) were sampled
during a visit to the research laboratory in A@G04. The crystalline products were sampled

using a tungsten needle or a scalpel and storegebattwo glass slides.
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lI-2.2 Replicaglasses

Three different soda silicate glass replicas, with an unstable composition and one
stable composition, were used for the ageing emparis. Replica glasses used in research
for artificial ageing experiments are generally mail laboratories, using chemically pure
components and inert containers, controlled meldogditions, to be finally cast into flat
plate. Through this process, most of the effectuced by the ancient manufacturing
techniques are lost resulting in a glass that alshodiffers from ancient glasses. In order to
replicate a glass as close to the ancient objacpossible, the replica used in this study are

based on ancient composition and are blown andedobly a glass blower.

As mentioned earlier, the main glass used wasréplica RG1, from the batch
fabricated by Fearn for her experiments [2, 3]. R&4 replica of the composition of an
original Venetian glass artefact from the VictofigAlbert Museum [1]. It was made ori"9
June 2003 by lan Hankey who melted the glass coemierat 1200°C and blew the glass
into circular flat plates as in crown glass mak{age chapter I). The finished material was
not perfectly flat owing to the manufacturing prese however it was possible to get
reasonably flat glass fragments with a thickneswéen 1-2 mm from the band at the edge

of the disk. A flat and smooth surface is importeom SIMS analyses to ensure stability of

the beam. The glass disks were stored at ambiemet@ture and low RH using dry silica

gel.

Two other replica glassé8Ro andRRn were used for comparison
in some experiments. RRo is an unstable glassnaillgi used to
replicate a Roman glass vessel. However its corfiposdid not
correspond to the Roman composition as magnesius) wsad
instead of calcium causing instability of the glassl the formation
of white crystalline products at its surface (Feyul- 3). On the
contrary, the RRn glass had the stable composiyjocal of Roman
glasses. Both glasses were blown into the shageRdman glass
bottle (Figure II- 3).

Figure II- 3: RRo replica glass.
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The composition of all three soda silicate glassessured by EPMA is presented in
Table 1I- 1, both in weight percent (wt%) and atonpercent (at%). EPMA gave
compositions in atomic percent and the weight perealues were calculated on the basis of
the equivalent oxides. For manganese and irontigation state was assumed to be +2 in
all glasses. Although composition is usually giveimass percent, the research showed that
the use of composition in atomic percent was mamgdb interpret structural modification
by Raman spectrometry and establish correlatiomsis€quently all composition will be

presented in at% in the rest of the study.

Table II- 1: Elemental composition of the replica glasses measured by EPMA; Top in atomic % (at%);
Bottom/italic in weight % (wt%).

At% Si Al Na K Ca Mg Ba Pb Cu Mn Fe (@)

Wt% SiO, Al,O;  Na,O K20 CaO MgO BaO PbO CuO MnO FeO

2464 029 1222 144 152 060 000 000 0.01 0.17 0.12 58.98

et 7180 119 1836 329 275 0.78 0.02 0.01 0.03 0.39 0.29 -

RRo 2251 045 135 168 051 323 000 000 011 001 0.38 57.55
67.04 1.89 20.83 3.93 0.94 4.30 0.02 0.02 0.29 0.03 0.90 -

RRN 2288 057 1260 058 348 124 001 000 0.00 001 032 5829

67.47 2.39 19.16 1.34 6.39 1.64 0.03 0.02 0.01 0.03 0.76

The replica glasses as well as six modern glasglea having similar compositions
were examined as part of the investigation aimdihkothe Raman spectral data to the glass
composition and stability. The modern samples el8 Corning reference glasses A, B and
D, a fragment of float glass (FG), a reference man@.127' and a modern lead crystal

glass named ‘flute’.
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lI- 3. Ageing experiments
[I-3.1 Ambient ageing experiments

II-3.1.1 Artificial environment

Considering the numerous factors involved in tiwmospheric alteration of glass,
artificial ageing experiments replicating the museatmosphere were set up to determine
the role of the different factors involved. All agg experiments were undertaken in static
conditions, typical of the storage and display oseum objects, and were set up in 2 L glass
desiccators with a controlled environment. The affef the following parameters on the
alteration of glasses was examined within differegries of experiments: the RH, type of

organic pollutants, pollutant concentration, tiraed the presence of G@ith light.

The decision to use only glass-made materialsttier experiments was taken after
contamination problems were encountered when ysamjics (such as polystyrene) or zinc
metal disk in the presence of the high humidity/angollutants. The temperature was
regulated at 19 °C £ 0.5 °C by the laboratory amditioning system and Artsorb® (Fuiji
Silysia Chemical Ltd) was used to control the RH:dt %. The temperature and RH were
monitored continuously in the reference desiccatigisg a humbug® data logger (Hanwell
Ltd) telemetry system. Artsorb is a moisture-sevesisilica material which adsorbs and
desorbs moisture in order to offset changes intivelahumidity. Compared with the
conventional silica gel, Artsorb has a greater capdor moisture and desorption and is
used successfully in museums worldwide. Artsorb pragerred over saturated salt solutions
to control the humidity after contamination probfemvere encountered during the first

scientific investigation at the NMS.

Glass fragments were cut to size of approximat@lyx 10 mm using a diamond wheel
and a pair of pliers. Prior to the experiments, desiccators and the glass fragments were
cleaned using distilled water followed by ethanotl alried with wipe tissues. The glass
fragments were placed on the bottom of an uptubeedker (Figure II- 1). When the glasses
were sampled the face exposed to the atmosphadewhich was subsequently analysed,
was scratched using a diamond pen. When the glagsénts could not be analysed by

SIMS on the day, they were placed in a glass ¥aks in the fridge at low RH with silica
gel.
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Figure II- 4: Ambient artificial ageing set up

Series 1: Effect of CO
The possible formation of formic acid from theatan of silicate glass in the presence

of CO,, water and light was examined. In that case, feagmof RG1 glass were exposed to
100 % RH for 6 weeks in atmospheres containingastd CQ, ambient air or saturated,N
in the presence of daylight or in the dark. Thehhigimidity atmosphere was created by
placing a 10 mL glass vial filled with distilled test, and the saturated g@mosphere was

obtained by evaporating dry ice in the desiccators.

Series 2: Effect of RH and organic pollutants

Fragments of RG1 and RRn replica glasses weresexpfor 6 weeks to either 50
formic acid, 50uL acetic acid or saturated,dtmospheres kept at 40 %, 50 % or 60 % RH,
as well as a mixed atmosphere with BO0formic acid + 10QuL acetic acid kept at 50 % or
60 % RH. The different humidities were obtainechgshrtsorb pellet pre-conditioned at the
different RH. A summary of the experiment is preednin a table inAppendix Il. In
addition, a fragment of RG1 glass was exposed ® %0RH for 4 months at ambient
temperature in glass desiccators by Sarah FeatimeaDepartment of Materials, Imperial
College.
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Series 3: Progress of the alteration with time

In order to determine the effect of the pollutaots the alteration kinetics, glass
fragments were exposed to polluted and non-poll@tedospheres over 13 months and

examined at regular intervals during this period.

Fragments of RG1 glass were exposed to pollutedsgheres with either formic acid
or formaldehyde. A volume of 50L concentrated solution of the volatile pollutamtas
introduced within a glass vial at the bottom of thesiccators. Assuming that all the liquid
pollutant rapidly passed in the gas-phase, it wassiple to calculate the gas-pollutant
concentration, which was 30 mi* for formic acid and 27ug m* for formaldehyde at the
start of the experiment. Ambient air (laboratory) and saturated Nwere used as non-
polluted atmospheres for comparison. All environtaevere fixed at 48 % RH and 19°C for
the duration of the experimeiitor each pollutant, a series of 10 desiccators wereseiith
3 glass fragments in each. In contrast, only orsécdator was set up for the ambient air or
N, atmospheres, with 30 glass fragment in each. Tdsorefor using separate desiccators for
each time period in the case of polluted atmosghees to avoid disturbing the atmosphere
when opening the desiccators to collect the glas§he opening of the ‘ambient air’
desiccators did not appear to affect the atmospimside since the RH and temperature,
measured precisely by the humbug sensor in thiscer were unaffected. However, the
pollutants present at low levels in the air wereeiged each time, which is taken into
consideration for the interpretation of the resulise desiccator containing, Mvas refilled

after each opening.

The glass fragments were taken out approximatedyyed weeks in the first 7 months,
then at larger time intervals in the following 6 mbos. At least one sample was kept
undisturbed for the SIMS analyses, while the otlveese examined with other analytical

instruments.
Independently, another series of RG1 glass wepesed to the same atmospheres but
for shorter duration of 4 days, 1, 2, and 3 weéksadditional sample was exposed for 18h

in the formic acid atmosphere.

These experiments are summarised in a tabdppendix I1.
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II-3.1.2 Real environment

In parallel to the artificial experiments set up desiccators, a series of RG1 glass
fragments were exposed to the polluted atmospHedvreosstorage cupboards in the NMS for
13 months. As mentioned by the preliminary studge tenvironmental conditions
(RH/temperature) of the NMS fluctuated greatly bestw the winter and summer months. By
setting up the experiment for just over a year,dlass could be exposed to the complete
fluctuation cycle. Cupboard 29 in cellar 3 and cogoiol B1-7 in cellar 12 (referred later on
only as cellars 3 and 12) were selected as theytezmhigh concentration of pollutants
which caused alteration to the glass and glazednuer artefacts stored in them. The
pollutant concentrations were measured by Lorrdbieson (University of Strathclyde)
using the diffusion tube method [5, 6]. The measweats obtained for formic acid, acetic

acid and formaldehyde in the two cupboards anterréoms are presented in Table II- 2.

Table II- 2: Pollutant concentrations in cupboard and in the room of cellar 3 and 12 of the NMS.

Acetic acid (ug m™) Formic acid (ug m™®) Formaldehyde (ug m™)

Cellar 3 - room 3109 40 +10 104 1
Cellar 3 — cupboard 29 2827 + 35 416 £ 16 957 +6
Cellar 12 - room 40 +£10 <40 71

Cellar 12 — cupboard B1-7 1722 £ 22 189 + 15 258 +2

Detection limits for acetic acid: 27 ug m’3; formic acid: 40 Mg m; formaldehyde: pg m>.

RG1 glass cut into 10 x 10 mm fragments, and eléas for the artificial experiments,
were placed next to the objects in the tray inacedl (Figure II- 5) or on the shelf in cellar 12
(Figure lI- 6). Enough glass pieces were introdusethat three fragments could be sampled
each time. At least one sample was kept undistuidieithe SIMS analyses, while the others

were examined with other analytical instruments.

The temperature and RH within the cellars wereitooed via the NMS environmental
telemetry system. A glass fragment was taken opitcegimately every 4 weeks in the first 7
months, then at larger time intervals in the follogv6 months. Independently, a series of
RG1 glass were exposed to the same atmospherésr lolutration of 1, 2, and 3 weeks. The

samples were marked and stored as in the artifisipériments.
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(7 (CLL

Figure II- 5: Glass fragments set up in cellar 3.

Figure 1I- 6: Glass fragments set up in cellar 12.
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lI- 3.2 Accelerated ageing experiments

The glass replica RG1, RRo and RRn were agedwvioitp the accelerated corrosion
method used in museums to assess the corrosivehesterials [7], with a glass fragment
(size around 30 x 8 mm) inserted into the silictopper instead of a metal coupon (Figure
lI- 7). The glass was suspended by the stopperar®® mL glass tube which was sealed
with the stopper. A small glass tube (around 1 filled with distilled water was placed in

the bottom of the tube to generate a saturateddhatnmiosphere.

Silicone
stoppe

Glass

fragmen

Distilled water

Pollutant

Figure lI- 7: Glass accelerated ageing set up.
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In order examine the structural modification indddy different atmospheres, the RG1
glass was exposed either to a polluted or a noldedl atmosphere at high humidity. To do
so, the atmosphere in the tube was either leftvaas (humid/non-polluted) or saturated by a
pollutant source: either formic acid, acetic admmaldehyde or wood (humid/polluted).
The amount introduced was approximately 0.1 mL eatrated pollutant solution or 2 g of
MDF wood. The tubes were placed in an oven at 6l@P@Qurations between 1 to 4 weeks or
at 50 °C for 3 months. At the end of the experimesatter remained in the tube, confirming
the RH had been maintained at 100 % throughout.pFhef the liquid solution present at
the surface of the glass was measured with pH paffeer ageing, half of the glass
fragments were stored in ambient atmosphere andthe half was dried in silica gel at 60
°C for up to 1 week. One experiment undertakerha Humid/non-polluted atmosphere,
using only 0.5 mL water, was left in the oven unltie water was completely consumed

(approximately 8 weeks).

For comparison a series of RRo and RRn glasses @gyosed to polluted and non-

polluted atmosphere at 100 % RH for durations betw&and 8 weeks using this test.

The experiments are summarised in the tableninexe I11.

A notation giving the type of glass, atmosphereexjposure and the duration will be
used through this study. Thus, RG1FAw2 will cormgpto the ageing of the replica glass

RG1 in formic acid vapour and 100 % RH for 2 weeksle RRoHOmM3 will correspond to
the ageing of the replica glass RRo in 100 % RHradpolluted atmosphere for 3 months.
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lI- 4. Analytical techniques

[I-4.1 Raman spectroscopy

[I-4.1.1 Theory

Raman spectroscopy relies on the scattered radiatith modified wavelengths, the
Raman scattering, produced after interaction of a monochromaticiathah with a
molecule. The modification of the wavelength isoassted with the vibrational energy

levels of molecules.

When an intense monochromatic light, usually framaser in the visible range,
interacts with a molecular system, the vibratierargy levels generally reach a virtual state
(Figure 11- 8). When the molecular system retuimstible state photons are scattered. The
major part of the photons are elastically scatt¢Rayleigh scattering), which means that the
emitted photons have the same wavelength as tleebabhg photons. A very small fraction
(~1/10) of the incident photons are inelastically scattiefRaman scattering), which means
that the energy/wavelength of the incident andteoed photons are different. Two types of
Raman scattering are produced: the Stokes andhth8takes (Figure II- 8). Both processes
provide the same information; however Stokes sgaffeare stronger, since at room

temperature the population state of a moleculeirgcpally in its ground vibrational state

[8].

The amount of energy change of a photon is cheniatit of the nature of each
vibration, involving one or several bonds, andndependent of the wavelength of the laser
used. However, not all vibrations are observabléh viRaman spectroscopy, since the
necessary rule for the Raman transition to be @dtithat a change in thwlarisability of
the molecule is created by the interaction, whiztiesponds to a deformation of the electron
cloud. The amount of the polarisability of the baledlermines the intensity and frequency of

the Raman shift.
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Figure II- 8: Diagram of the photon relaxation after interaction with molecule.

The interaction and the different scattering carekplained by the classical model [8].

The light is an electromagnetic radiation of fregyev, and amplitude Ewritten as:

E =E, cos(277v, t)

{I.1}

The effect of the electric field on a molecule aspolarise the electron distribution, thus

inducing a dipole moment given by:

P =a E=a E, cos(27v, 1)

wherea is the polarisability of the molecule and corrasgi®to a tensor.

1.2}

A molecule vibrates at a frequenty and its internuclear distance from the equilibriism

given by:
q=0p cos(27rw t)

where @ is the amplitude of vibration.

The polarisabilitya can be developed as:

_ (daj
a=aot+|—| g+t..
dq ),
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where o is the polarisability of the molecule at the edibm and (d/dq), is the
polarisability change with the internuclear distarfilom the equilibrium. The higher terms
from the development af are neglected for small atomic displacements.

During the vibration, the variation of the polab#dy of the molecule is:

a=a.+ (%—g) g cos(277w 1) {I1.5}
0

Therefore, the induced dipole moment varies acogrth:

P =a0 Eo cos(27rw t) + (%—gj g cos(27rwt) Bo cos(2rwt) {16}
0

P =0 B cos(27w 1) +(%—gjo% Eo{ cod 277(w-w)t | +cod 27r(w+w )t |} {11.7}

This classical description indicates that theraxt&on of the electromagnetic radiation
of frequencyvy with the molecular system creates an induced dipath 3 frequencies
terms:vy, corresponding to the Rayleigh radiatiog; v, corresponding to the Stokes Raman

scattering and, + v, corresponding to the anti-stokes Raman scattering.

Experimentally, the Raman spectrum displays basisciated with the frequency
changev, for each vibration. The frequency values are @lithy the speed of light and the

Raman frequencies appear as wavenumbers given“invdnich is defined by:

— w1
W= {11.8}

<

The vibrational frequencies depend on the atonasses, the molecular geometry and
the interatomic forces in the molecule. From thdemwlar geometry of the molecule and
based on the group theory it is possible to clggbié molecular vibrations observed in the
Raman spectrum. Although the vibrations of indigdionds are tightly coupled and
affected by their environment, it is possible teritify frequencies characteristic of chemical
groups, which can be used to interpret the vibnaliepectra. Thus, the relative intensity of

the Raman bands and their frequencies can protridetigral information.
In crystalline solids, the molecules have fixegotations therefore their Raman spectra

display sharp bands and are dependent on the budgdtation of the molecules relative to

the direction of irradiation. For this reason thentls intensities in the spectra of single-
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crystals may vary with orientation. For non-crylsta& solids however, the Raman spectra
are associated with the vibration of the speciethenshort-range, but the distribution of
bonding forces within the tetrahedra and the viamaof the inter-tetrahedral angles cause
the broadening and overlapping of the bands. Neegkass, it is possible to gain qualitative
structural information on glass from the knowledgethe characteristic vibration of the

short-range species (like silicate tetrahedralinage glasses). A description of the Raman

spectrum of silicate glasses is given at the beggnaf Chapter IV.

II-4.1.2 Instrumentation

Fifty years ago, Raman spectroscopy was undertakemg an iron arc as an exciting
source, and, interestingly, glass plates to cotleetscattered radiation (Figure II- 9). Due to
the low intensity of the exciting source and theakeess of the Raman scattering, the

acquisition time needed was a few hours for eadiemah analysed.

IR ] g 1l

Biclg 2l o !
... ]

Figure II- 9: Raman spectrum of BiCl; in methanol solution collected for 3 hours using an iron arc
exciting source, done in 1948 (plate provided by M. Delhaye, LASIR-CNRS, Lille).

The use of lasers as the exciting source provaleery intense and monochromatic
source of energy, which increased the intensitythef scattered radiation, nowadays

visualised on a computer, and greatly reduced¢haisition time.

A microscope focuses the laser on the sample alfetts the scattered light. In order to
observe the Raman scattering, the Rayleigh lineutsout generally using a notch filter,
which eliminate signal generally below 100 tnAfter going through a confocal hole
(detailed below), the Raman scattering is dispelsed grating and detected by a charged
coupled device (CCD).
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The technique known as ‘confocal microscopy’ aloprobing discrete Z-planes and
analysing well defined volume in a heterogeneouteri@. The principle of this technique,
graphically shown in Figure II- 10, is based on #pplication of a diaphragm (confocal
pinhole) to reject out of focus radiation origimafifrom different Z-planes from reaching the
detector. The size of the volume can be variedianging both the opening of the confocal
diaphragm and the couple magnification/numericartype of the objective [8, 9]. However
the volume analysed may be influenced by the nattithe material traversed, especially

when the refractive index of the different materiate very different [10].

L} Slit

Confocal pinhole

Rayleigh filter

Objective lens

Specimen
Focal plane - I Focus

Figure II- 10: Schematic description of the confocal system (provided by Jobin-Yvon Horiba).

lI-4.1.3 Experimental conditions

Glass

Raman spectra of the glasses were recorded omRala Infinity micro-spectrometer
(Jobin-Yvon-Horiba, Longjumeau, France) at the Lrabmire de Dynamique Interactions et
Reactivite-CNRS (LADIR-CNRS), equipped with a Raltcooled CCD. The 532 nm line of
a doubled diode laser was used as the excitingtradiand the power of illumination at the
sample surface ranged between 5 and 9 mW. The ¢mttdsed light was collected through
the x100 objective of an Olympus microscope. Prelimirtasts using different laser sources
showed that the green laser at 532 nm was bestdstor the analysis of glasses as it

provided a reasonable window size (1450"¢mand a low fluorescence background
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compared to red (633 nm) and blue (488 nm) laggliessses (except altered glasses) were
analysed directly under the microscope without arafion using a confocal hole ranging
between 100 and 2Q0m.

The Raman spectra of glasses aged naturally arfidially in an acidic environment
were recorded from the broken section (not mountett) a confocal hole of 100m. In the
case of the glasses aged in purely humid envirohnties altered layer was very thin and
gave a very weak Raman signal compared to thedla#ls. Hence, these altered glass flakes
were scraped from the surface and analysed indepégdin that situation, a confocal hole
of 200um was used. For all glasses, the spectra werededdretween 150 and 1650 tm
for the silicate structure on both altered and temetl areas, and between 2900 and 3900 cm
! for the O-H vibration on the altered area onlyeTépectral resolution was 2-3 ¢m
Because of the influence of the fluorescence, alivas correction was undertaken by
subtraction of a segment baseline by Labspec sodtwih the number of segment reduced
to a minimum and placed at about the same posftoreach spectrum. The corrected

Raman spectra were curve fitted with Gaussian fanstusing Origin microcal software.

The confocal microscopy technique was assess#uedBritish decanter to examine the
structure of the glass at different depths and thssriminatein-situ and non-destructively
measurements from the bulk and the altered laybe method consisted of focusing
manually the laser spot at the different depths nyving the platform stage. The
displacement was calibrated using transparent raiteof known thickness. The depth
resolution on the measurements igm. The analysed volume was varied by changing the
diameter of the confocal hole withxd00 objective. The dimension of the volume analysed
based on the diameter at the waist and along thiealeaxis are given for the confocal hole
studied in Table II- 3.
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Table II- 3: Spot dimensions as a function of the confocal hole with a x100 objective
(supplied by Jobin Yvon Horiba).

Hole size Spot diameter Spot diameter along
(um) at the waist (um) the vertical axis (um)
25 1.1 25
50 2.3 3
100 3 5
200 9 6

Crystalline products

Raman spectra of the crystalline products wererdsd either on the LabRam Infinity
micro-spectrometer at the LADIR-CNRS laboratoryngsthe 532 nm line of a doubled
diode laser or the LabRam 300 at the Universitgadihburgh using a He-Ne laser operating
at 633 nm. The analysis of the crystals was camwigddirectly on the aged glass or on a
glass slide for object samples. On both instrumeahespower of illumination at the sample
surface ranged between 0.5 and 9 mW. The backsdtlight was collected through the
x100 objective of an Olympus microscope. The speatee recorded between 120 and
4000 cnf.

II-4.2 Secondary ion mass spectrometry (SIMS)

lI-4.2.1 Principle

The principle of SIMS relies on the bombardmentadfolid surface in vacuum by a
primary ionsbeam, which is focused, mass-filtered, and hasggraetween 250 eV to 30
keV. The kinetic energy supplied to the solid bg timpact induces a series of atomic
collision, known as the collision cascade, in whsghme of the atomic bonds are broken
liberating atomic or molecular species into thewan (Figure Il- 11). This sputtering
process is poorly understood and no quantitativdehourrently exists that can accurately

predict the secondary ionisation process.
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Figure II- 11: Bombardment of solid surface by primary ion beam (supplied by S. Fearn, Imperial

College).

A small proportion of the sputtered species aresed and are called trsecondary
ions. These ions are analysed by a mass spectrometeh wéparate them as a function of
their mass/charge ratim/q [11, 12, 13]. The magnitude of the magnetic fisdduired to

deflect the ion species is given by the equation:

2
m_B {11.9}
q 2V

with m/q= mass to charge ratio (Kg/C)
B = strength of the magnetic field (Wim
V = the ion accelerating voltage (V)

r = the radius of curvature of the magnetic field (m

Two different SIMS techniques are distinguished:

- Static SIMSused for the analysis of molecular species (acgand inorganic) and atomic
composition at the surface. Low-energy and low pryvbeam densities are used so that the
material sputtered is exceedingly small, with stefenono-layers lasting hours or days.

- Dynamic SIMSfollows the modification of the elemental compmsitas a function of
depth, providing a compositional profile. In thase high-energy and high primary beam

densities are applied to analyse volume of a 1d@EDuM’.
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lI-4.2.2 Experimental conditions

SIMS depth profiling analyses were carried out alhthe glass aged in ambient
conditions (artificial and real) and on a serieR&n glass aged in accelerated conditions
using a modified Cameca ims-4f SIMS at Edinburghivesity (Figure II- 12). Water
content measurements were undertaken on the satnegnient (but different conditions) on
selected samples. Because of the insulating naitirgne glass and the heating effect
produced by energetic electron beam, the mobilaliatketal ions migrate under the beam.
As a result, the signal for the alkali ions is ahd¢ and quantification is altered. To
overcome that problem, a @rimary beam, which has the advantage of prevgrtirarge
build-up on the sample surface, was used in arestaode. In addition the sample was gold

coated, so that any charge build-up may leak awathe gold coat to ground.

GAS ONIOFF CoGUN
® CAMECA ims-4f

DUOPLASMATRON DEFLECTOR ELECTROSTATIC PRISM
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Figure II- 12: schematic representation of the CAMECA IMS-4F [12].

Sample preparation

Before analysis the surface of the glass sampésswiped with dry ethanol to remove
any corrosion products on the surface, as the salise loss in depth resolution [3]. The
samples were coated with a gold layer of approenthickness of 60 nm to reduce

charging. The samples were mounted into a metiadiider that kept the flat surface at the

-75-



EXPERIMENTAL AND INSTRUMENTAL

right level for the analysis and allowed chargecerion by contact between the metal
holder and the gold layer. Because the replicasgg&®G1 were not perfectly flat owing to
their manufacturing process, a silver metallic paias added at the point of contact between
the glass surface and the holder to reduce chargimg holder with samples were placed in
a first chamber kept at faorr, allowing the removal of adsorbed water anthplete the
evaporation of the paint solvent, before beingodticed in the main chamber kept at10

10° torr for analysis.

I nstrumental conditions

Samples were sputter depth profiled using anp@mary beam of 60 nA, from a
duoplasmatron, and accelerated on to the samgcsuwith a net impact energy of 10 keV.
Secondary ions of H, Na, Al, Si, K, Mg and Ca weoHlected and detected with an electron
multiplier, operating in pulse counting mode. Thetopes of the selected elements were
counted for 5 s. The beam was positioned in thé&reaf the sample to avoid magnetic field
distortion produced by the metal holder on the seddée beam was rastered over an area
that was generally 60 % of 250 x 2@®. In order to avoid contribution from a non-umifo
crater (edge and bottom), the secondary ions sedlwere collected from only a small area
within the rastered area using a gate on the detedtich size was fixed for all the analyses.
The size of the gate was 79 x 69 pixels within stei@d area of 256 x 256 pixels. The
sputter rate, and so the depth resolution of thasomements can be modified by changing
the percentage of the zone rastered. Thus by isiage#he size of the area, slower sputter

rates were gained, but the analysed area was maddifhe area of analysfsis calculated

by:

7

A=
(256

)% (%) x (250% 250)x p {11.10}

wherep is the percentage of the rastered area (0-1).

Whenp was equal to 0.6 (60 %), the area of analysis 3449 pm and the sputter rate

varied between 10 and 15 nm.
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Depth determination

At the end of the measurement, the height of théec produced by sputtering craters
was measured using a stylus profilometer. Afteattreent of the raw data obtained from the
SIMS, elemental concentration could be plotted famation of time. The raw data treatment
and quantification method used is developed inrdsellt chapter V. The reliability of the

measurements is also assessed and presented iarctiap

Imperial Collegeinstrument

The University of Edinburgh SIMS instrument wasnpared to the low-energy SIMS
instrument at Imperial College using the serieRGfl glasses aged in artificial conditions
for 1, 2 and 3 weeks. The measurements at Impedkdge were undertaken by Sarah Fearn
using an Atomika quadrupole SIMS tool equipped vetfoating low energy primary ion
gun. A nitrogen beam at 500 eV and normal incidemas used to perform the analyses,
with a current of 90 nA and a scan size of 375 Gharge compensation was obtained using
an electron energy of 70 eV. SIMS crater depthseweeasured using a Zygo white light

optical interferometer [2, 3].

Water content analyses

The water content could be determined by SIMSlaasghaving an altered layer with a
minimum thickness of 10 um. The measurements wameged out by John Craven (School
of GeoSciences, University of Edinburgh) from theoleégy department of the University of
Edinburgh on the British decanter glass, and tipdic® glass RG1 aged in atmospheres
humid/non-polluted (RG1}0Ow4), and humid/wood (RG1lwoodw4). The SIMS analyses
were undertaken on the cross section of the sangpégsared for the electron microprobe
analyses (see electron microprobe section), buedoaith a gold layer. A rastered primary
beam of 60 nA, Owas accelerated on to the sample surface with empact energy of ~14
kV. High energy (120 ev + 25 eV) secondary ionsttgpad from the sample were detected
with an electron multiplier operating in pulse ctog mode. The isotopes hydrogen and
silicon were counted for 5 s and 2 s respectivelyrder to obtain quantitative information
standards of internal granitic compositions weredusith a water content that ranged from
2.1t0 5.6 wt % KD.

When the water content could not be measuredad @stimated for the altered glass

composition assuming the silicon content before afiter leaching remained constant and

the deficit in the total ion content of the altegddss was mostly H.
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[I-4.3 Electron probe microanalysis (EPMA)

lI-4.3.1 Principle

Electron probe micro-analysis (EPMA) is a fullyadjtative and quantitative method for
elemental analysis of micron-sized volumes at thiéase of materials, with sensitivity at the
level of ppm. It is the most precise and accurat@oranalysis technique available and all
elements from beryllium to uranium can be analykedPMA a micro-volume of a sample
is bombarded with a focused electron beam (typamsrgy= 5-30 keV) and the X-ray
photons thereby induced and emitted by the varielesnental species were collected.
Because the wavelengths of these X-rays are clesisict of the emitting species, the
sample composition can be easily identified by rdic WDS spectra (Wavelength
Dispersive Spectroscopy). By comparing the intésiof these lines with those emitted
from standards (of known composition) it is possitil determine the concentrations of the
elements to accuracy around * 1 %. Wavelengthidigzating X-ray detectors are the most
gquantitative because their signal-to-noise ratibigd and they have excellent wavelength
resolution. The high signal-to-noise also impligghler sensitivity to minor and trace
elements. Disadvantages are that X-ray measureimetimme consuming, and since the

elements of interest have to be tuned, this implieg need be first anticipatet4] 15, 16].

II-4.3.2 Experimental conditions

The electron microprobe was used to obtain theirate composition of the glasses
from which a fragment could be taken and mountéal dncross section. Glass samples from
museum objects and replica glasses artificiallydagere mounted in epoxy resin and
polished to a finish of 0.26m. The analyses were carried out by Katherine ErgiMMS)
on two WDS electron microprobe systems at the Usityeof Edinburgh:

- Initially a Cameca Camebax Microbeam - 1985 wfittee crystal spectrometers at

20 kV and 9 nA with the Cameca ZAF correction prhae

- Subsequently a Cameca SX100 microprobe withdrystal spectrometers at 20 kV

and 4 nA.

A rastered beam was used for a spot size of @8r1@ prevent volatilisation and loss of

alkali during analysis. For each sample, a mininefnri2 analyses was taken in different

spots and the results averaged. Samples were adalygs up to 23 elements commonly
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found in historic glasses. Mineral standards wesedufor instrument calibration, and glass

standards were analysed and compared to the unknown

lI-4.4 Scanning electron microscopy - energy dispersive spectrometry
(SEM-EDS)

lI-4.4.1 Principle

Scanning electron microscope is very similar gcgbn microprobe, but it is designed
primarily for imaging rather than analysis. A comjtimnal contrasted image is obtained
from the secondary and backscattered electronsipeadafter scanning an electron beam on
the sample surface. SEM has the advantage to luffrspatial resolution images (~5 nm)
with large depth of field. It is generally fittedtiv an energy dispersive spectrometer (EDS),
which provides easy and rapid compositional infdiomaderived from the emitted X-rays.
The approximate penetration depth of the beamligim. The drawbacks of this detector are
the relatively poor spectral resolution and lownsigto-noise, which results in many spectral
interferences and poor sensitivity (relative to WIS, 16]. The compositional information
given by EPMA and SEM-EDS are compared for thegheplica glasses in Table II- 4. The
results indicate that SEM-EDS measurements tendntterestimate the concentration of
sodium, calcium and magnesium probably becausheofrtigration of these cations under

the beam.

Table II- 4: Comparison of the elemental composition measured by EPMA and SEM-EDS.

At% Si Al Na K Ca Mg Cu Mn Fe (0]
RG1 EPMA | 2464 029 1222 144 152 060 0.01 0.17 0.12 58.98
SEM 259 04 9.8 16 12 03 - 01 01 605
RRo EPMA | 2251 045 1356 1.68 051 323 0.11 0.01 0.38 57.55
SEM 222 0.8 11.7 1.5 0.3 1.9 0.4 - 0.3 60.8
RRN EPMA | 22.88 0.57 12.60 0.58 3.48 1.24 - 0.01 0.32 58.29
SEM 235 13 107 06 20 06 - - 0.2 61.0
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lI-4.4.2 Experimental conditions

The scanning electron microscope was used masthptain high resolution images of
the altered glass surface or sections. By workingpintrolled pressure mode it was possible
to image the glass without surface coating or hiatuum causing dehydration of the glass.
Ryan experienced dehydration of the altered laybilewworking under high vacuum,
resulting in strong cracking of the layer [1]. Sirnitie presence of cracks and their pattern is
one of the characteristic of the alteration, itngortant that this information is conserved
and not created or influenced by external factApproximate elemental compositions were
obtained by an EDS detector on materials whichccook be examined by EPMA (because
a sample could not be taken or limited accessaddbhnique). To reduce alkali migration

induced by the electron beam, a low energy beatarexsover a large area was used.

The samples were either mounted on an aluminiumb sind maintained by an
aluminium foil or attached to a carbon tape. Csesdions mounted in resin for EPMA were
also examined. The analyses were undertaken om&&an MX 2500 SEM combined with
a Noran Vantage analytical system at the NMS. Arelecating voltage of 15 kV was used
for the electron beam and the samples were keptreatsure of 15 Pa in the controlled

pressure mode.

[I-4.5 Light microcopy

The visual appearance of the glass surface afjem@ was recorded with a light
microscope. This observation was particularly inigor to relate the present work to the
museum objects through the characteristic surfac#pologies. Moreover it was
complementary to SIMS analyses to examine the &oolwf the alteration with time and

determine the mechanisms of these alterations.
The surfaces of the glass samples were examindd aviZeiss light microscope

Axioskop 2 at the University of Edinburgh. Reflettight and in few occasion dark field

was used.
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lI-4.6 X-Ray Diffraction (XRD)

lI-4.6.1 Principle

X-ray diffraction is used to determine the struetof molecule, mostly crystals with
atoms are organised in repeating planes. Thesegtan act as reflecting surface for X-rays
as a result of the interaction of X-ray radiatioithwthe electrons in the atoms. When the
distances between the atoms are of the same mdgrats the wavelength of the X-rays,
constructive and destructive interferences occinis Tesult in the diffraction of X-rays
emitted at characteristic angles based on the pldm#ween the atoms organised in
crystalline structures. The diffraction patterncisaracteristic of a crystal and provides
information on the positions of each atom in thé oell, and therefore in the molecule [17,
18]. The relationship between wavelength, atomacsp @) and angle is defined by the
Bragg Equation:

nA = 2d sin@ {I.11}

with 8: angle between the incident and refracted beam
A\: wavelength of the incident beam (X-ray)
d: spacing between planes (A)

The identification of a compound is made by corigmar with sets ofi-spacing of the

diffraction pattern obtained from standard compaund

II-4.6.2 Experimental conditions

XRD using a heating stage was applied to a sdlidodium formate to examine the
different phases formed at high temperature aner afboling. The measurements were
undertaken on &8ruker AXS D8 diffractometer at the University ofliBburgh equipped
with an Anton Parr TTK450 heating stage. The difoaneter was set up in Bragg-Brentano
parafocussing geometry with a monochromated beam. X-rays were generated by a
copper K-alpha 1. The sample was finely ground predented as a flat pressed powder to
be heated in air. Six scans were taken from 5 pyeeqimately 69° 2 with a step size of
0.014 6-20 and a count time per step of 0.1s. The scans taken at the following
temperatures: 28, 127, 237, 247, 63 at a rate ®0/s and at 28 °C after melting the
compound above 260 °C. The powder patterns wergifieéel based on the publishet

spacing data.
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THE CRYSTALLINE DEPOSITS ON GLASSES

[1I- 1. Introduction

In the scientific study undertaken by the Conséomatand Analytical Research
department of the NMS (see chapter I), the altenatif the glass objects was investigated
mostly through examination of the crystalline defsormed at their surfaces [1]. Although
the aim of the present study was to investigataribdification of the glass structure itself,
the crystalline deposits were examined in paralbelassist in the interpretation of the

mechanisms.

The aim of this brief chapter is to compare thesi@iline deposits formed on museum
objects with those formed in ambient and acceldratgeing experiments. Because the first
study only examined British glasses, more analysfethe deposits were undertaken to
explore whether similar alterations were obsenardBfritish, Islamic and Chineses glasses
in the NMS collection. Islamic glazed ceramics frtme NMS collections are stored in the
same cabinets as the deteriorating glass objedtsalso display signs of alteration. The
alteration of glazed ceramics is more dramatic esitie glaze is attacked from the side
exposed to the air and the side in contact with gheous ceramic body. This allows
circulation of water vapour and pollutants. As autge crystalline products, formed at the
interface between the glaze and the ceramic as agelhe surface, cause cracking and
flaking of the glaze. Analyses of the crystallimegucts formed on two glazed ceramics are

presented.

Objects from the Corning Museum of Glass also ldigal white crystalline deposits
whilst being stored in wooden cabinets and fluehga¢énvironmental conditions. Samples of

the deposits were analysed as part of this researdhhese results are presented.
This chapter describes the products identifiedhi@a different ageing atmospheres.

Further analyses of crystalline products are piteskein chapter V together with examination

of the alteration progress using the SIMS technique
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[1l- 2. Introduction to sodium formates

The most common and stable phase at ambient conslits anhydrous sodium formate
(NaHCQ), known as phase Il. Two hydrated phases can toeefib from saturated solution
of sodium formate: sodium formate dihydrate, stdidéween 18 and 25 °C, and sodium
formate trihydrate stable below 18 °C [2]. Undeghhipressure two polymorphs of the
anhydrous sodium formate are formed: the phadeetiveen 11 and 23 kbar and phase IV
above 23 kbar [3]; as well as another sodium foemditydrate phase [4]. Different
polymorphs of the anhydrous sodium formate are éafron heating. When the ambient
phase Il is heated, it undergoes a transition lhigh temperature phase, called phase I, at
about 250 °C. Upon cooling phase |, an intermegatese, phasé, is formed and after an
induction period of approximately 10-12 hours avgly retransforms into the original phase
Il at room temperature [5, 6, 7]. Masuda et al.edothat the re-transformation phasd |

scarcely occurs if the sample is kept under vachutiis accelerated in humid air [7].

The Raman spectra of formates exhibit charactenigtaks in the 1350-1390 ¢megion
corresponding to the C-O symmetric stretching madd the C-H bending modes; in the
2780-2850 cm region, associated with C-H stretching modes; anthé 770 cmregion,
corresponding to O-C-O bending vibrations [3].

The first study highlighted the presence of différphases of sodium formate in the
crystalline deposits based on the comparison af fRaman spectra with the spectra of
reference compounds or in the literature [1]. Sodfarmate phase Il was the main phase in
the deposits, but another phase whose Raman speegias similar to that of phasé |
measured by Heyns was identified for needle-shapstats [5]. Because the high
temperature required for its formation could notehbeen experienced by the objects, if the
phase'lis present, another explanation for its formatiaust exist at ambient condition. In
addition a new formate compound of sodium and gaidn an approximate Na:Ca ratio of
6:1 was identified in few samples [1]. The posifaf the peaks in the Raman spectra and
their intensities are given for sodium formate ghih®nd | and the sodium calcium formate

in Appendix V.
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lll- 3. Museum objects

The deposits observed at the surface of the glhijgxts were generally small white
crystals, sometimes having a needle or dendriticphradogy (Figure llI- 1). Analysis by
Raman spectroscopy showed that formate compounds ttve major component of all the
samples found on the NMS glasses, with mostly sodiormate phase Il, NaHCOO I
(Table llI- 1). The sodium formate phase NaHCOO 1, and sodium calcium formate,
sometimes present, could be associated with thélene&d dendritic crystal morphologies.
In the sample taken from the British biscuit barfldMEN 190) an organic compound,
possibly a polymer was identified along the formetgstals. This polymer was possibly
applied during a conservation treatment and mag lpdayed a role in the deterioration of
the glass object. Although it was an isolated @askorganic pollutants are the main source
responsible for the formation of these formate cowumgls, it was a reminder that

conservation products can participate in the ditama

1808 61 o k. . 1893-63 1893-64 .

N .

- +1893-65

1921-1385

Figure llI- 1: Crystalline products at the surface of Islamic glass objects from the NMS (field of view
approximately 5 mm).
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Table IlI- 1: Surface deposits identification from objects of the NMS and Corning Museum of Glass
collections by Raman spectroscopy.

Objects Reference Deposit morphology Identification
Islamic glasses

Bottle clear A.1893.61 White dendrite crystals NQIC?HHg%%%,“&I\’l\:CH:g)Ol—?Cl(‘)’O
Bottle brown A.1893.63 White needle crystals NaHCOQO Il + acetate?
Bottle brown A.1893.64 White crystals NaHCOO II
Bottle brown A.1893.65 White crystals NaHCOO Il
Bottle light green A.1893.66 White crystals NaHCOO Il

Bowl brown A.1893.67 White crystals NaHCOO Il
Bottle brown A.1921.1385 White crystals NaHCOO II
Glazed ceramic A.1886.573 White needles (Na, Ca) HCOO
Glazed ceramic A.1886.580 White needles (Na, Ca) HCOO
Chinese glasses

Red bowl A.1921.1159 Liquid droplets KHCOO ? + KSO4
Blue bowl A.1948.75 White spots NaHCOO Il + NaSO4
Dark blue vase A.1921.1149A White spots NaHCOO II

Blue bottle no reference White crystals NaHCOO II

British glasses

British biscuit barrel

Decanter

Glass necklace

HMEN 190

HMEN 98
HMEN 215.36
HMEN 215.52
HMEN 215.191
HMEN 215.243
Unregistered

H.1992.392

Corning Museum glasses

Translucent material

White crystals
White crystals
White crystals
White crystals
White crystals
White crystals
White crystals
White crystals

Polymer? + NaHCOO Il
(Na, Ca) HCOO
(Na, Ca) HCOO

NaHCOO II
NaHCOO II
NaHCOO II
NaHCOO II
NaHCOO II
NaHCOO II

Paper weight

Chinese tube clear

Engraved bowl clear

Daguerrotype

Purple glass

no reference
no reference
RR11701
8R3

71.6.25

Dendrite crystals

White needle crystals

White dendrite

Sticky spider crystals

White crystals

Unknown formate Y
NaHCOO II
NaHCOO Il + acetate ?
Formate ?

NaHCOO Il + NaSO4 anhydrous
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Figure IllI- 2: Raman spectrum of an unknown formate Y from the Corning paper weight object.

Formate compounds were also characterised imeallsamples taken on the Corning
glass objects. A new unidentified phase was obsédrvéhe deposit from one of the Corning
objects, and its Raman spectrum is given in Figjle@. This new compound was identified
as a new formate phase based on the charactgusiittons of the peaks associated with C-
H and C-O vibrations, and it was called héoemate Y. The presence of a mixture of
compounds can not be excluded. Moreover the Rarpantrsm showed that this new
formate is a hydrated phase owing to the presehpeaks above 3100 ¢massociated with
the stretching vibrations of O-H, and the sharmerkpat 3540 cihsuggested that it contains
a hydroxide group. The intense peak at 880 @striking; however its associated vibration
could not be identified. Acetate and sulfate ofegaily sodium were also identified as minor
phases in the sampled deposits from both museumespdak positions in the Raman spectra
of all the formate and acetate compounds charaetrare given i\ppendix V. These
results are consistent with the results obtaingthduhe first investigation and confirm that
all the unstable glasses as well as the glazedniesdan the NMS collection were affected

by the organic pollutants.
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llI- 4. Artificial experiments

[lI-1.1 Accelerated ageing experiments

After ageing the RG1 glass under accelerated dongitthe surface of the glass was
generally covered with liquid droplets. After expos to the ambient environment, this
liquid deposit dried and crystallised (Figure B)-

Figure IlI- 3: Image of RG1 glass surface after exposure to (A) formic acid, (B) formaldehyde, (C) acetic
acid, (D) wood under 4 weeks accelerated ageing conditions and dried.

The Raman analyses of the crystals indicated tirati€ acid atmospheres induced the
formation of sodium formate phase Il and The morphology of the crystals differed
between the two phases with flat (hexagonal) cky$ta the phase Il and needle crystals for
the phase’l(Figure lll- 4). When the glass was exposed tonfiddehyde vapour, crystals of
sodium carbonate, sodium sulfate and sodium forfidg@med in isolated locations. The
presence of acetic acid induced the formation ydtats of sodium acetate trihydrate. Finally
when the soda silicate glass was exposed to theuvagmitted by a fragment of wood, both

sodium acetate trihydrate and sodium formate phasere formed.
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Na formate Il

20pm

Figure IlI- 4: RG1 glass exposed to formic acid, 100 % RH, 60 C, 4 weeks.

lll- 1.2 Ambient ageing experiments

In the ambient ageing experiments, the effect n§lsi and mixed pollutants and the
museum pollutants from the cabinets on the RGlsghase examined. The crystals formed
in single polluted atmosphere were similar to thémend during the accelerated ageing
experiments. However, discrepancies were obsemetthé mixed polluted atmospheres.
Under an atmosphere of formic acid, flat crystéilaments and needle-like crystals were
formed (Figure llI- 5). The flat crystals were idified as sodium formate Il whilst needles
were identified as sodium formaté The filaments often contained two phases, sodium
formate | and an unknown phase which Raman spectrum resentiie of formate Y
observed earlier in the Corning paper weight objéidte filaments were generally
concentrated around the edges of the glass anduagapt transform into the needle crystals
with time. The Raman spectra of the different phae® compared in Figure llI- 6. In the
formaldehyde atmosphere, it was necessary to expesglass for a much longer period (~ 4
months) before crystals formed. The crystals whietve a dendritic morphology were

identified as sodium formate phase I".

-91-



THE CRYSTALLINE DEPOSITS ON GLASSES

Figure llI- 5: RG1 glass exposed to formic acid vapour, 48 % RH, 19 C; (left) filame
needle crystals.

nt crystals, (rig ht)

Raman intensity
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Figure llI- 6: Raman spectra of sodium formate crystals formed on RG1 glass exposed to formic acid
48 % RH, 19 T ; (A) phase I', (B) phase Il, (C) form ate Y.

When the glass was exposed to atmosphere of atic needle crystals of sodium
acetate anhydrate were formed instead of the trétgdphase found in highly humid
atmosphere. However when the glasses were exposad aitmosphere containing both
acids, with more acetic than formic acid, or topleiuted cabinets atmosphere, only sodium
formate phase Il (major) and phasé€nhinor) were formed. It was generally observeat th
sodium formate’lwas present on glass exposed to RH below the wal@ence point of
sodium formate (~52 %), while sodium formate Il dioated on the glass exposed to RH

over that point.
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llI- 5. Sodium formate heating

In order to confirm the presence of sodium formpkase 'l in the object deposit
samples, the experiment undertaken by Heyns wasitegh in the present study. A sample of
sodium formate (phase Il) was heated directly anhbating stage of an XRD instrument
and the powder pattern was collected at differemiperatures. The XRD analyses confirmed
that a transformation occurred at high temperatuhgch was observed at 237 °C in this case
(Figure 1lI- 7). The powder pattern recorded at 2@7and 247 °C correspond to phase | of
sodium formate by reference to Masuda measurenjéht§he powder pattern obtained
upon cooling indicates that a different phase waséd, the Raman spectrum (Figure llI- 8)
of which matched the spectrum of sodium formatesphlarecorded by Heyns [5, 6]. The
same phase was obtained when molten sodium formaserapidly cooled. The Raman
spectrum of this phase matched the spectrum olotainehe museum objects (Figure llI- 8),
and strongly suggests that sodium formate phasepresent on museum objects. However
in both spectra, the presence of peaks at 135 dhdca' indicates that some sodium

formate phase Il is also present.
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Figure IlI- 7: Powder pattern of sodium formate at increasing temperature and after cooling.
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NaHCOO I' from heating
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Figure IllI- 8: Raman spectra of sodium formate phase I' from heating and from museum object.

The sodium formate phase flormed through this experiment, re-transformedkb@
the more stable phase Il after several hours asrebd by Heyns and Masuda [5, 6, 7].
Clearly the sodium formate phaseodn the museum objects has not experienced this
temperature regime and has been formed in a diffevay at much lower temperature. The
interconversion of metastable phases is often prednoy the presence of small amounts of
seeds crystallites. It is therefore possible thathe heating experiment small quantities of
the more stable phase I, evidenced from the Raspattra, either persisted or were
produced on cooling. Over time those acted as atiole sites, and the humidity as a
solvent, for conversion of phasetd phase Il. In the museum objects, phddeat been
formed under kinetic control by crystallisation frosolution at much lower temperature.
This results in regions of phaseahd phase Il (Figure Ill- 4), but in the absentealvent
(Hx0) these are isolated in space, thereby preveiitegconversion of phasétb phase Il.
Further support to this hypothesis comes from thgeovation that exposure to high RH
causes dissolution of the sodium formates, and wherdroplets are dried only phase Il is
observed. Consequently, the interconversion is atediby the solvent, water, provided by

the relative humidity.
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[1I- 6. Conclusion

This brief chapter confirmed that the alteratiauged by organic pollutants emitted by
the showcases and storage cabinets affects alhlasglasses in the NMS collection. The
NMS is not the only museum concerned with this @b which supports the need for this
research. In both the NMS and the Corning MuseunGlass, formates were the major
compounds present in the alteration products, aioig that formic acid and/or
formaldehyde react predominantly with the glasse phesence of sodium formate phdase |
in the objects deposits was confirmed and it wasrdened that its interconversion into

sodium formate Il is controlled by the relative hdity.

The crystals formed in the artificial atmosphesgs consistent with the crystalline
deposits present on the museum objects. The daucegs observed between the accelerated
and ambient ageing experiments for the mixed padluatmospheres suggest that the
competitivity factor between the pollutants is affsl by the increased temperature and/or

RH conditions.

-95-



THE CRYSTALLINE DEPOSITS ON GLASSES

[1l- 7. References

1 Robinet L., Eremin K., Cobo del Arco B., and&in L.T., A Raman spectroscopic
study of pollution-induced glass deterioratidnRaman Spectrosc. 8/9 (2004) 662.

2 Muller K., Range K.J., and Heyns A.M., Die Kal$struktur von Natriumformiat-
Dihydrat, NaHCQ.2H,0, Zeitschrift fuer Naturforschung, B: Chemical Science$.
(1994) 1179.

3 Heyns A.M., The effect of pressure on the Ramspectra of solids. lll. Sodium
formate, NaHCOQJ. Chem. Phys. 7 (1986) 3610.

4 Allan D.R., Marshall W.G., and C.R. Pulham, Itjgressure studies of sodium
formate dihydrate, unpublished results.

5 Heyns A.M., Van Niekerk O.T., Richter P.W., @Rdnge K.J., The polymorphism
of alkali metal formates-Part I. A Raman studyad tI-I transition in NaHCOOQJ.
Phys. Chem. Solids. 10 (1988) 1133.

6 Heyns A M, and Range K.J., The polymorphisralkéli metal formates - Part II. A
Raman spectroscopic study of the kinetics of tiilephase transition in NaHCOO,
Mat. Res. Bull. 26 (1991) 589.

7 Masuda Y., Hashimoto K., and Ito Y., The thdrptease transformations of lithium,
sodium and potassium formatd@sermochim. Acta. 163 (1990) 271.

-96-



THE CHEMICAL STRUCTURE OF SODA SILICATE GLASSES

Chapter IV.

THE CHEMICAL STRUCTURE OF

SODA SILICATE GLASSES
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V- 1. Introduction

The different techniques currently applied to exanthe spatial distribution of atoms
in glass are based on different types of interacéind provide different information. X-ray
and neutron diffraction techniques give informatepout interatomic distances and bond
angles. X-ray absorption techniques, such as EXG&&y Absorption Fine Structure) or
XANES (X-ray Absorption Near Edge Structure), paeriinformation on the coordination
of each atom, while X-ray photo-electron spectrpgcXPS) distinguishes BOs and NBOs
in the structure. Solid state NMR provides inforimaton the local coordination geometry of
some elements in the structure suck’@sor**Na, while Raman and infrared spectroscopy
inform about the concentration of non-bridging cemyg (associated with metal ions or as

silanol groups), water and the discrete silicatg.ri

For applications within a museum, Raman spectmscand FTIR are the most
interesting techniques as they can be applieditu and non-destructively to objects. The
confocal system of the micro-Raman spectrometeswallin-depth measurements of
transparent materials, suggesting that the bulkthadaltered glass can both be analysed
directly without contact. Moreover, glasses haverbextensively studied by Raman
spectroscopy and a lot of information is availatd®cerning the interpretation of Raman
data to glasses. For this reasons, we chose tRarsan spectroscopy for the examination of

the glass structure in this investigation.

Raman spectroscopy was applied in this researctwio purposes. First, we wished to
assess the ability of the technique in distingumighstable and unstable glass, based on
objects from the NMS collections. Then, we examirlee effect of the atmosphere on
structural modifications of soda silicate glassBsis study was based on altered objects
from the NMS collections, and replica glass agedhdgelerated conditions. Accelerated
ageing conditions were needed to obtain alteregr&athick enough for Raman analyses in a
reasonable time. The study concentrates solelh@structural modifications, characteristic
of the alteration process, and does not considekittetics of the alteration which is affected
by the elevated temperature. The kinetics is dedlie next chapter based on glass samples

aged under ambient conditions.
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IV- 2. Application of Raman spectroscopy to glass

Raman spectra of glasses generally display breattspowing to the distribution of
local environments in the structure of these malkeriThe peaks in the spectra are associated
with the vibration of the partially covalent bondssentially Si-O bonding in silicate glasses,
and the structure of the silicate tetrahedra. Tieeational spectra reflect the degree of
polymerisation of the glass, and the type of siicapecies Q influenced by their

environment (surrounding cations).

The assignments of the vibrational componenta@iitreous silica gave a basis for the
interpretation of Raman spectra of glasses (Figirel). The three main regions and their
assignments are as foll¢d:

- 430 cm": Symmetric motion of the bridged oxygens in thang! bisecting the Si-O-
Si bonds, with little associated silicon displacetr®ending vibration).

- 800 cm: Motion of silicon against its tetrahedral oxygege.

- 1060-1200 cm: Bond stretching motions of oxygen relative tdcsih, involving

both silicon and oxygen displacements.

Raman intensity
-
Raman intensity
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Figure IV- 1: Raman spectra of vitreous silica (left) and a soda silicate glass (right).
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In addition, the spectrum of vitreous silica extsliwo narrow bands fand Q3 at 490 and
607 cm', which are assigned respectively to silicate riogstaining four and three silicon
atoms (Figure 1IV- 2) [2, 3, 4, 5].

v

]
N’

Figure IV- 2: Three-fold silicate ring giving D2 band.

The non-bridging oxygens (NBOs) created by theothiction of cations in the silicate
structure greatly modify the structure and heneeRlaman spectrum (Figure 1V- 1). With a
lower degree of polymerisation of the structures thgion between 900 and 1300 cin
more developed owing to the stretching vibratiorspécies containing NBOs [6, 7, 8, 10].
Thus, in the spectra of alkali silicate glasses,rdgion between 300 and 600 tim mostly
associated with bending vibrations of the polyrmeatistructure and the region between 900
and 1300 cm is associated with stretching vibrations of mostpolymerised silicate
species. The bands at 1100-1050, 1000-950, 90@3®a@n’ are attributed respectively to
the vibration of the species’@, Q" and d (presented in chapter 1) [6, 7, 8].

IV- 3. Influence of the composition on the glass s  tructure

It is important for museums to be able to distisjubetween stable and unstable
glasses, so particular care can be applied to tst sensitive objects. The literature as well
as the examination of the NMS British glass coitet(see chapter I) clearly showed that the
degree of stability of the glass was directly lidke the composition. Since sampling of the
glass objects is often difficult or impossible, vievestigated the ability of Raman
spectroscopy, which can be appligdsitu and non-destructively, to distinguish between

stable and unstable glasses.
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IV- 3.1 Stability and composition

The composition of 61 glass samples taken mositp NMS objects and a few modern
glasses was measured by EPMA. Although, the corat@ns of 23 elements commonly
present in historic glass were measured by electioroprobe, the elements present at trace
level (<0.01 at%) were assumed to have little ¢féecthe structure and therefore were not
considered in this study. Consequently, only 12nelets are examined and presented. The
composition of the unstable glasses is presentefhble V- 1 and the stable glasses in
Table IV- 2.

Table IV- 1: Elemental composition (at%) of the unstable glasses measured by electron microprobe;
Xa, X1 and X3 calculation (see text).

At% Si Al Na K Ca Mg Ba Pb Cu Mn Fe (0] X a X1 X3
Alkali-Ca glass

Unreg 5 2435 0.04 1310 005 341 0.09 001 000 0.00 0.04 0.02 5890 |0.11 0.17 0.84
HMEN 209.401 24.67 0.03 1240 0.07 346 0.07 0.00 0.00 0.00 0.04 0.02 5923 0.11 0.17 0.80
HMEN 209.429 2488 0.04 1257 0.06 304 006 001 001 000 0.03 0.02 5929|011 016 0.77
HMEN 98 2446 003 1292 0.03 343 005 002 0.00 000 0.04 0.02 59.00]|0.11 0.17 0.82
HMEN 209.507 2518 0.06 1284 0.02 235 006 000 002 000 004 003 5939|011 015 0.72
HMEN 215.45 26.35 015 1135 0.03 164 003 000 0.00 000 0.07 0.02 6037|009 013 0.58
A.1893.61 21.77 029 1525 0.08 373 063 0.00 000 0.01 0.87 024 5712 0.13 0.24 125
A.1893.63 2251 032 1506 0.12 335 062 001 001 0.02 021 024 5754 | 0.13 022 111
A.1893.64 23.32 036 1467 0.13 252 060 0.00 0.00 0.02 0.05 0.27 58.05 | 0.13 0.20 0.98
A.1893.65 2356 037 1442 014 234 059 001 000 0.03 0.06 024 5823 | 0.13 0.19 0.94
A.1893.66 2201 031 1489 010 369 056 001 0.00 001 083 025 5733|013 023 121
A.1893.67 2252 032 1520 0.11 327 062 000 001 004 018 024 5751|013 022 111
A.1890.1372 2158 028 1351 163 239 254 002 001 001 067 028 57.07| 013 024 1.29
A.1921.1385 23.03 0.28 1463 026 269 091 000 0.00 003 0.10 0.20 57.86| 0.13 0.20 1.03
A.1958.147 2220 040 1421 157 231 165 0.02 001 0.02 003 032 5726 | 0.14 0.22 116
RG; 2464 029 1222 144 152 060 0.00 000 0.01 0.17 0.12 5898 | 0.12 0.16 0.79
RRo 2251 045 135 168 051 323 0.00 000 0.11 001 038 5755 | 0.13 0.22 111
Alkali-Pb glass

Unreg decanter  26.12 0.10 10.16 222 035 0.03 0.00 096 0.00 0.04 003 5999 | 010 0.13 059
Unreg 3 26.64 008 972 207 028 0.02 000 070 0.00 006 0.05 6039|010 0.12 0.53

The elemental analyses presented in Tables I\Ad1\&- 2 show the presence of three
main compositional groups among the 61 glasses iagaimbased on the main modifier in
the glass: alkali silicate (54), calcium silicaBd ¢r lead silicate glasses (4). The majority of
the glasses studied are alkali silicate, mainlyasach, with low-lime and a few with low-

lead contents.
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Table IV- 2: Elemental composition (at %) of the stable glasses measured by electron microprobe; Xa,

X1 and X3 calculation (see text); (Corning D has 0.67 at% phosphorus).

At % Si Al Na K Ca Mg Ba Pb Cu Mn Fe (0] X a X1 X3
Alkali-Ca glass

A.1890.360 20.74 059 1155 109 488 282 001 003 0.13 034 048 57.36 | 011 0.28 1.53
A.1890.363 21.25 051 1224 082 429 225 001 001 0.03 044 068 5749|011 026 141
A.1890.366 2090 037 13.06 145 392 284 000 000 0.00 0.22 032 56.92 | 0.13 0.27 1.45
A.1890.373 20.63 041 1374 130 425 252 001 000 0.01 0.0/ 041 ©56.66 | 0.23 0.27 1.49
A.1890.375 2177 025 1369 143 285 232 001 0.00 0.01 023 026 57.17 | 0.13 024 125
A.1893.59 2402 026 1202 133 167 052 000 0.08 095 0.07 033 5874|011 0.18 0.89
A.1895.266 2391 042 1051 158 367 026 001 0.10 0.01 030 0.19 59.04 | 010 0.19 094
A.1895.268 2172 093 790 438 400 278 001 0.00 0.01 013 0.1 58.02 | 011 025 134
A.1895.271 21.17 045 1281 1.02 4.29 226 001 001 qp2 035 036 5724|012 026 1.41
A.1895.272 2148 055 1255 071 406 258 001 000 0.01 0.11 038 5756|012 0.25 1.36
A.1895.284 2273 062 1143 031 486 053 001 000 0.03 021 069 5858 010 0.22 1.16
A.1896.349 2097 022 987 066 707 311 001 001 000 001 016 5791 | 0.09 0.28 152
A.1906.441 2092 0.61 1427 159 328 208 0.01 0.00 0.00 0.03 054 56.65| 014 026 141
A.1921.1371 2247 021 1239 127 290 239 001 0.01 0.02 024 023 5787|012 022 115
A.1921.1373 20.88 043 1390 087 364 264 001 001 003 040 032 56.85|0.13 0.27 145
A.1921.1374 2222 031 1315 129 271 204 001 0.01 0.02 023 043 5758|013 0.23 118
A.1921.1375 20.82 058 1144 118 428 248 0.04 003 0.03 123 048 57.40 | 0.11 0.27 151
A.1921.1376 20.61 043 1390 100 362 280 0.02 001 0.02 044 047 56.69 | 023 0.27 1.50
A.1921.1377 21.35 0.10 10.71 0.77 550 335 001 000 0.00 034 004 5783|010 026 1.42
A.1921.1378 20.86 046 1389 121 378 260 001 000 0.01 0.06 036 56.77 013 0.27 1.44
A.1921.1379 23.14 020 10.76 2.76 366 036 0.01 045 0.00 0.26 0.17 5824 | 0.12 0.21 1.03
A.1921.1380 2155 033 1360 128 321 254 001 0.00 0.01 0.08 025 57.14|0.13 025 130
A.1921.1381 22.09 041 1105 193 347 272 000 0.00 0.01 0.03 038 5790|011 024 124
A.1924.456 21.02 033 1408 090 313 240 0.02 0.00 0.01 101 0.25 56.85| 013 0.26 141
A.1929.88 21.63 047 11.32 181 399 260 001 000 0.01 005 045 5765 | 0.11 0.25 1.33
A.1948.73 2273 027 6.30 3.09 5.28 1.94 003 041 0.00 059 0.27 59.08 | 0.08 0.23 1.20
A.1959.74 21.87 041 1058 112 475 279 001 000 0.01 0.11 024 5811|020 025 1.31
A.1975.145 2257 025 929 086 548 252 001 001 001 002 019 5881|009 023 121
Corning B 2145 103 1209 045 485 082 0.02 0.07 112 011 014 5785|011 0.26 1.39
Corning A 2323 022 1001 130 290 208 0.00 0.01 049 047 045 5884|010 0.21 107
float glass 2410 026 786 030 454 283 0.00 0.00 0.00 0.00 0.04 60.07|0.07 020 0.9
CL127 2418 045 889 046 358 256 0.00 0.00 0.00 0.00 0.01 59.86 | 0.08 0.19 0.95
RRn 22.88 057 1260 058 3.48 1.24 001 000 0.00 001 0.32 5829|011 0.21 1.09
A.1888.89 26.04 0.15 1.08 6.92 448 0.11 001 000 0.00 0.10 0.06 61.06 | 0.07 0.15 0.69
1956.1233 2511 0.14 047 755 492 1.09 0.00 0.00 0.01 0.08 0.04 6058|007 0.17 0.83
Calcium glass

A.1895.270 21.73 041 013 227 1327 141 002 000 000 0.17 021 60.37

A.1920.268 2134 060 534 158 6.94 454 001 0.04 0.00 0.05 0.47 59.09

Corning D 1986 131 095 535 873 318 0.07 004 016 026 0.22 59.19

Lead glass

1998.492 26.12 0.04 0.47 541 004 0.01 0.01 6.24 0.02 0.02 0.02 61.60

Flute 2557 004 048 852 001 001 038 444 0.00 0.01 0.02 6054

HMEN 209.359 2528 012 037 6.76 001 002 000 6.48 0.00 0.03 0.04 60.89

HMEN 209.347 26.11 005 0.16 533 0.04 003 0.00 655 0.00 0.01 0.03 61.70
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All the glasses correspond to a trisilicate oilideste composition. The lead silicate and
calcium silicate glasses are all stable. In falitfhee unstable glasses belong to the alkali
silicate group, generally having a high alkali @anldw stabiliser contentS4+ Xcat+ Xu g+ Xaa

generally below 5 at%).

A general method based on the composition washgdogdentify the stability of the
glass. The best result was obtained by simplyiptpthe total alkali chargeX() against the

total non-Si cation charg&{) for the alkali group with:

Xy = [3Xal + Xna + Xk + 2 (Xcat Xmg + Xga + Xcu + Xpp + Xun + Xre)] / (2X0) {Iv.1}

and Xa = (XNa+ XK) / ZXO, {IVZ}

with x; corresponding to the atomic concentration (at%)thed element i.X; and X,
calculation are given in Table IV- 1 and Table R/-The graph presented in Figure IV- 3

displays a separate clustering between the stable@stable glasses.

0.15
4| = Unstabld
0.14- | o Stable n o
0.13 [ T | m o o o o o
0.12 — [ ] o o o o
7 A.1893.59
© 0.11 "= ®m ®m O o o o o o o
x 4
0.10 = = o o o o o
0.09 — | | o o
0.08 — o o
0.07 o o o
0.06 I ] I ] I ] I ] I T I T I T I T I T I

0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
X

1

Figure IV- 3: Plot of the Na+K charge Xa = (Xna + Xk)/2Xo against the total non-Si cation charge X; =
[BXal + Xna + Xk + 2 (Xcat Xmg + XBa + Xcu + Xpb + Xmn + Xre)]/(2X0)
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Although Mn and Fe can have different oxidaticstes in a glass, we choose to fix the
oxidation state of these two elements at +2 irthadl study for simplification, on the basis
that these elements were present in very low cdrations. However, such simplification
may not be suitable if higher concentrations okéhelements are present in the glass. We
note from the graph (Figure IV- 1) that we haverdarmediate region of composition where
the glass can be either stable or unstable. Thikescase of A.1893.59 which does not
display obvious signs of instability although itsngposition resembles an unstable glass. If a
line is drawn between the two clusters in the graph see that in general, the unstable
compositions lie close to or above the ling = 0.148X; + 0.059, while all stable
compositions lie well below this line. Consequenityorder to determine the stability of an

alkali glass using this graph, we need to obtagnciimponentX, andX;.

IV- 3.2 Raman spectra and composition

Simply on the basis of their profile, the speciféhe glasses can be separated into three
families, which correspond to the groups identifiexin the composition. This indicates that
from the Raman spectra we can already separatk siliaate glasses, which have a mixed
stability, from the calcium and lead silicate gkssvhich are stable (Figure IV- 4). Within
each group the differences in the spectra are meagked. Because the aim of this
investigation is to assess the ability of Ramancigpscopy in distinguishing stable and
unstable glass, from now on we will concentratelgabn the alkali silicate glass group that
displays the mixed stability.

The Raman spectra of the alkali silicate glasHes, have a disilicate or trisilicate
composition, is similar to the profile of the Ramgpectra of binary alkali trisilicate and
disilicate glasses [9, 10]. This composition implibe existence of three different types of
silicate species joined into sheets® i@ major concentrations and?@nd ¢ in minor
concentration [10,11, 12].
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Alkali silicate glass

A.1896.349
A.1921.1381
A.1895.284
Hmen 209.401

1956.1233

Hmen 209.50

Calcium silicate glass

Raman Intensi

A.1920.268

A.1895.270
//\/\/\/\i )

Lead silicate glass

Hmen 209.34f7
1998.492

Hmen 209.359
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T T T T T T
200 400 600 800 1000 1200
Wavenumber/(cr'ﬁ)

Figure IV- 4: Raman spectra of the different compositional groups: alkali silicate, calcium silicate, and
lead silicate glasses.
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In the Raman spectra (Figure IV- 4), the peak adol100 cri, particularly intense in
alkali silicate glass spectra, is associated withdymmetric Si-O stretching vibration of the
major G species [8, 10, 13]. The less intense band ime®n 900-1000 crhis associated
with the Si-O stretching vibration of‘@pecies [10, 13]. The enhancement of peaks in this
region is correlated with the increase in calciwntent [14], as in calcium silicate glasses
(Figure IV- 4). Fully polymerised silicates*Qcorresponding to vitreous silica regions,
display a weak Si-O stretching vibration around 181", superimposed onto the Si-O
stretching vibration of a different type of,Qind Si-O-Si bending vibration bands between
300 and 500 cih[10, 13, 14]. The peaks between 500-700'cin the spectra of soda
silicate glasses, are assigned to Si-O-Si bendim@gtions in depolymerised species, with
the possible association of peaks near 556 with Q® species and peaks near 600" aith
Q’* species [8, 13, 15].

If we look for the characteristic features indudgdthe presence of different elements,
we note that the spectra of alkali silicate glasetaining around 1 at% copper or lead
present a relatively sharp band at 988'cas in Unreg decanter and A.1893.59 shown in
Figure IV- 5 and Corning B glass (not shown). Tharpness of the band may indicate that
copper and lead ions occupy well-defined coordamasites in the structure, in contrast to
the other ions. Moreover, the similar ion chargd aflectronegativity of the two ions (see

Appendix I) may explain their similar effect on thidicate structure.

The distinction between the spectra of potash-{856.1233) and soda-lime glasses
appears more difficult (Figure 1V- 4). The distiloet is even more difficult between the
stable soda-lime (RRn) and the unstable soda-magngRRo) glasses presented in Figure
IV- 6. The first reason for this is that sodium gradassium, both alkali ions, are chemically
very similar, as are the stabilisers calcium andgmeaium. Although in the spectra of pure
binary glasses, distinct differences, induced by tifferent alkali metal ions, can be
observed [9, 7, 10], these differences cannot Banduished easily in the case of more
complex glasses. Ancient and historic glasses l@raplex compositions with many
different cations present at varied concentratgath cation having an effect on the silicate
structure and consequently on the Raman spectriirnthese effects are superimposed in the
Raman spectra making interpretation more difficlit. order to investigate if Raman
spectroscopy has the ability to distinguish betwetable and unstable alkali glasses, a

detailed analysis of the spectra, examining thiedifit vibrational components is required.
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Raman Intensity
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Figure IV- 5: Raman spectra of high-soda glass with low-lead (Unreg decanter), low-copper
(A.1893.59) and low-calcium (RG1).
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Figure IV- 6: Raman spectra of stable soda-lime (RRn) and unstable soda-magnesium (RRo) silicate
glasses.
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IV- 3.3 Decomposition model

Since any variation in composition results in aiatéon in the Q species distribution,
we decomposed the Raman spectra into their diffarémnational components in order to
examine these variations. It was obvious from tbeodhposition of the numerous spectra
that each silicate species was not associatedonltha single band but sometimes with two
or three. This effect is probably linked to diffeteordering of the modifier cations around

the silicate species.

The decomposition was undertaken into two stdgdbe first stage, the Raman spectra
between 150 and 1350 &rof all the alkali silicate glasses were decompadaddpendently
to provide the best fit with the minimum numbercoimponents. The components obtained
were then compared and a set of components appgearatl decompositions was identified.
All spectra were then decomposed again, this tepplying the same set of bands (13 in
total) to all the spectra. The frequency and wi#ls fixed for bands in the stretching region
(see Table IV- 3) in which very little frequencyifshwas visible with the change in
composition. In contrast, the frequency and widtthe bands in the bending region are very
sensitive to the compositional variation. In parae, the position of the band between 400
and 600 cnl is influenced by the average angle of Si-O-Si. ddatindicated that a shift
towards higher frequency of the band is associaiétla decrease of the Si-O-Si angle [6,
10, 16].

The decomposition model established for alkalcaib glass spectra is presented in
Table IV- 3. The components in brackets were agpliet disappeared due to their weak
intensity and/or superposition with adjacent congmis. Two examples of spectra
decomposition are presented in Figure IV- 7. Thelitained for the high frequency region
presents the same bands as those used by Mysexkédir silicate glasses [8], with the
difference of two additional components at 895-@t@ 990 cri, assigned to the Si-O

stretching of @ species.
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Table IV- 3: Decomposition model for alkali silicate glasses; underlined= values fixed; in bracket=
components that sometimes vanished due to band superposition; &= bending; v= stretching.

Frequency (cm %)

Bandwidth (cm ™)

Assignment suggested

330-380
460-500

540-590 (Bsso) -

5 Si-0-Si Q*
5 Si-0-Si Q*
0 Si-O-Si depolymerised

580-640 - 0 Si-O-Si depolymerised
(640-690) -
770-800 - Si motion in tetrahedral
(800-830) - oxygen cage
(895-910) - v Si-0 Q°
950 50 v Si-0 Q°
990 33 v Si-0 Q°
1040 70
1100 65 v Si-0 Q?
1150 - v Si-0Q*+ v Si-0Q?
T T T T T T
Pan)
@
[
[¢D]
—
£
C
© [A.1921.1374
e
©
04

800

T T -
1000 1200

Wavenumber (cm™)

Figure IV- 7: Spectral decomposition of alkali silicate glasses based on model in Table IV- 3.
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IV- 3.4 Composition correlations with Raman spectra

Our results show that two significant correlatioten be established between the
spectral components and the composition. The fiestelation concerns the component
around 550 ci, here name®-s,. The results indicate that the position of thissoa band
is directly linked to the Si@content of the glass and consequently the totalaitof charge
from the modifier cations in the structure. As thanber of cations increases, the band shifts
towards higher frequencies. This shift, which cepands to a decrease in the average Si-O-
Si angle, correlates with the increased steric cefferoduced by the cations. This
phenomenon was previously observed with the inereashe alkali content in binary alkali
silicate glasses [7, 10]. Matson noted that the tgpalkali cation present determined the
magnitude of the frequency shift, with smaller easi producing larger effects [10]. We
show, for historic glasses, that a correlation loarestablished between the positiorBgs
and the Si@content (Figure 1V- 8).

-1
Beso (cm?)

520 T I T I T I T I
0.70 0.75 0.80 0.85 0.90

Figure IV- 8: Correlation between frequency of Bssg (cm'l) and SiO; content X,= 2Xs; / Xo.
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The SiQ content is calculated by.,X 2xs/Xo. Consequently, whenX 1, the structure
corresponds to pure silica, SiOrhe band shift is directly correlated to the ltatan-Si
cation charge (¥ defined as X= 1- 2%i/Xo. The data in the graph (Figure V- 8) have been

fitted to a regression equation below witikBn cri®:
Bsso = -387 X, + 868 (R*=0.978) {Iv.3}

From this, we can see by extrapolation that in miliea, whenX, = 1, the band should
appear aBssp = 481 cn. Since the position ofdg is directly correlated to the Sj@ontent,

it is then linked to the degree of polymerisationdepolymerisation) of alkali silicate glass.
Previous studies have employed they 1000 area ratio to compare the degree of
polymerisation of glass [17]. Thes&/A1000 Method is valuable for comparison of glasses
with very different compositions often belongingdifferent compositional group. However,
this method is not applicable to compare objedis telong to the same compositional group
and show only small compositional differences,rashe present study. Consequently, the
method based on the positionB, is more accurate for determination and compargfon
the degree of polymerisation within a group of &lkdicate glasses. It would be interesting
to investigate if this method can be extended hewtypes of silicate glasses. Although the
degree of polymerisation has an influence on theility of the glass, the type of cation
influencing the degree of depolymerisation is tlgedmining factor. Thus, the ability of

Raman spectroscopy to determine the ratio alkalierd: stabiliser content is investigated.

A second correlation was established between Bfec®i' component and the total
charge associated with cations coordinated toasdigvith 2 NBOs (€). We noticed that by
using the ratio of the areas of the bands at 9601840 crit we could follow the intensity
change of the 950 c¢hrcomponent with elemental composition. The assignroéthe band
at 1040 crit is still controversial and is currently assignedthe stretching vibration of
bridging Si-O bonds in silicate species that aré fotdy polymerised [8]. Figure IV- 9
displays the area ratio of the bamigy/Ai0 as a function of the total cation charge per

silicon (X3 calculation given in Table IV- 1 and Table IV- 2):
X3 = [3Xal + Xna + Xk + 2 (Xcat Xmg + Xga + Xcu + Xpp + Xuin + Xee)l/Xsi {Iv.4}
The regression equation obtained for this corretais:

A950/A1040 =0.43 X3 —-0.03 (R2 = 0953) {|V5}
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Figure IV- 9: Correlation between Agso/A1040 and the total cation charge per silicon Xz = [3Xai + Xna + Xk
+ 2 (Xcat Xmg + XBa + Xcu + Xpb + Xmn + Xre)]/Xsi

No marked separation between the unstable ancesésses was visible. Both correlations
{Iv.3} and {IV.5} were remarkably strong and showehat these features of the Raman
spectra are controlled by the total non-Si catibarge. Such high correlations were not
found when plotting the Raman component with speefements or families of elements.

Both equations showed that the intensity of thedb@am magnitude of the shift, is mainly

influenced by the content of doubly and triply ajed cations, i.e. the stabilisers. However,
the alkali content still has an impact on the istgnof this band due to their high content in
the glass. Consequently, it did not appear possibkxtract the valueX, andX; from the

Raman bands in order to establish the stabilithefglass using Figure 1V- 3.

We found, however, that another feature in the &aspectra may provide a valuable
diagnostic tool for assessing stability. It is lwhea the observation that stabilisers favour the
formation of @ species. In this method, we examined the propomioQ species in the
silicate species based on the stretching regioth,campared it to the proportion of charge
from the stabiliser cations in the total chargerfribie cations. In that case, all cations except
silicon and alkalis were considered as stabilis@rs. then plotted (fyotAgsastAgen)/(Agoo-

1150, calledvQstretch for simplification, against{;-X,)/X, (Figure IV- 10).
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Figure IV- 10: Plot of the area ratio vQ%/stretch region (Asoo+Asso+Asgo)/(Asoo-1150) as a function of
stabiliser charge content to the total cations charge (X1-Xa)/X1.

The graph shows a clear clustering between urestaid stable glasses as a function of
the composition ratio, with almost all unstablesgkes located belowX{-X;)/X; < 0.4.
However the aim of this study is to investigatR#man spectroscopy has the ability to make
this distinction. The separation as a functiontef Raman parameters is not complete, but
the unstable glasses are generally gathered ilotheQ?/stretch region. We note that a few
stable glasses are present in the @/stretch region. Among them are the two potash
silicate glasses (1888.89 and 1956.1233), whiclicates that potassium induces less Q
species than sodium ions, as expected. Two modabhesglasses (Float glass and CL127)
are also present in this region due to their lokalalcontent. Finally, two glasses (1893.59
and RRn), recorded as stable, but with elementaipositions resembling the unstable
glasses, are situated in this region. This maycatdi that although no visible sign of
alteration were observed, these two glasses hauastable composition and may show sign
of decay at a later stage. The few unstable glassept in the highvQ?/stretch region belong
to the intermediate region of composition, desatibefore, where the glass can be either

stable or unstable.

-113-



THE CHEMICAL STRUCTURE OF SODA SILICATE GLASSES

Although, the method should be tested further olarger set of composition, the
present results suggest that soda silicate glabsu@f/stretch < 0.11 are very unstable and
glasses with 0.11 #Q%stretch < 0.16 are likely to be unstable (Figure IV- 10urrently it
IS not possible to predict the stability of a glagish a composition in the intermediate
region. However, this method will allow museumsdentify easily the very unstable, hence
most sensitive, soda silicate glass objects sathieste can be cared for specially. We expect

that a similar method could be designed for potitate glasses.
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V- 4. Structure modification with alteration

There have been a few studies that applied Rapesirsscopy to examine the effect of
either solution leaching or hydration on the stpetof simple binary or ternary glass
compositions [3, 18, 19, 20, 21, 22, 23, 24, 25, ZB 28, 29]. All showed important
changes between the altered and the original glasstra in the region between 450"tm
and 1100 cm. By combining Raman spectroscopy and solid $tsieNMR, Bunker noted
that the leaching of alkali silicate and borosilecaglasses causes the decrease or
disappearance of the depolymerised structure comtetl to the metal cations
(disappearance of NBO sites) and the formationilahasls and molecular water in the
structure [19]. The two techniques also revealed golymerisation of the silanols in the
hydrosilicate structure created new Si-O-Si linksaged, in the case of an acid leachant,
four-fold silicate rings () [12, 20, 19, 30]. In the case of hydration ofisadsilicate glass,
where water is introduced without removal of argnent, the Raman spectra display a shift
of the major bands [23]. These shifts were attgduip a decrease in the average Si-O-Si
angle accompanied by a decrease in the average@adation of the silicate unit of the

structure [23].

Compared with simple binary glasses, historicggasare complex systems, containing
a mixture of cations to modify the properties o thlass. As explained in chapter 1, the
alteration process, and so the altered layer, rdheenced by the composition both of the

glass and of the solution.

In this part of the chapter, micro-Raman spectpgcupported by EPMA and SEM-
EDS is used to examine the impact of organic pafitdé on the structure of soda silicate
glass in the following ways;

0] through the examination of two historic glaggezts from the NMS collections,

stored over several decades in the wooden cabinets;

(ii) from replica glass aged in accelerated condgi

(i) Finally, non-destructively determination byaRan spectroscopy and SEM-EDS

of the cause of the alteration is assessed on M8 hbjects.
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IV- 4.1 Museum objects

IV-4.1.1 British decanter

The British glass decanter (unregistered) was heavacked as shown by optical
microscopy images (Figure IV- 11) and SEM imagea ofoss section and the surface of the
glass (Figure IV- 12). The surface was no longeodm as scales were detached from the
surface leading to the occurrence of iridescenad sometimes flaking. The crystalline
products present under the altered glass (Figurd 18) might be partly responsible for this
effect. In the SEM image of the cross section,altered layer corresponds to the dark grey
region and has a thickness of about 37 um (FigurelRA). We noted from the cross
section the formation of cracks parallel to theaee far into the bulk glass (~ 80um).

Figure IV- 11: Light microscopy image of the decanter surface (A) and underneath the surface (B).

Figure IV- 12: SEM images of the decanter glass: cross section (A) and surface (B).
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Table IV- 4: Elemental composition (at%) of altered and bulk regions of the decanter glass measured
by EPMA. H content of the altered region measured by SIMS (x1.5 at%).

At % Si Al Na K Ca Mg Pb Mn Fe (0] H
bulk 26.12 0.10 10.16 222 035 0.03 096 0.04 0.03 59.99 -
altered 24.07 0.08 1.01 0.88 0.32 0.02 094 0.08 0.04 5793 14.63

The bulk glass of the decanter has a high-sottat&lcomposition with minor amounts
of potassium and lead (Table IV- 4). The composit the altered layer indicated almost
complete depletion of the sodium and potassiumiwitiis layer (from 10.16 to 1.01 at% of
Na and 2.22 to 0.88 at% of K) and the presenceagtf toncentration of hydrogen species.
However, the lead and calcium contents remainedtaan(~0.95 at% Pb and ~0.35 at% Ca)
suggesting that these ions have not been leaclwteGuently, these results indicated that

selective leaching of alkali cations has takenglac

The comparison of the Raman spectra of the butk atered region of the decanter
(Figure 1V- 13) indicated that significant modiftean of the structure has occurred.
Interestingly, the spectrum of the altered layesl@se to that of vitreous silica SiQFigure
IV- 13) which suggested that the structure becarmeemolymerised on alteration. Bunker
made similar observations for binary soda siligtess [19]. However, compared to vitreous

silica, the spectrum of the altered layer has #mitit bands in the region near 1000°tm

Raman Intensity

Decanter bulk

Decanter altered

Vitreous silica

[ T [ T [ T [ T [ T [ T
200 400 600 800 1000 1200

Wavenumber (cm™)

Figure IV- 13: Comparison of the Raman spectra of the British decanter glass, bulk and altered, and of
vitreous silica.
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These bands, and in particular the sharp bandndr®90 crit, were present in the
original glass spectra and from the first part bis tinvestigation were thought to be
associated with the presence of lead. This hypithe@as supported by the elemental
analyses, which indicated that lead ions remainedthe altered glass structure.
Consequently, lead ions and the silicate specieghioh these are coordinated (giving the
sharp band around 990 ¢jrwere not affected by alteration and so retaiiir thiace in the

structure.

Comparison of the vibrational components of theeral and bulk glass spectra,
obtained through curve-fitting, indicated almosinpdete disappearance of the components
at 529, 573 and 1092 ¢hand a significant decrease of the component & ti® (Figure
IV- 14, Table IV- 5). The component at 1092 tiis associated with the Si-O stretching
vibration of @ species, which dominated in the alkali glassedistl[8, 10]. The bands at
529 cm' and at 573 cthwere assigned to the Si-O-Si bending vibrationdepolymerised
species, mainly & As described in the first part of this investigaf the position of these
bands is influenced by the Si-O-Si average angtetha cation content of the glass. The
disappearance or decrease of the depolymerisedespeaostly © species, was directly

associated with the leaching of alkali ions outhaf structure.

In the case of a leaching reaction, silanol spewiere created to compensate for the
removal of sodium in the structure. In the highgtrency range (3000-3700 &jn the
spectrum of the altered glass displayed a broadl laasigned to the stretching of O-H
species (Figure V- 15), which was absent in thi lglass spectrum. The best curve-fit for
the band was obtained using 7 Gaussian comportasmore bands than was used by
Holtz for the curve-fitting of hydrated silicate29]. These components were associated with
the vibration of OH in molecular water (3000 to 84350 crit) and hydroxyl groups such
as silanols (3450-3550 to 3700 &n[23, 27, 29]. Hydrogen bonding with these species
induced a broadening and shift of the bands towlarssr frequency in this region [23, 31].
The sharp component observed at 3598" emas assigned to a different type of SiO-H

hydroxyl group present in hydrous glass with higitev content [23].
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Figure IV- 14: Raman spectra of the British decanter and their decomposition: bulk, altered in museum,
altered in museum and deuterated, and altered artificially.
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Table IV- 5: Frequencies of the components of the Raman spectra (cm'l) from the British decanter
glass: bulk, altered in museum, altered in museum + deuterated and altered artificially.

Bulk Altered Alt_e_r_ed Altered Assignment suggested
museum artificial deuterated
381 414 422 415 ® Si-O-Si polymerised
480 469 479 470 ® Si-O-Si polymerised
- 494 495 494 D, rings
529 - - - 0 Si-O-Si depolymerised
573 - - - 0 Si-O-Si depolymerised
781 786 793 788 Si motion in tetrahedral
825 819 825 822 Oxygen cage
910 910 910 910 v Si-0 Q°
965 959 960 960 v Si-0 Q*& (v Si-OD)
990 985 986 987 v Si-0 Q*& (v Si-OH)
- 1029 1025 1029
1040 - - - v Si-O
1092 1092 1092 1092 v Si-O Q3
1150 1192 1150 1150 v Si-0Q*+ v Si-0 Q®

T T
British decanter

Raman Intensity

“" IWIYN "
et
Islamic bottle

It

o

bl
T W LLLAN M LU B &

T
3000

T
3200

T
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T T
3600 3800
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Figure IV- 15: Raman spectra of the 3000-3800 cm™ region and their decomposition from the altered
British decanter and altered Islamic bottle glasses.
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The stretching vibration of silanol expected ab i in the Raman spectrum was
superposed on the silicate stretching bands inrég®n. In order to verify the presence of
silanols in the structure, the altered glass wastedated. The transformation of Si-OH
species into Si-OD was expected to induce a fregushift from 970 to 950 ciin the
Raman spectrum [26]. The spectrum of the deutei@eednter glass was almost identical to
the spectrum of the museum-altered glass (Figurel®y, which suggested that only low
concentration of silanols were present in the glasée absence of large concentration of
silanols, expected from the extensive leachingti@acsuggested that the rearrangement by
condensation of the silanols had taken place [2R,The increase in intensity near the 300-
500 cm' region, associated with the bending vibration ieDS5i, confirmed that new Si-O-
Si bonds formed by condensation of the silanol iggeds a result, molecular water was
formed in the structure, as seen in the high fraqgueegion of the spectrum. The presence
of the sharp peak at 494 ¢rin the spectrum indicated formation by polymeiiatf the
four-fold silicate O rings normally observed in vitreous silica, but thoee-fold D rings
were seen. The spectrum of high-water contentasglass had a similar structure, with the
presence of bbut no O rings [23]. The modifications that occurred to 8teucture of the
British decanter glass recall those observed bykBufor sodium borosilicate glass leached
in an acidic solution [19]. This similarity suggeshat organic acids in the environment,
which induced the formation of an acidic rathemtladkaline solution on the glass surface,

are responsible for the structural change of tloauder glass.

During the scientific study undertaken at the NMfe unaltered section of the decanter
glass was exposed to a humid and acid-polluted sgitheye (formic acid) at ambient
temperature for 5 months. The altered layer formmedugh this experiment, referred to as
‘artificially altered’ layer, extended to around fi#n. The Raman spectra of the glass altered
in the museum environment and artificially wereywsimilar (Figure IV- 14), supporting the
role of organic acid pollutants in the modificatiohthe glass structure. The slight difference
observed between the two spectra was due to arhéjheol content (970 ciband) and
lower Si-O-Si (300-500 cih region) in the artificially altered glass. The densation
reaction was hence more extensive in the museweredlglass than in the artificially altered
sample, possibly due to the different timescalethefalteration, the absence of humidity
fluctuation in the artificial example or the effeat other pollutants and/or variations in

pollutant concentrations in the decanter envirortmen
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Finally, in all the spectra of the altered glasgbe low frequency component of the
band near 800 cfrwas shifted towards higher frequency. Shift irs tieigion was previously
correlated to a change in the Si-O-Si angle arttiérpresent case can be associated with an

increase of the angle, which is consistent withddwon content decrease [32].

IV-4.1.2 Islamic bottle

The Islamic glass bottle (A.1893.61) appeared ldamage than the decanter.
Microscope examination of the altered glass surf@sealed fine widely-spaced cracks,
barely visible by eye. The SEM image of the crasstien (Figure IV- 16) indicated the
presence of an altered layer on the glass surfetieh was more extensive on the internal
side (~19 um) than on the external side (-5 um)e @hered layer displayed cracks
perpendicular and parallel to the surface, somehi¢h run into the bulk glass, just as in the
British decanter glass.

internal side

v

external side

external side

Figure IV- 16: SEM images of the cross-section of the Islamic bottle glass bottle (bar scale represents
50 pm).

The bulk glass of the Islamic composition has aadode silicate composition (Table 1V- 6).

The composition of the altered layer indicated thHeration caused almost complete
depletion of the sodium within the glass surfaceonf 15.25 to 1.2 at% Na) with

introduction of hydrogen species, and leaving #ileiam and other ions undisturbed.

-122-



THE CHEMICAL STRUCTURE OF SODA SILICATE GLASSES

Table IV- 6: Elemental composition (at%) of altered and bulk regions of the Islamic bottle glass
measured by EPMA. The H content of the altered region was estimated.

At % Si Al Na K Ca Mg Mn Fe (0] H

bulk 2177 029 1525 008 373 063 087 024 57.12
altered 21.77 028 120 033 359 056 081 023 57.05 14.15

Significant modifications were visible in the Ramapectrum of the glass after
alteration (Figure IV- 17 , Table IV- 7). Spectdg@composition indicated that the component
at 1100 crit decreased with the loss of th@gpecies. The decrease in the cation content in
the structure induced a shift of thesBcomponent from 573 to 548 &mThe bands between
900 and 1000 cih associated with the stretching of @pecies, remained essentially
unaltered because the calcium ions were retaindtkistructure. As a result, the component
near 600 cm, believed to be linked to the Si-O-Si bending ations of (5 species,
remained intense in the spectrum. The apparergaserof the 990 chtomponent was due
to superposition of a vibrational band at 970'@ssociated with silanol species coincident
with the 990 cnf component. The presence of OH species in thetateiwas confirmed by
the presence of a broad band in the high frequesgipn 3000-3700 cth(Figure V- 15).
The decomposition of this band indicated that batiter and silanols were present.
However, the profile of this high frequency bandtte spectrum of the Islamic glass was
different from that in the British glass, mainlyadto the absence of the sharp band around
3598 cnt associated with a different type of SiO-H hydrogybup (Figure IV- 15). This
difference cannot currently be explained. Finalhe talteration caused an increase in
intensity in the 300-500 cmregion and the creation of a sharp component atot8*
characteristic of the formation of new Si-O-Si lgles and Prings. In addition, a band was
created around 1075 Empreviously attributed to the stretching of Si-@dbing bonds in

hydrous glasses [23, 29]. This indicated that pelysation of the silanols had occurred.

The structure of the altered layer indicated tiet Islamic bottle glass underwent
selective leaching of alkali ions and the formatidrsilanols from ®species. These silanol
species polymerised to form new Si-O-Si linkaged #our-fold silicate B rings. The
stabilising cations, mainly calcium, were not aféet by the leaching reaction and were
retained in their original location in the glasausture, coordinated to“@pecies. Because
the cations remained in the altered structure efiskamic glass but not in the British glass,
the band around 550 C"n(Bsso), the wavenumber of which depends on the catiarier,

was still present in the spectrum of the Islamasg| although shifted to lower frequency.

-123-



THE CHEMICAL STRUCTURE OF SODA SILICATE GLASSES

Bulk glass

Raman Intensity

Altered glass

oY)

200 400 600 800 1000 1200

Wavenumber (cm™)

Figure IV- 17: Raman spectra with decomposition of altered and bulk area of the Islamic glass bottle.

Table IV- 7: Frequencies of the components of the Raman spectra (cm'l) of the Islamic glass bottle
bulk and altered.

Bulk Altered Assignment suggested
352 398 ® Si-O-Si polymerised
499 467 ® Si-O-Si polymerised

- 493 D, rings
573 548 0 Si-O-Si depolymerised
613 615 0 Si-O-Si depolymerised
686 674 0 Si-O-Si depolymerised
778 792 network v Si-O-Si
900 900 v Si-0 Q°
950 954 v Si-0 Q°
991 994 v Si-0 Q° & (v Si-OH)
1040 1040 v Si-O

- 1076 v Si-O
1099 1097 v Si-0 @
1150 1150 v Si-0Q*+ v Si-0 Q®
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IV- 4.2 Artificial accelerated ageing experiments

The effect of organic pollutants on the structuraldification of glass with alteration
were investigated and compared to non-polluted spimeres. Replica glasses were aged in
accelerated conditions using the method describedhapter 1l. The major part of the
investigation was undertaken on the RG1 replicawioich the aspects of the experiments

were varied, and the RRo glass was only used fmpaoison on some experiments.

The altered layers formed can be separated into rvain structures, which are
associated with the two main alteration procedsashing and dissolution. These processes
and the components formed during these procesadsedinked directly to the acidity of the
atmosphere. The visual and structural charactesisfithe alteration are presented according

to the type of atmosphere: acidic or non-acidic.

IV-4.2.1 Alteration in humid / acid atmosphere

Formic acid, acetic acid, and wood vapours, alated an acidic atmosphere which
favoured the leaching reaction. The pH of the aga@mndensate formed on the surface was
~2. A leached layer was also produced by formaldehyut it was much thinner; ~2n
compared to ~1m in acidic atmospheres. As a result of exposuractdic atmospheres,
the similar visual and structural modifications weereated. For this reason we will

concentrate mainly on the effect of formic acid.

After ageing in acidic atmospheres, droplets oitaviecrystals formed at the glass
surface, depending on the humidity of the enviromme/isually the glass remained
unchanged, when exposed to the ambient atmospftergte experiment, since it retained
its transparency and displayed only fine widelyegghcracks (Figure IV- 18 and Figure IV-
19: A, C). However, drying of the hydrated layeingssilica gel induced strong mechanical
strains, which caused the surface to crack, beddametimes flake off, thereby pulling the
bulk glass with it (Figure IV- 18 and Figure IV-:1B, D). The visual appearance of the
glass surface after drying resembles that of thiisBrdecanter (Figure V- 11 and Figure
IV- 12). We note in both cases the formation oftaagular scales, approximately 200 um
wide, with the corner sometimes broken into a tyidar shape with one circular edge; as

well as the presence of iridescence caused byftimg lof the scale.
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Figure 1V- 18: RG1 glass aged in humid / formic acid atmosphere for 3 weeks at 60 °C. Light
microscopy image before (A), after drying (B); SEM image before (C), after drying (D).

r—150 um

200 um

Figure 1V- 19: RRo glass aged in humid / formic acid atmosphere for 3 months at 50 °C. Light
microscopy image before (A), after drying (B); SEM image before (C), after drying (D).
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Figure IV- 20: Raman spectra of RG1 glass aged in humid / acidic atmosphere at 60 € for different

Raman Intensity

durations.

— RRo bulk glass
— RRo aged FA, 100 % RH, 50 °C, 3 months
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Figure IV- 21: Raman spectra of RRo glass aged 3 months in humid / formic acid atmosphere, at 50 T
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Table IV- 8: Elemental composition of the bulk and altered glass measured by EPMA on the RG1
replica, and by SEM-EDS on the RRo replica. H content estimated, excepted for * measured by SIMS.

At % Si Al Na K Ca Mg Mn Fe (@) H
Bulk 2464 029 1222 144 152 0.60 0.17 0.12 58.98

3 Woodw4* 2529 030 117 062 157 0.60 0.16 0.11 59.64 10.53

T FAW2 2464 029 134 070 143 055 0.15 0.10 5892 11.87
Ho,Ow4* 2196 0.25 7.61 1.15 114 050 0.12 0.08 56.08 11.11
Bulk 22.2 0.8 11.7 15 0.3 1.9 - 0.3 60.8

S:Ci) FAw6 225 1.0 1.7 1.1 0.3 1.8 - 0.3 60.8 10.1
H20w6 17.0 0.9 10.3 1.2 0.3 1.3 - 0.2 61.5 7.5

The acidic atmosphere induced similar changehi@oRaman spectra and elemental
composition of the RG1 and RRo glasses (Figure2¥-Figure IV- 21 and Table IV- 8).
The compositional data confirm that selective |@éaghof the alkali metal ions has taken
place with the introduction of hydrogen while thelyvalent cations, as a Mg?*, are
retained in the structure (Woodw4, FAw2 and FAw6Table IV- 8). These compositional
data are consistent with the measurements madednigtoric glass objects naturally altered
in the museum environment. The acidic atmosphareezhalmost complete depletion of the

alkali ions and the remaining sodium content indhered layer is around 1-1.5 at%.

The Raman spectra of the RG1 and RRo glass bafarafter alteration in formic acid
were curve-fitted using the decomposition modelirsef in Table 1V- 3 adding new
component when necessary (Figure V- 22 and Figre23). The different components
obtained through the decomposition are present@alite 1V- 9. With the leaching of alkali
metal ions, the associated® @pecies were lost as indicated by the decreastheof
components at 1100 ¢hand near 550 cth However, the &species mainly coordinated to
doubly charged cations are retained as evidencetebgomponents around 900-1000%cm
In the meantime two additional components appeardte stretching region, at 1010 and
1070 cnt in the RG1 glasses and at 1000 and 108G amthe RRo glass. The slight
difference in position between the two glasses limaljcate that the position of these
components is composition dependent. The compatet®70 or 1080 cth also observed
in the Islamic glass bottle, may correspond to 16&5 cni peak attributed in hydrous
glasses to the stretching of Si-O bridging bon®s P®]. The 1010 cthcomponent probably

contains several bands, in particular the bandcistsal with silanols at 970 ¢
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In the low frequency region, the creation of comgts at 420-450 cmand 490 cr,
associated respectively with new Si-O-Si bonds@ndngs, proves that the polymerisation
of the silanols has occurred in the structure. IRinde two components near 800 tm
shifted by about 20 cmtowards higher frequency, which is associated wittincrease of

the Si-O-Si angle, caused by the decrease of ti@nazontent.

By increasing the duration of alteration the thiegs of the RG1 altered layer increased,
however the structure did not greatly change withet(Figure IV- 20). We note slight
differences in the peak ratio in the Si-O stretghiagion (900-1300 cif) which suggests

some modification in the concentration ratio of dhigerent species in the glass.

The profile of the broad band in the 3000-3800" cayion of the spectrum indicates the
presence of molecular water and silanols as wethas3598 cr band (Figure IV- 24), as
for the British decanter glass (Figure IV- 15). Theak peak at 1630 chrassociated with
the HO bending was not visible in the RG1 glass but el@served in the RRo glass (Figure
IV- 21) [23]. Drying the altered layer in RG1 glasih silica gel induced a decrease of the
broad band in the 3000-3800 ¢rim the Raman spectrum as well as a modificatiothef
intensity ratio between the components around t@iband 1070 cih. These observations
are linked to a decrease in the proportion of Gdtnfrwater and silanols species show that
more bridging bonds are created through furthedearation of the silanols. As a result of
the removal of molecular water and silanol condBosastrains develop in the glass which

cause fractures in the altered and the bulk glagsife IV- 18 and Figure IV- 19: B, D).

The presence of a peak near 1400 evas observed in the Raman spectra of the altered
RG1 glass dried in silica gel after alteration (FagylV- 20), as well as in the altered layer of
the RRo glass (Figure IV- 21). This peak corresgotadthe deformation vibration of C-H
bonds, which is confirmed by the presence of weaidb around 2900 ¢hin the spectrum
of the altered RG1 glass attributed to the C-Htaeliiag modes (Figure 1V- 24). This C-H
group likely originates from the vibration of forteagroups present within the silicate
structure. Formate could be present aS$HGOO in solution and/or as silicon formate
species Si-OC(=0)H. The formation of silicon formatroups was reported in the study of
silica gels formed by the direct reaction betwesmmic acid and tetraethyl orthosilicate, and
causing an accelerated gelation by condensatisilicén formate groups with silanols [33,
34]. Thus, if these formate groups are present in thereml glass, they may induce an

acceleration of the structure condensation creativg Si-O-Si linkage.
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Figure IV- 22: Decomposition of the Raman spectra of RG1 glass before and after alteration in
humid/non-acid and humid/acid atmosphere with formic acid (FA).
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Figure IV- 23: Decomposition of the Raman spectra of RRo glass before and after alteration in
humid/non-acid and humid/acid atmosphere with formic acid.
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Table IV- 9: Curve-fitted components position (cm’l) from decomposition in Figure IV- 22 and Figure
IV- 23. Underlined = parameter fixed;

RG1 glass RRo glass Suggested
assignments
buk FAw2 FAm3 H ,0w4 bulk FAM3 H ,0Ow8
344 362 362 5 Si-0-Si Q*
419 417 452 5 Si-0-Si Q*
483 478 465 466 476 5 Si-0-Si Q*
495 491 491 492 D; rings
503
546 565 541 549 570 0 Si-O-Si depolymerised
583 588 610 (590) 594 0 Si-O-Si depolymerised
656 669 678 ® Si-O-Si depolymerised
683
766 788 791 782 762 787 777 Si motion in
796 814 820 789 810 oxygen cage
851 861 v Si-0 Q*
907 903 916 903 905 905 905 v Si-0 Q°
950 955 956 950 950 950 950 v Si-0 Q% and (v Si-OH)
990 990 990 990 990 v Si-0 Q% and (v Si-OH)
1016 1013 1001
1040 1044 1040 1040
1076 1071 1080 1067
1099 1100 1100 1100 1101 1108 v Si-0 Q°
1150 1150 1150 1150 1150 v Si-0 Q*+v Si-0 Q°
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Figure IV- 24: Raman spectra of the 3000-3800 cm™ region of the RG1 glass altered in humid/acid
(formic acid) and humid/non-acid atmospheres, before and after drying.
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IV-4.2.2 Alteration in humid / non-acid atmosphere

At the end of the experiment, the pH of the solutpresent at the surface of the glass
was very alkaline with a pH around 12-14, indicgtithat the dissolution reaction was
predominant in the alteration. The surface aftgrosyre to the humid/non-acid atmosphere
was visually very different from the one generadigdhe humid/acid atmosphere (Figure 1V-
25, Figure IV- 26, Figure IV- 27 and Figure 1V- 28) this atmosphere, the duration, drying
process and interaction with the external air after experiment greatly influenced the

visual aspect of the glass surface.

After one week, iridescences were visible at tn¢ase, due to the presence of a thin
surface layer (hundreds of nanometre in thicknessh a different structure to the
underlying glass (Figure IV- 25 A-D). With time elaltered layer, known as the gel layer,
due to its resemblance to a gel (Figure IV- 26A &glre IV- 27A), thickened, became
opaque and developed a porous strucfiiigure 1V- 25F). As soon as the humidity or
temperature dropped, the altered layer startedytoaising cracks and fractures. The altered
layer also curled and eventually peeled off (Figive 25, Figure IV- 28 and Figure V-
26C). When the gel layer was in contact with theeexal air, while still wet, the sodium
hydroxide solution reacted with the air to formaiglline products at the surface and within
the gel, inducing a whitening of the surface. Thestalline products were characterised by
Raman spectroscopy generally as sodium carbonfaiesates, acetates and/or sulfates.
Through this process, intriguing patterns were gones formed such as a cracking pattern
with rectangular areas of clear material surrountgdcrystals of sodium carbonate
monohydrate after ageing the RG1 glass 4 week® &C6(Figure IV- 25 1, J ). In some
cases, liquid pockets were trapped under the gladace (Figure IV- 25G). The liquid
pockets probably contained concentrated NaOH swludis sodium carbonate crystallised
under the glass on contact with £i@ the air. When the glass was dried further lieaigel,
the cracking was enhanced and the altered laykedlaff. Similar visual observations were

made by Ryan while ageing the RG1 glass at vahousidities [35].
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1 week

2 weeks

4 weeks

Figure 1V- 25: Light microscopy images of the RG1 glass surface after exposure to 100 % RH at 60 °C.
All images taken in reflected light except F taken in dark field.
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Figure IV- 26: RG1 glass aged 6 weeks at 100 % RH, 60C and dried before contact with air. Altered
layer: (A) light microscopy image, (C) SEM; Bulk glass (B) light microscopy images, (D) SEM.

Figure IV- 27: RRo glass aged 8 weeks at 100% RH, 60°C and dried before contact with air. Light
microscope: (A) altered layer surface (B) bulk glass surface, SEM: (C) back altered layer surface =
interface (D) surface bulk.
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When the altered layer was dried before coming émintact with the air (while opening
the tube), crystallisation did not occur and thé gendensed into a solid and uniform
material. This material was compact and opaqubércase of the aged RRo replica (Figure
IV- 27A), but in the case of RG1 replica it wasnsparent and composed of several thin
curling and peeling off layers (Figure IV- 28 andiie IV- 26C). This difference may be
linked to the compositional difference betweentiwe glasses. In both situations, a blister
pattern formed on the side of the altered lay¢hainterface with the glass (Figure V- 26B
and Figure 1IV- 27B, C). The glass displayed a pattd depressions associated with the
negative of these blisters (Figure IV- 26D and FeglV- 27D). An identical pattern has
been described on archaeological glass origindtimgp a shipwreck [36] and on nuclear
glass ageing experiments [37] and was possiblyeptess the marks left on the bulk glass
after congruent dissolution of an alkali silicatess [38]. This parallel suggests that this

blister pattern is characteristic of the congruwdissolution of a glass.

Figure IV- 28: Photograph of the RG1 glass aged 6 weeks at 100 % RH and 60 °C and dried before
contact with the external air: profile (left) and face (right).
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Figure IV- 29: Raman spectra of RG1glass aged at 100 % RH and 60 T for various duration and
RG1glass aged at 100 % RH and ambient temperature (Tamb) for 4 months. (* sharp peak associated
with the presence of carbonate crystals within the layer).

The application of Raman spectroscopy to the hugeidayer was difficult due to its
reactivity with the environment (crystallisationddor drying). Moreover, the layer was too
thin before two weeks exposure to be analysed.spketra recorded for RG1 glass aged for
different duration show an evolution in the struetof the gel layer (Figure 1V- 29). After
two weeks the intensity of the spectra of the gefry weak, particularly in the 300-700°cm
! region which indicates that the Si-O bridging stame was completely broken by the
dissolution. The structure of the gel layer fornadter two weeks at 60 °C and dried is
similar to that formed after 4 months at ambientgerature (~20 °C), which support that the
temperature increase did not modify the structdréhe gel layer. The spectrum of the gel
layer at this stage resembled the spectra of amd-aglasses, which have undergone

leaching, except for the presence of a new peak@wacnt (Figure IV- 29).
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The sharp peaks such as the one near 1080(grarked with *) or near 1370 ¢
correspond to crystalline products formed withinaor the gel layer and are associated
respectively with carbonates and formates. Thegstals formed after the NaOH solution
present has reacted with the pollutants in the entlair when opening the tube. With time
and as the gel layer dries, the Raman spectra lgep@ore intense, particularly in the 300-
700 cm' region, indicating that new Si-O-Si bridging bondgre created through
polymerisation. The final structure of the RG1 lggfer was that of an amorphous material,
but with a structure different from the originabg$. Similar structural modifications were
induced in the RG1 and RRo glasses after alteratitumid/non-acid atmosphere based on
their Raman spectra (Figure IV- 22, Figure IV- 2@l &igure V- 30).
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— RRo aged 100 % RH, 50°C, 3 months
2
‘0
c
[¢D]
E
c
©
€
[
x

T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600

Wavenumber (cm™)

Figure IV- 30: Raman spectra of RRo glass aged 8 weeks at 100 % RH, 60 T and dried before contact
with air.
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The elemental composition of the altered layemid after 4 weeks for RG1 {8w4)
and 6 weeks for RRo @@w6) indicated that all the cations originally presin the bulk
glass were incorporated (Table IV- 8), which canfirthat the dissolution was congruent.
Thus, all the species present in the gel whichuihe$ the leached alkali, HSi@nd SiGQ”
species, the cations extracted through dissolwtiere combined to form the new material.
This altered layer did not adhere to the glass uredeh, and easily detached and flaked off
when it dried. SIMS depth profiling measurementarfrthe glass just under the gel layer
from of a RG1 sample exposed 3 weeks to water sthdiag the surface of the glass was
depleted in sodium and hydrated over ur (Figure IV- 31). Consequently, the glass
possessed at least three regions: the bulk (uedliglass), an alkali leached region and a
new amorphous material created from the condemsafithe gel layer. This morphological
description as well as the structural modificatairserved agreed with the results obtained
by Ryan for the RG1 glass altered in high humiditg high temperature [35] and the ageing
of nuclear glass in water solution [39].
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Figure IV- 31: Element SIMS depth profile of glass under gel layer from RG1lglass aged 3 weeks at
100 % RH and 60 <.
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Comparison of the curve-fitting data from the wdtelayer and the bulk glass spectra
gave some information into the new structure (Fegiu- 22, Figure IV- 23 and Table IV-
9). In both RG1 and RRo altered layer spectraptek in the stretching region (800-1200
cm‘l) was shifted to lower wavenumbers, which indicatkdt the structure was more
depolymerised than the corresponding bulk glase. léw structure contained mainly,Q
rather than @species. This was consistent with the resultsimétsby Ryan on the gel layer
interpreted as the presence of a metasilicated§pel [35]. The fitting of the 300-700 ¢m
region of the Raman spectra indicated the presehosore Si-O-Si within depolymerised
species than polymerised ones. We suspect thatritveg band present at 670 tand 683
cmi' in the spectrum of the altered glass RG1 (Figte22) and RRo (Figure V- 23)
respectively, are related to the vibration of thens entities. This implies that the band is
composition dependent and it probably correspoodfi¢ bending vibration of Si-O-Si in
depolymerised units. This band appeared very earlythe alteration and seemed

characteristic of this type of alteration (Figuve 29).

The Raman spectrum of the region 3000-3800" ¢figure V- 24) indicated the
presence of silanols and molecular water in thectire. The profile of the band in this
region was different from the one observed in theecof acid-altered glass. The 3300-3600
cm’ region, associated with the vibration of O-H fraitanols, was more intense in the
spectra of the glass altered in the humid-only aphere. Again we observed a decrease of
the bands with drying, mostly in the low wavenunsbergion associated with the vibration

of O-H from molecular water.
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IV- 5. Non-destructive analyses of objects

IV- 5.1 Determination of the degree of alteration

A modern glass necklace (H.1992.392) and an lIslagtazed ceramic (A.1886.573)
were examined as application examples for non-detste analyses by Raman spectroscopy
and SEM-EDS, to gain information about their conifams, stability and assess the state of

deterioration.

The surface of both glass retained their shiny @madsparent appearance, but it was
strongly cracked and scales were lifted with caorabf interferences (Figure IV- 32). On
both objects the crystalline products were formatgth sodium formate 1l on the necklace
and sodium calcium formate on the Islamic glazedrog (Table Ill-1). The calcium in the

deposits on the glazed ceramic may originate flmerceramic body rather than the glaze.

Figure 1V- 32: Surface of the glass necklace H.1992.392 by light microscopy (left) and SEM (right).

SEM-EDS analyses indicated that both objects vedkali silicate glasses with the
presence of mainly sodium and with low calcium, megijum and lead. In the case on the
necklace we noted the presence of approximatelat¥2 arsenic. Based on the previous
results, we can say that in the Raman spectraeofldss the bands near 550 and 1100 cm
were associated with the presence of sodium andhhg peak around 990 Crwith the
presence of lead (Figure IV- 33 and Figure IV- 3d)e suspect the arsenic induced the
creation of @ or @ species in the structure, which stretching vilrativas responsible of
the strong peak at 831 &nin the spectrum. With the alteration, the spesttawed the

depletion of the alkali within the altered layedahe conservation of the polyvalent cations.
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Figure IV- 33: Raman spectra of the bulk and altered glass from glass necklace H.1992.392.

987

A.1886.573
Bulk glaze
altered glaze

Raman intensity

T T T T 1
800 1000 1200 1400 1600

Wavenumber (cm™)

T
600

Figure IV- 34: Raman spectra of the bulk and altered glaze from ceramic A.1886.573.

The spectra of the bulk glasses could be decordpgsiag the model defined for alkali
silicate glass, adding component for H.1992.392e Position of theBss, component

indicated that the silicon content was relativeilghhin both glasses witK,= 0.84 for the
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glass necklace, ark=0.81 for the glazed ceramic obtained based onr&ity+ 8. However
the components could not be used to estimate tiglist of the glasses based on the
vQ?/stretch area ratio because the lead and arsenic catidoséd strong spectral changes as
a result of their strong polarising effect on thBMI(Appendix I). This effect may account
for the increased instability of these glassest esduced the attraction force between Na

and NBO, thus increasing the mobility of Na

The modifications that occurred to the glass remkland the glaze are characteristic of
an alteration by leaching, with the depletion dfatiland the polyvalent cations retained in
the structure. The presence of formates at theseirfas well as in the altered layer for the

glaze, and the leached structure confirm that acgarids are responsible of this alteration.

IV- 5.2 Depth profiling analyses

In-situ depth profiling Raman analyses using the confegatem were undertaken on
the decanter glass. Spectra were recorded fromsthface to increasing depths by
progressively focusing the beam at known depths. résults obtained from confocal holes
100 and 50 pm (corresponding volume of analysiergimn Table Il- 3) are presented in
Figure IV- 35.

The two series showed an evolution of the spdatra the altered structure of the glass
to the structure of the bulk glass. As we go intdepve observed the presence of
intermediate spectra between 32 and 36 um in kagbhsc These spectra are not associated
with the presence of an intermediate structurdéngiass but are linear combinations of the
altered and bulk glass spectra, owing to a dianwdtdre spot along the vertical axis of 5 and
3 um for the 100 and 50 um confocal holes respelgtilhe thickness of the alteration layer
was defined as the depth at which only the bulkgktructure was measured, which was at
36 um in the case of the 100 um confocal hole ah8 @m for the 50 um confocal hole,
with a precision of £1 pym. These measurements wensistent with the 37 pm thickness
measured by SEM from a cross section of the glagsch indicated that Raman
spectroscopy can be used to estimate non-destlycthe depth of alteration on transparent
glasses. As expected the measurement was sligbtly atcurate using the smaller confocal
hole, however the use of smaller confocal holediedghe need of longer acquisition times

owing to the signal intensity loss, which can beraonvenient.
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Figure IV- 35: In-situ measurements of the Raman spectra from the British decanter at varied depths

for 600s with a x 100 lens and a confocal hole of (top) 100 pum or (bottom) 50 pm.
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IV- 6. Conclusion on the structure of soda silicat e glass

The present investigation showed that Raman spssaipy can provide a guide to the
stability of a glass without the need for full camsgiional information. A first classification
can be made without detailed analysis of the spdigtween calcium silicate or lead silicate
glasses, both of which are stable, and alkalisg#iglasses, which have a mixed stability. In
the case of alkali silicate glasses, a more dekafelysis is required to gain information on
the different vibrational components which are asged with the type and concentration of
cations. For this reason we developed a spect@ndgosition method for analysing the
spectra of these glass and correlations were estedl from the spectral components
obtained. The position of the band at 550'amas directly correlated to the silica content or
the total cation charge, hence to the degree ofnparisation of the glass. This method
proved most suitable for comparison of the degreeadymerisation within a similar
compositional group, such as alkali silicate glassenother correlation was established
between the total cation charge and the relatitensity of the band at 950 ¢massociated
with the vibration of ® species. This correlation indicates that the isitgrof this band is
mainly influenced by the content of doubly and ltripharged cations, i.e. the stabilisers.
Finally, a method based on the peak area ratigy{AosestAgeg)/(Agoo-115) from the Raman
spectrum was proposed to determine the stabilisodh silicate glass. Although this method
should be tested further, this demonstrates thataRaspectroscopy can help museums in
assessingn-situ and non-destructively, the general compositionheir glass objects and

the stability of their soda silicate glasses.

The present investigation confirmed the differencéhe alteration process between a
purely humid atmosphere, and a humid / acid-pallutémosphere, showing that each

environment generates a characteristic structinahges and visual appearance.

Humid acid-polluted atmospher es

In acidic atmospheres, the leaching reaction isidant and is maintained and the
dissolution of the network is negligible. Aftereation in an acidic atmosphere, the glass is
visually unchanged although it is heavily hydrat®eh dehydration, caused by exposure to
very low RH or high temperature, loss of@Hand condensation of silanols occur. Thus

induces large cracks causing significant and imape damage to the glass and its visual
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appearance. These cracks and fractures can ldgkakity off of the surface and ultimately

complete disintegration of the object.

Selective leaching of alkali metal ions resultshie disappearance of @pecies and the
formation of silanol species. These modificationsthe glass are characterised by the
decrease in intensity of the bands near 550 an® th@ in the Raman spectrum. The
polyvalent cations in the glass, mostly stabilissush as calcium, magnesium, or lead, are
retained in the structure because they are codetimauch more strongly to the silicate [14,
40, 41]. As a consequence? §ecies mainly coordinated to these species remaihne
structure. The &species display vibrational bands in the 900-16@% region of the Raman
spectra, which appear as two components aroundaB80990 crit when the cation is
calcium, or a single sharper component at 990 arhen the cation is lead or copper. To
compensate for the loss of monovalent cation'spiHH;O" is incorporated leading to the
formation of silanols. New bands at 970-1000"¢t070-1080 crand 1630 cras well as
the presence of a broad band in the 3000-3808region in the Raman spectrum seem
characteristic of this hydrated layer. In the maef the majority of the silanols formed
reacts with one another and creates new bridgingyerx with the formation of Si-O-Si
linkages as well as four fold;Dings and molecular water. The new structure téodsirds
the structure of hydrated SiOFormate groups are sometimes observed withiraltieeed
silicate structure, and possibly catalyzes the eaamdtion of silanols as in silica gels [33,
34].

Humid non-acid atmosphere

In humid atmospheres, a leaching reaction takasept the beginning creating a very
alkaline solution at the glass surface. In the ats®f acid pollutants to lower the pH of the
solution, the critical pH of 9 is rapidly reachewndathe dissolution reaction dominates the
alteration. Because the products of the dissolui@not eliminated, as for the alteration in
solution, a gel is created which contains hydraitidate species HSiDand SiQ* as well

as the cations from the leached and dissolvedtateic

After exposure to this humid atmosphere, the Visppearance of a glass is strongly
modified and varies depending on the time and axgosonditions. It is mostly associated
with a loss of transparency at the surface antheence of iridescence in the first stage

followed by the formation of an opaque layer, whies the characteristic appearance of a

gel.
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As soon as the gel dries, by a decrease in RHooease in temperature, it solidifies by
condensation of the species in the gel formingww amorphous material with significant
porosity. Crystalline products such as sodium caab® may form at the surface or within
the gel if there is contact with the air before @@msation is complete. In the same way, new
cations may be incorporated if these are in comatti the gel layer before condensation is
complete. This is observed for archaeological glasstained glasses, which incorporate
new cations from the soil or the dust in the atrhesp respectively. Compared to the
original glass structure, the structure of the ralelayer is highly hydrated and more
depolymerised, containing mainly’ @oecies rather than’Qn particular, two modifications
can be taken as characteristic marks of a congdisstlution: the formation of a new band
around 670-680 cthin the Raman spectrum of the altered layer andfdhmation of a
blister pattern at the interface between the altéager and the bulk glass. After alteration,
the modified glass possesses three regions: a mesvphous hydrated material at the

surface, a leached region and the bulk glass.

Application to historic glass objects

The absence of examples from the museum colledighmot permit confirmation that
the structure of the altered layer produced omgthes aged artificially at 60 °C reflects the
situation in museums at ambient temperature. Aljhotne production of the surface gel
layer is a thermally activated process [35] anchssignificant and rapid breakdown would
not expected at ambient temperature, we might éxpatthe structure obtained for the gel
layer formed in real condition is similar to whaetstructure obtained through this study.
Evidence for this comes from the observation thatvisual and structural modifications of
the NMS objects are similar to those created idiacitmospheres by accelerated ageing
experiments. This result suggests that organiaufaoits are responsible for the alteration
process and so the structural changes of the dlgdess in the NMS objects. Moreover,
Raman spectroscopy can be used to determine ifass givas altered by leaching or
dissolution and so if it was exposed to an acitheosphere or not. Finally, this information,
as well as the thickness of the altered layer,bmanobtainedn-situ and non-destructively by

Raman spectroscopy.
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V-1. Introduction

This chapter aim is to establish the mechanisrdkanetics of the alteration of the soda
silicate glasses RG1 exposed to organic pollutemspheres in museums compared to non-

polluted atmospheres.

As already mentioned or observed within the previchapters, alkali ions are
preferentially leached out of the glass with alierain humid atmosphere, with the depth of
alkali depletion increasing with time. For this sem, SIMS depth profiling has been
increasingly applied to examine the alterationlk&kasilicate glass by measuring the alkali
concentration depth profile. SIMS profiling was aeg in particular by Ryan and Fearn to
examine the corrosion of soda silicate glass inemosatmospheres [1, 2, 3]. In the study
undertaken by Ryan, the RG1 glass composition wad at elevated temperature and RH in
order to obtain alteration depths that could besuesad by SIMS. The problem is that ageing
glass at elevated temperature is not an accunatesentation of the long-term ageing under
ambient conditions. For this reason low energy SWES used by Fearn to provide the
nanometre depth resolution necessary to followfitst stage of the alteration at room
temperature [2, 3]. Figure V- 1 presents the sodioncentration depth profile obtained by
Fearn for the RG1 glass aged at 55 % RH for durdi@iween 48 and 96 hours [3].
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Figure V- 1: Sodium depth profiles for RG1 glasses aged at 55 % RH and room temperature for 48, 72
and 96 hours and compared to the un-aged glass; obtained by Fearn [3].
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The SIMS instrument at Imperial College was ablexamine the profile of the freshly
made RG1 glass (1 day old) used in this researzthshowed that even the un-aged blown
glass was depleted in sodium at its near surfaee approximately 22 nm (Figure V- 1).
This loss of sodium is mainly the result of thesgleblowing process, whereby volatile
elements such as sodium are lost as the glaspesateslly returned to the glory hole during
fabrication [3]. Plates of this RG1 glass were etiounder dry nitrogen before use and were
given to us approximately 8 months after its fadian. Although it was not possible to
measure the sodium depletion depth just beforeimdbe present experiments, it was
estimated that a sodium depleted layer of appraeinad0 nm was present based on

measurements made by Fearn of the RG1 glass $twr888 days in dry h(not published).

The depth resolution available on the instrumerEdinburgh University was poorer
with approximately 10 nm, similar to the one used Ryan. In order to obtain glass
alterations measurable by SIMS for this researdfilenageing under ambient conditions, it
was decided to increase the ageing time. Thus kihetics of the alteration that was
established over a year exposure was more repagisendf the long-term ageing of glass in
museums. Moreover, the ageing of glass in real spimeres had the advantage of taking into
account the effect of the environmental yearly eyid the alteration process. In addition
different parameters expected to affect the altmrafre examined through this chapter
including: RH, type of organic pollutants, pollutaroncentration, time, and the presence of
CO, with light.

Although the spectral characteristic and morphplofgthe crystalline products formed
on glass will be dealt in a separate chapter (enayj, the identification of the products
formed on the aged glass will be given along witle ISIMS results to help in the

interpretation and determination of the alteratimechanisms.

A description of the data treatment is detailedtha first part of this chapter and
followed by the results from the analyses of thedaglasses. At the beginning of the results
chapter a section is devoted to assessing théitéliaf the SIMS measurements using data

obtained through this investigation.
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V- 2. Data treatment

V- 2.1 Interference correction

The separation of different ions by the mass spawtter is based on their mass /
charge ratio as described in chapter Il. The mpestsometer is thus tuned to the mass of
the isotope of interestH, *Na, Mg, ’Al, *°Si, *K, *°Ca) and a signal is measured in
counts per second (cps), and recorded. The abflilye spectrometer to separate two masses
varies with the mass resolution of the instrum@#cause some elements have several
isotopes and the sputtering process induces theatan of charged molecular species such
as oxides, interferences can occur for some seléotes, increasing their signal intensity.
Corrections can be applied to the raw intensitnaid®” to eliminate the contribution of
these interfering species. The corrected interssiyal (in cps) is called her&'l In the case
of the analyses undertaken at the University ohkdigh, corrections were applied to the
signal of Mg, for its interference with®Ca, *K with *Na'®0, and*’Ca with K and
24Mg]'60.

V- 2.2 Sputter rate and depth quantification

The SIMS data are converted to depth by measthieglepth of the crater created by
sputtering at the end of the analysis (see chdpteKnowledge of the sputter rate is
important to establish depth quantification. Sputé¢e calculations are affected by errors on
the depth measurement of the crater, the flatnedsesample, the primary beam focus, but
above all the structure of the material analyseduclvis known as the ‘matrix effect’ [4].
The matrix effect modifies the sputter rate withe thtructure of the matrix sputtered.
Previous studies showed that higher sputter rate wlatained for the altered layer compared
with the bulk on potash lime glasses leached idiagolution [4] and on medieval potash
silicate glass weathered in atmospheric conditjbhsRyan showed however that the sputter
rate did not change for the alkali depleted layérdiffered for the gel layer compared to the
bulk in RG1 glass [1]. This difference is inducedtbe very different structure of the altered
layers. In the present investigation, the leachiagction was generally the dominant

alteration process so mostly alkali depleted layese created.
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Figure V- 2: Sodium depth profile of T4FA glass: measurements made on two different locations for
different collection time.

The measurements in this study show that theeprate did not change in the leached
layer since it is not affected by the thicknesstloé altered layer or the proportion
altered/bulk measured (Figure V- 2). Consequeritig, sputter rate was assumed to be
constant during the analysis, and the sputter $at@as calculated by dividing the crater

depth directly by the number of cycles, correspogdd the number of sputtered layers, as
in equation {V-1}:

S, = craterdepth
numberof cycle

{v-1}

The depth for each measurement was obtained byiphyirly the cycle number of each

measurement by the sputter r&eand deducting the thickness of the gold layer.
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V- 2.3 lonyield and elemental profile quantificati  on

The ion yield (IY) is defined as the number of Sodetected per atom of a species
sputtered from a sample. It depends on the iopisatrobability of the element (associated
with the electronic configuration), as well as mstental parameters such as the
acceleration potential of the secondary ions, tlergy bandpass of the mass spectrometer,
the energy and polarity of the secondary ions @ealyand the mass resolution of the
instrument [6]. For this reason, all ion yields amculated with reference to an element,
which is used as an internal standard to correetitistrumental variation that occurs
between samples, such as slight changes in beamosimtensity. The value obtained
corresponds to the relative ion yigilY. In minerals and glasses, Si is used as the refere
thenRIYs; = 1. The ion yield is often calculated based otemials of known composition,
preferably similar to the material studied. Figite3 shows the variations of ti@Y for all
the elements between H and U measured predominfaotty standard glass SRM610 with
the Cameca ims 4f SIMS of the University of Edirdluunder conditions similar to the
present study.
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Figure V- 3: lon yield value for the elements in the periodic table measured on standard glass SRM610
with the Cameca 4f SIMS of the University of Edinburgh [7].
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In the present study the RIY of the different etets analysed was determined for each
glass sample directly from the region of the bullsg in the profile, for which the
composition was accurately determined by EPMA. Th&thod, which is equivalent to the
relative sensitivity factor (RSF) method [4], prdes accurate elemental concentration by
SIMS and is applicable when the altered layer dred iulk glass have the same major
elemental composition (Si and O) [4]. In that cabe, intensityl® of each element was
averaged over the last six measurements in thegbadls. The calculation of the relative ion

yield applied is given in equation {V-2}.

| Na
I CPT

( Si ] CNa
CSi

Csi andCy, correspond to the concentration in at% of thesmehts in the bulk glass atidf

RIY,, = v-2)

the corrected signal intensity (in cps) of the edamaveraged from the bulk glass region

measurements.

To determine thelemental concentration, the secondary ions intensity measured for
each sputtered layer was converted into conceotraing the relative ion yield determined
internally and by assuming that the Si contenhiglass remained constant throughout the
glass after alteration. Thus, the concentratioat® of the element for each measurement

was determined according to the equation {V-3}
I cor
Na
I cpr
(é"j RIY,
Si

Csi corresponds to the concentration of Si in at%, thscsupposed constant and equal to

Cha = {v-3}

concentration in the bulk glass, aRdlYy, corresponds to the ion yield of Na determined

from equation {V-2}.
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V- 2.4 Quantitative measurement of the alteration

Based on the quantitative determination of thetldegnd elemental concentration
obtained in the previous sections, a concentratepth profile could be plotted for each
element. Because alkalis are preferentially leagmetisodium is the main alkali in the glass
used in the experiments, the progress of the gliisgation was followed by examining the
sodium variation as a function of depth. The sodaamcentration depth profile of an altered

soda silicate glass has an S-shape charactersidiffusion controlled mechanism (Figure
V- 4).
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Figure V- 4: Sodium concentration depth profile of a soda silicate altered glass.

This profile can be separated into two regione:dhiered layer at the surface generally
depleted in alkali; and the bulk glass where theceatration of all elements reaches the bulk
glass concentration and stabilises. At the interfaicthese two regions is an intermediate
region where the alkali content increases rapitilyis region corresponds to the reaction
front where the ion-exchange takes place [1]. Ideorto follow the alteration and so
determine the kinetics of this alteration, it i€@gsary to obtain quantitative and comparable

measurements of the altered region. The methodagnased is based on the measurement
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of the alteration depth, considered as the depthhith half of the element content of the
bulk is reached (Figure V- 4) [3, 8, 9]. The ingenience of this method is that it does not
take into account the amount of alkali leached withach altered layer, which may be a
problem in determining the real effect of the diffiet atmospheres. For this reason, we
propose to examine in parallel the amount of atteashed within the glass surface by
calculating for each sputtered layer (each cy¢le)amount of atoms lost relative to the bulk,
and integrate this result over the entire alteegilon. The calculation for sodium is given by

equation {V-4}:

bulk

Q= J.(C,E’jglk - CNa) S; xD (V-4

surface

with Q: Total sodium atom depleted per hat/nnf)

Cha™™: concentration of Na in at% in the bulk

Cua: CcOncentration of Na in at% in the altered laymrdycle

Sk sputter rate (nm/number of cycle)

D: atomic density of the glass given as numbertafia per volume (ats/riy constant for a

glass

The atomic density of the glass is not known, hawethis parameter being constant for

each glass replica, comparison can be made betveaples of the same replica.

No guantitative data could be gained from the bfifg measurements since there was
no internal reference available to determine theespondingRIlY. Moreover quantitative
measurement at room temperature and under vacuudmdobgen concentration in altered
glass is not reliable as it is influenced by thé gassing of water [10]. Consequently, the H
profiles presented in this study are only used dtemnine the relative variation of this

element in the materials as a function of depth.
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V- 3. Results

V- 3.1 Reliability of the SIMS measurements

V-3.1.1 Size of the analysed area

The area sputtered could be modified by chandieggaited signal in order to vary the
sputter rate, as described in chapter Il. The eftdcthe sputter rate on the sodium
concentration depth profile, modified by changihg ainalysed area (see section 11-4.2.2), is
examined for two different altered glasses (Figiw®).
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Figure V- 5: Sodium depth profile of NoT10 and Faw2 samples analysed at two different sputter rates.

Slower sputter rates provided more detail on thecentration variation and so the
profile was slightly different than under fasteupr rates where each measurement was
averaged over a larger analysed volume. The usslosfer sputter is essential where
concentration variations are small; however it ieplthat more time is required for the
analysis of each sample. Because the samples adalyshis study were aged over a long
time period and aggressive environments were ubedalteration in the glass was quite
extensive and generally very different from one gl@anio another. For this reason, the size
of the analysed area on all samples was fixed (#xoethe short term experiments over 3
weeks) with p=0.6, corresponding to sputter ratgg/een 10 and 17 nm/cycle. Although the
size of the analysed window was fixed, the sputiée varied along 18 months use of the
SIMS owing to variations in the primary beam densh#t slower sputter rate of 7-8 nm/cycle

(p=0.9) was only used on the RG1 series aged incatibtmosphere over 3 weeks.
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V-3.1.2 Different SIMS instrument

The concentration profiles measured on two diffenestruments were compared based
on a series of samples aged in the same experifieatSIMS instrument at the University
of Edinburgh was compared to the low-energy SIM&rirment at Imperial College, which
allows nanometre depth resolution in dynamic maddhe. differences between the instrument
and the analysis conditions are described in sedtid.2.2. The sodium depth profiles
measured on the samples aged in formic acid gnatiNospheres by both instruments are
compared in (Figure V- 6).
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Figure V- 6: Sodium depth profiles evolution of the RG1 glasses exposed to formic acid and N
atmospheres between 1 and 3 weeks from the University of Edinburgh or Imperial College SIMS.

The measurements from the two instruments showsainge evolution of the profiles
and sodium concentration in the altered layer. Haneall the profiles from the Imperial
College instrument display an almost complete depleof sodium in the first 20 nm and are
shifted by ~40 nm to higher depths compared tdthigersity of Edinburgh instrument. The
presence of the gold layer and its contaminatidacefat the surface of the University of
Edinburgh samples may account for that differenthese results indicate that the
measurements obtained from the University of Edigbuinstrument are valid but the
evolution of the alteration should only be asse$s®d measurements obtained from a same

instrument.
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V-3.1.3 Sample and instrumental reproducibility

The instrumental reproducibility and the homoggnef the altered layer were assessed
by measuring the sodium depth profile at two dédfdrlocations on most of the samples.
Good reproducibility of the measurements was obthion all the samples which indicated
that the altered layer was homogeneous (Figure )VA7good reproducibility was also
observed between two separate samples exposeel sartte conditions.
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Figure V- 7: Sodium depth profile of T4LA and T3FA glasses analysed in different locations on the day
they came out of the experiments and after storage for different durations.

Because all samples could not be analysed onapnéhey came out of the experiments,
these were stored at low RH and temperature td fumiher alteration until they could be
analysed. Comparison of the measurements takeheosamples on the day they came out

of the experiment and after several weeks or moottstorage, indicated that storage does
not affect the alteration layer (Figure V- 7).
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V- 3.2 Effect of CO , (series 1)

The possible formation of formic acid through thieeraction of silicate with CQwater
and light was investigated by exposing the RG1lsgfas6 weeks to 100% RH and saturated
CO, atmosphere, either in the light or in the dark: €@mparison, glasses were exposed to
ambient air or Mat 100 % RH. Due to the high humidity, all glassfaces were covered
with liquid at the end of the experiment. The pHlub liquid was 8-9 for glass exposed to
pure CQ, 9-11 for the glass exposed to ambient air an@iZLfbr the glass kept undep.Ms
the solution dried, crystals formed at the surf@gpearance (Figure V- 8).
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Figure V- 8: Light microscopy images of the RG1 glass surface after exposure to 100 % RH, light and
(A) ambient air, (B) N2, or (C) saturated CO, atmosphere.

The exposure of the RG1 glass to high humiditgratl the glass over a thickness
ranging between 200 and 600 nm (Figure V- 9 andirgig/- 10). The altered layer was
depleted in alkali (Na and K) and highly hydratesl aaresult of selective leaching. An
apparent enrichment in alkaline-earth ions (CaMgylis observed in this region as a result
of the loss of the other constituents in the glasshe interface between the altered and the
bulk glass, the potassium profile displays a peakatds lower concentration, which was
previously referred to as the ‘K peak’ [1]. A sianilpeak, less marked, appears in the sodium
profile just after reaching the bulk concentratidhe presence of this peak is an indication

that the ion-exchange reaction is taking placéiatreaction front [1].
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Figure V- 9: Elemental depth profile for RG1 glass exposed to 100% RH and N, atmosphere with light.
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Figure V- 10: Elemental depth profile for RG1 glass exposed to 100% RH and saturated CO,
atmosphere with light.
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Figure V- 11: Comparison of the sodium depth profiles measured on the RG1 glass exposed to 100%
RH with saturated CO- with or without light, N, and ambient air atmospheres.

The presence of high G@oncentration caused greater alkali depletionht dlass
compared to the non-polluted atmosphere (Figur®,\Figure V- 10 and Figure V- 11). A
similar alteration increase with the g@mpared to Natmospheres was measured by AFM
on lithium, sodium and potassium silicate glassemeed to RH between 5 and 55 % and
ambient temperature [11]. Moreover, the L&mosphere increased the leaching of alkali in
depth as well as within the altered layer. Thusrérmaaining sodium content in the altered
layer is approximately 2 at% for glass exposed i@MNambient air, and around 0.5 at% for
glass exposed to high GOn contrast, the glasses exposed iashbw a surface enrichment
in alkali. This enrichment, observed by Ryan forlR§fass aged various RH, was associated
with the presence of a gel layer formed after diggan of the silicate matrix [1]. These
results indicate that the different pH of the siolutat the surface of the glass induced
different reaction and thus different altered Iayén both atmospheres, the water from the
humidity caused the leaching of the alkali creatargalkaline film solution at the glass
surface. The presence of carbon dioxide, whosésityus enhanced at greater pH, reduced
the pH of the liquid film through the following retgons [11, 12]:

CO, + Na + OH < HCO; + Na'

HCO; + 2Nd + OH « CO,> + 2Nd + H,0
2Na" + CO — Na,CO;
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Consequently the dissolution of the network enkdrabove pH 9 was avoided and the
leaching reaction was enhanced. Moreover, thesetioaa induced the precipitation of
sodium carbonates, which are much more hygrosdbgic the glass surface, and caused
more water condensation, increasing further thehlieg reaction. In contrast, the inert N
atmosphere, as well as the low polluted ambienfamured the NaOH build up at the glass
surface by reaction of the glass and water. Coumtflion that NaOH had formed comes from
the observation that, on removal from the desigsatbe solution reacted with atmospheric
CO, to form hydrates of N&Os;. The alkaline solution sitting on the glass suefatduced
dissolution of the silicate matrix and formationtiogé gel layer. The thickness of the gel layer
observed in the SIMS profiles is likely to be urelgimated because the gel is expected to be
sputtered away at a faster rate due to the vefgrdiit structure and high porosity of this

layer [1].

The presence of light did not have a significdféat on the alteration of glass exposed
to high CQ atmospheres. The slight difference observed betliglt and dark experiments
most likely results from experimental variation suas a slight temperature difference,
expected between light and dark. Furthermore, nodtes were identified in the crystalline
deposits at the glass surface, but only carbonatiesth light and dark experiments. Theses
crystalline deposits, identified by Raman spectpgcinclude sodium carbonate mono- and
deca-hydrate and sodium hydrogen carbonate, plath@nas yet unidentified hydrated
carbonate. These results indicate that the forwit farmation observed with silicate rocks

[13] has not occurred with this glass composition.
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V- 3.3 Effect of RH and organic pollutants (series  2)

The present experiment investigated the effecherRG1 and RRn glasses of different
RHs, at 40, 50 and 60 %, and the effect of orgpailutants, mostly acetic and formic acids.
As a result of the exposure, crystalline deposdeméd at the glass surface whose

appearance varied with the atmosphere (Figure Y- 12
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Figure V- 12: Light microscopy images of the RG1 glass surface after exposure to N, acetic and/or
formic acids atmospheres at 40, 50 and 60 % RH. (background colours variation are caused by the
change in lighting condition of the microscope).
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Very few deposits were observed on the glassessexpto the Natmosphere, except
for the presence of a thin dendrite crystal ondlge of the glass exposed at 60 % RH

(Figure V- 12), which was too small to be analysed.

In the formic acid atmospheres, the deposits diusn formates were present as crystals
in the form of long filaments or block crystals4@& and 50 % RH and liquid droplets at 60 %
RH. The crystalline products analyses presentethapter 11l showed that the block crystals
were identified as sodium formate Il while the filents and needles were identified as
sodium formate’l Sodium formate deliquesces between 50 and 52 %aREb °C [14],
which explains the presence of droplets on thesgtaposed at 60 % RH. When the droplets
were dried, sodium formate phase Il crystals werenéd. These results suggest that the

formation process of sodium formate phdsedy be influenced by RH.

When the glass was exposed to pure acetic aciosptmres, needles of sodium acetate
anhydrous were formed, which partly deliquesce8a®o RH. This is consistent with the

known deliquescence point of sodium acetate betwi8emand 45.2 % at 25 °C [14].

However, when the glasses were exposed to an ph@ies containing both acids, with
the concentration of acetic acid being twice tHdbomic acid, only sodium formate phase I

and I” were formed.

The exposure to different acid-polluted and noliybed atmospheres, at 40, 50 and 60
% RH, modified the glass over a depth ranging fi& to 250 nm (Figure V- 13 and Figure
V- 14). As in the previous experiment, the glaspomed to an acid atmosphere only
displayed a leached layer depleted in alkali agtilzihydrated with an apparent enrichment
in alkali-earth ions (Figure V- 14); while the gtasxposed to the Naitmosphere displays a
smaller leached layer with a gel layer, responsidifleéhe alkali enrichment, at the near
surface (Figure V- 13). The K peak at the bulk glakached layer interface is only visible

in the profile of the glasses exposed to acid apierses.
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Figure V- 13: Elemental depth profile for RG1 glass exposed to 60 % RH and N, atmosphere.
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Figure V- 14: Elemental depth profile for RG1 glass exposed to 60 % RH and formic acid atmosphere.
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Figure V- 15: Sodium depth profile for RG1 glasses exposed to acid polluted and N, atmospheres at
40, 50 and 60 % RH.

-171-



MECHANISMS AND KINETICS OF THE ALTERATION

In the present experiment, the increase in hugnidisulted in an increase in sodium
depletion in the glass for all samples (Figure ¥}. For all humidities, the depletion depth
was always the smallest in the glass exposed td\Nthatmosphere. The depletion depth
increased substantially in the presence of the pailditants. These pollutants increased the
acidity of the water film present at the glass acef enhancing the leaching reaction.
Moreover, formic acid causes more alteration thagtia acid, possibly because of the higher
acidity of that acid. Despite a pollutant concetra three times higher in the experiment
combining the two pollutants, the sodium deplettapth has not increased significantly,
particularly for the glass exposed to the lower BH%. A parallel could be made with the
research undertaken by Cummings on the atmospakeiation of glasses. Their research
showed that the presence of either, 8ONG; in the atmosphere increased the alteration, but
the presence of both pollutants did not increageatiteration any further [9]. Cummings
noted that the hydration rate in the glass incréagth increasing S©concentration up to a
critical level beyond which no further increase wasn. These results suggest that the water
layer film at the glass surface had reached saburaind it is believed that a similar effect
occur with organic pollutants. As the RH increaske critical level of pollutant,

corresponding to the saturation, is increased.

Again, the concentration of the sodium remainimghie altered layer was much lower
for the glass altered in acid (~1 at%) than in (N6 at%) atmospheres. Moreover this
concentration is affected by the RH of the atmosplas it decreases when the RH increases
(Figure V- 15). The sodium content in the glaserall in acid atmosphere is consistent with
the content measured on the altered historic glagscts in the NMS or the glass aged in
accelerated conditions in acidic atmosphere (septeh IV: Tables IV-4 and IV-6). The
potassium content remaining in the altered layahefglass aged in the acid atmosphere is
similar to the sodium content in this layer (FigMel4). Considering that potassium cations
are more mobile than sodium cations it is surpgisinat so little potassium ions were
leached from the glass. This is associated withntixed alkali ions effect which implies that
in a glass conaining mixed alkali, the diffusiontie¢ alkali in minor concentration is always

smaller than for the alkali in major concentratinn,matter the size of the cation.
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The amount of alteration was plotted as a functibthe RH for formic acid and N
atmospheres based on either the depth of sodiunetaep (Figure V- 16) or the total
amount of sodium depleted (Figure V- 17). Both gsaphow a perfectly linear correlation
between the RH and the amount of alteration. Thetaons of the fitted lines are given in
Table V- 1.

Table V- 1: Equations of the lines fitted to correlations graph of the sodium depletion depth (Figure V-
16) or total sodium extracted (Figure V- 17) with RH; with x corresponding to the RH (%) and y the
sodium depletion depth (nm) or the total sodium extracted (at/nmz).

Sodium depletion depth Total sodium extracted
Formic acid y=73x-189 R*=0.997 y=51.1x-856 R”*=0.981
N2 y=225x-67 R?=0.999 y=11.5x-19 R? = 0.989

Similar linear correlation between the alteratmogress and the RH was obtained at
higher temperatures by Ryan [1] and Cummings [@ngidering that the number of water
layers at the glass surface increases linearlydsivi0 and 70 % RH [15, 16], the alteration
is linearly correlated to the number of water layat the glass surface. The correlations
indicate that the alteration depth is increasea figctor of approximately 3 in the presence
of formic acid while the amount of sodium depleiethcreased by 4.4. These values may be
directly linked to the acid dissociation constasince formic acid is 4.2 times more
dissociated than water. Interestingly, environmignddution with 5 ppm S@or 1 ppm NQ
increases the alteration kinetics by 3 compareantbient air at the same temperature and
RH [9]. These results mean that the leaching reads controlled by the concentration of H
and HO" species at the glass surface, provided by wattrait pollutants, and therefore
the dissociation constant of the hydrogen speéiag.increase in the RH or acidity of the
water film induces an increase of the leached lalepth and a decrease of the sodium

content remaining in the altered layer.

Both methods used to obtained quantitative measemts of the alteration have their
advantages and drawbacks. For example, the metiind alteration depths does not take
into account the sodium concentration in the attéager, missing the extent of the leaching
reaction that has taken place. The method baséueaiotal sodium depleted improves these
aspects however it is affected by the sodium eméit that can form at the surface of the
glass. In the rest of the study, the progresseftteration will be followed by looking at the

sodium depletion depth.

-173-



MECHANISMS AND KINETICS OF THE ALTERATION

Na depletion depth (nm)

250

200

150

100

50

= Formic acid
- o N2 n
T T T T T 1
40 50 60
RH (%)

Figure V- 16: Correlation between the sodium depletion depth and the RH in the formic acid and N»
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Figure V- 17: Correlation between the total sodium depleted and the RH in the formic acid and N;

atmosphere (Dre1 is the atomic density of the RG1 glass).
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The same experiment was undertaken on the stdbtegRass replica for comparison.
Because of the high durability of the glass, oitllel sodium depletion was produced after 6
weeks exposure compared to the RG1 glass (FigutB8)-The profiles visually show that
formic acid atmospheres induced more sodium legcthian N atmospheres. However, the
profile variations were too small to extract qutative data to compare these 2 atmospheres

or compare the effect of the different RHSs.

In order to examine the effect of different pa#ldtatmospheres on the RRn glass, the
alteration was accelerated using the accelerateid@gxperiments (100 % RH, 60 °C). The
effect of acetic acid, formic acid and formaldehym#lutants, used singly or mixed, was
examined and compared to the effect of non-polluaedospheres. The sodium depth
profiles measured by SIMS after exposure to thé&ifit atmospheres are compared in
Figure V- 19. The results confirm that acidic atptosres induce greater sodium depletion,
in the altered layer and in depth, than non-polutémosphere. The remaining sodium
concentration in the altered layer is just belowt% for the glasses exposed to acids and
around 3 at% for the glass exposed to non pollatetbsphere. These values are slightly
higher than the values obtained for the RG1 glasspssed to 100 % RH and saturated, CO
atmospheres under ambient temperature. The facinir@ sodium was retained in the RRn
altered layer on which a much higher temperatures vapplied indicates that the
composition, and so the stability, of the glassaestrolled the amount of sodium leached
within the layer as well as the acidity of the $min. The results confirm that formic acid
causes more alteration to the glass than acetd, deicause of its higher dissociation
constant; and the presence of higher concentraficombined pollutants does not increases
the alteration significantly, as a result of theusation of the solution. Finally, the same
alteration is produced by formaldehyde and ambaéén{no pollutant), which suggests that
formaldehyde has no impact on the alteration. Tfexeof formaldehyde on the RG1 glass

under ambient conditions will be examined in thetrsection.
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V- 3.4 Progress of the alteration with time

The previous experiments clearly established dhganic pollutants and more exactly
acid pollutants affect the alteration process alasgilicate glasses. In this section, the
evolution of the alteration with time was examinied artificial (desiccators) and real
(museum) ageing conditions. For the artificial ekpents, atmospheres polluted with
formic acid or formaldehyde was compared to nordgpedl atmospheres with ambient air or
saturated M Formic acid was chosen over acetic acid asétauted predominantly with the

glass.

V-3.4.1 Surface deposits

Information on the effect of the atmosphere amdatteration process were gained from
visual observation of the surface. An almost instaeous whitening of the surface was

observed when the RG1 glass was placed in the daaioidl atmosphere (Figure V- 20).

Figure V- 20: Photograph of the RG1 glass fragments appearance before (transparent squares) and
after exposure to formic acid atmosphere (white squares) on the bottom of an upturned beaker.

The evolution with time of the visual appearané¢he glass surface is presented for
non-acid polluted atmospheres (Figure V- 21) and-polluted atmospheres (Figure V- 22).
Although the microscope images were obtained am asadhe fragments were taken out of
their atmosphere, the contact with the externalireninental caused crystallisation or
deliquescence of the surface deposits. In orderarialyse the products by Raman
spectroscopy, the surface deposits were dried sdiog gel.
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formaldehyde

331 days 195 days 140 days 83 days 28 days

395 days

Figure V- 21: Light microscopy images of the RG1 glass surface after exposure to ambient air, N> and
formaldehyde atmospheres for increasing duration (the background colours variation and the central
dark spot are caused by the microscope instrument).
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foric ai Cellar 3 » Cellar 12

28 days

284 days 140 days 112 days 57 days
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Figure V- 22: Light microscopy images of the RG1 glass surface after exposure to formic acid, cellar 3
and cellar 12 atmospheres for increasing duration (the background colours variation and the central
dark spot are caused by the microscope instrument).
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In ambient air, crystalline products formed on ¢jtess surface from the first month of
exposure (Figure V- 21). With time these crystatseéased in size and density. Only after 8
months of exposure was the size of a few crystlgel enough to be analysed by Raman
spectroscopy. The analysis suggested the presdnaesolphate, sodium carbonate and
possibly sodium acetate. In contrast, the surfatehe glasses exposed to, Nind
formaldehyde atmospheres was opacified by a fag-tikposit at the surface created by
densely packed fine liquid droplets (Figure V- 2The track patterns observed on the
samples exposed for 28 days to these atmosphergscareespond to a preferential
arrangement of these droplets on invisible traeds dfter wiping the glass during the
cleaning and drying process. This fog layer rentiioe several months before reacting and
forming crystalline products, different between thgo atmospheres. The crystalline
products formed in the formaldehyde atmosphere hadendrite like shape compared to the
feather-like crystals formed in,Mitmospheres. Only the dendrite crystals couldriadyaed
and were identified as sodium formate phase I'.s€quently, the fog layer observed may
correspond to sodium hydroxide droplets createdutin the leaching reaction induced by
the humidity. As the solution concentration inceshdt reacted with pollutants, either
formaldehyde in the desiccators or ambient airypafits after opening the desiccators, to
form the crystalline products observed. These Vighaervations suggest that formaldehyde
is rather inert as it favours the attack of thesglay humidity and so the NaOH build up at
the surface like N Formaldehyde possibly react with NaOH when aicieffit concentration
is reached, to form sodium formate phase I'. Thiseovation suggests that formaldehyde
reacts through the Cannizzaro reaction rather theough preliminary formation of formic

acid by oxidation.

In the formic acid, cellar 3 and cellar 12 atmcasgis the appearance of the glass surface
after exposure was very similar with an importaomeentration of droplets (Figure V- 22).
The crystals obtained after drying the dropletsendentified mainly as sodium formate Il in
all three atmospheres (see chapter Ill). The gtasgposed to the cellars atmosphere also
showed the presence in minor concentration of sodicetate anhydrate and trihydrate,
sodium carbonate, sodium formate phase I' Theepoes of mainly formates in the
crystalline products of the glass exposed to celtarospheres where acetic acid dominate
(see chapter IlI, Table II-2), confirms that formaicid predominates in the water film. Thus,

formic acid controls the leaching reaction by colitng the acidity of the water film
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V- 3.4.2 Elemental modification: Artificial ageing experiments (series 3)

The purpose of the artificial experiments, setrugesiccators, was to be a reference for
the samples aged in the museum atmosphere, byollimgtithe environmental conditions at
19 °C and 48 % RH from the start of the experimduatdortunately, in the course of the 13
months experiment, the air conditioning systemheflaboratory failed over several months,
causing large variations in temperature. After #h@nths (135 days) the temperature first
increased to 22 °C over 1 month; it was stablenaghil8-19 °C for 2.5 months before
dropping to 15 °C for about 1.5 month (Figure VH28on). These temperature fluctuations

affected the progress of the alteration in all atpiheres which will be discussed.

During the time of the exposure, only alkali ionsthe glass were affected by the
leaching reaction, causing the formation of hydtated alkali-depleted layers. The progress
of the glass alteration in each atmosphere wasviedl by plottingthe sodium alteration
depth as a function of time in Figure V- 23. Theulés confirm that the alteration of the
glasses is greatly accelerated by the presencerofid acid compared to formaldehyde,
ambient air or BMatmospheres. The alteration mechanisms are ditfetween the Nand
ambient air atmospheres. While the alteration & Xk atmosphere follows the square root
of time relation, indicative of a diffusion contiedl process; the alteration produced in the
ambient air is irregular and less extensive. Thididates that the low GOSQ levels in
ambient air have slowed down the alteration probgsseacting with the NaOH film at the
glass surface and forming the carbonates and delmgstals previously identified. These
products may have acted as a protective barriegirdsvfurther leaching. The supply of these
pollutants was renewed regularly when the desicsatas opened for sampling, allowing a
continuous reaction between the pollutants and\#®H solution. In contrast the saturated
N, atmosphere favoured the continuous leaching ofjthss by the humidity, inducing the
alkaline solution build up at the surface. The pesg of the alteration in formaldehyde
atmosphere followed that of the, [dtmosphere in the first 6 months and then thahef
ambient air atmosphere, which is consistent withvisual observations. This confirms that
that formaldehyde has no impact on the leachingge® and that the fog-layer corresponds
to fine droplets of NaOH formed through leachingty humidity. Thus, it suggests that the
pollutants in the ambient air and the formaldehgde beneficial to the conservation of
glasses as they do not affect the leaching reabudmeutralise the hydroxide solution that

causes dissolution of the silicate matrix.
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Figure V- 23: Atrtificial ageing experiments with time of RG1 glass. Top: alteration variation with time in

the different atmospheres. Bottom: Environmental conditions variation with time.
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The sodium and potassium profiles were plotted dair variation with time are
presented for the glass exposed te (Rigure V- 24), formic acid (Figure V- 25),
formaldehyde (Figure V- 26) and ambient air atmespbk (Figure V- 27). With time the
alteration progressed in depth and the amountkafiah the altered layer decreased. After a
certain period the leaching of alkali slowed downd aeached a steady state (Figure V- 23),
as expected for a diffusion-controlled process.sTéwolution was clearly visible on the
sodium and potassium profiles. When the leaching ragpid at the beginning, the profiles
were marked by the presence of a strong K peakdeéicecase of the alkali concentration
within the altered layer and the progress in degtkhe reaction front (Figure V- 24 and
Figure V- 25). As the reaction reached a steady $ke sodium concentration in the altered
layer increased slightly and the K peak disappeasegporting a decrease of the ion-

exchange activity.

The chemistry of the atmosphere induced differerinethe altered layer formed, as
observed in the previous experiments and in chdptefhe altered layers formed in the
ambient air, N and formaldehyde atmospheres all display the scmagacteristics. The
remaining sodium content in the altered layersiksals at similar values, with 4 at% for the
glass exposed to the, ldtmosphere (Figure V- 24), and 5 at% for the glagxposed to the
ambient air or the formaldehyde atmosphere (Figir€6 and Figure V- 27). Moreover,
they all display enrichment in alkali at the sudacharacteristic of the gel layer. This
enrichment is particularly important in the glase&posed to N(Figure V- 24), where the
absence of pollutants favoured NaOH solution bupdwhich enhanced the dissolution of
the silicate network. In contrast, the pollutanambient air and formaldehyde atmospheres
reacted with NaOH solution reducing the gel layenfation (Figure V- 21). The decrease of
the altered layer depth for the glass exposed,tatidosphere for 395 days (Figure V- 23)
was caused by an underestimation of the gel ldyekriess in which faster sputter rates are

expected.

In the formic acid atmospheres, the leaching reacts maintained and greatly
accelerated, causing larger depletion of alkaliepth and within the layer (Figure V- 25).
Thus the sodium content in the altered layer ofgllasses exposed to formic acid reaches 1
at%. Oscillations are observed at the near surfdcthe K profiles where the K peak
intensity decreased as the leaching reaction relaatsteady state. These oscillations were
also observed in the potassium profile of the gkgsosed to saturated g@tmosphere

(Figure V- 10), but never for glasses exposed to-awd atmospheres. Therefore these
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oscillations, which significance has not been imteted yet, are a characteristic feature of

the steady state for glass altered in acid atmasphe

The temperature fluctuations caused by the airditioning system disturbed the
reaction processes in all atmospheres. The glgssses to formic acid atmospheres, where
the leaching reaction was greater, responded napiglly and to a greater extent to the
change than the other atmospheres, as can be reperhe plot of the alteration progress
(Figure V- 23), and in the sodium and potassiunfile® (Figure V- 25). The temperature
increase after 135 days greatly increased theasiber when the alteration in most glasses
was close to reaching the steady state. The reepp=aof a strong K peak on the profile of
the glass exposed for 140 days (just after the ¢eatpre change) suggests that the
modification has disturbed the equilibrium that wlaseloping and in some way re-activated
the rapid ion-exchange reaction observed at thénbieg of the exposure. Similarly, the
small peak formed in the sodium profile, just aftee bulk concentration is reached, gets
more intense after the temperature increase aseatbeéginning of the exposure. The
temperature decrease also re-activated the atiergtiocess as a result of condensation
formed on the surface, which is observed on thesgtarrface exposed to ambient air for 330
and 395 days (Figure V- 21).

A series of artificial ageing experiments was s@t separately to examine the
development of the alteration in the first weeksemposure. The profiles of sodium and
potassium and their evolution with time are giventhe samples exposed tg &hd formic
acid atmospheres (Figure V- 28). No significaniatwn could be monitored on the glasses
exposed to Natmospheres, even with nanometre depth resol(fEigire V- 6). In contrast
the glasses exposed to the formic acid atmospheptayg important modification in their
sodium and potassium profiles (Figure V- 28). Thsesvation of a significant leaching in
depth and the decrease of the remaining sodiurenbint the altered layer as well as the
presence of an intense Na peak and K peak, achalacteristic signs that a rapid diffusion
reaction through ion-exchange is taking place. Ve rthat in this early period of the
reaction, the S-shape in the sodium profile isa®tvell defined as in the glasses exposed

over longer period, due to the rapid progress efréaction.
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Figure V- 24: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to saturated
N2 atmosphere over 13 months.
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Figure V- 25: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to formic
acid atmosphere over 13 months.
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Figure V- 26: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to
formaldehyde atmosphere over 13 months.
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Figure V- 27: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to ambient
air atmosphere over 13 months.
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Figure V- 28: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to saturated
N2 and formic acid atmospheres over 3 weeks.

V- 3.4.3 Elemental modification: Real ageing experiments

The glass fragments exposed in the cupboardslBir€e and 12 of the NMS were
subjected to the high concentration of pollutamtétted by the wooden cabinets as well as
the daily and yearly temperature and RH fluctuatiofhe concentration of all pollutants
monitored in the cupboard in cellar 3 was approxahyawice that monitored in cellar 12. In
both cupboards, acetic acid was present in majocarttration levels with formaldehyde and
formic acid present at much lower concentrationgi@ér Il, Table 1I-2). The environmental
conditions did not show large fluctuations, thamkghe buffering effect provided by the
wood of the cabinets. However, in both cupboatus RH increased significantly during the
summer months. The conditions in cellar 3 were r@dd2B °C and 40-45 % RH compared to
20-22 °C and 43-53 % RH in cellar 12. The progoédie alteration and the environmental
conditions variations with time are presented igureé V- 29 for cellar 3 and Figure V- 30
for cellar 12. The variation with time of the Nadald profiles are presented in Figure V- 31

and Figure V- 32 for the glasses exposed in c8lnd 12 respectively.

-187-



MECHANISMS AND KINETICS OF THE ALTERATION

800 Cellar 3 .
_ 700+ .
S .
£
S 600 - "
o | |
[} ]
© [ ]
_5 500
@ -
g_ | |
5 400+ -
©
> - [ ]
300 .
200
100 I T I T I T I T I T I T I T I 1
0 50 100 150 200 250 300 350 400
Time (days)
Cellar 3
30 T I T I T I T 80
25— 20
—DE\]—D-D-D-D—D—D—D—D—D—D—DD—D—D\D_D_ D/D—D—D—D—D—DD—D-D—DD
~—~~ D\D/ T
8 20
) 4 - 60
2 pe
S 154 | T
g - 50
10
o—o/./. 1
_ _e—e
. /. T N ee—e—" — e "~ '//.\. 'y 40
5 —./ \-—o-a/ || } \/ —
l July-September ]
0 T I T I T I T 30
0 100 200 300 400

Time (days)

Figure V- 29: Ageing RG1 glasses in cellar 3. Top: alteration variation with time. Bottom: Environmental

condition variations with time.
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Figure V- 30: Ageing RG1 glasses in cellar 12. Top: alteration variation with time. Bottom:
Environmental condition variations with time.
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The sodium and potassium profiles for cellar 3 4Bdind their variations are identical
to that obtained in the formic acid atmosphere witbodium concentration of 1 at% in the
altered layer and the concentration oscillationgorassium at the near surface at the steady
state. This clearly confirms that acids are resjpbegor the glass alteration in the museum
cupboards and showcases. The fluctuations in RHeangderature affected the development
of the alteration, as indicated by the discontiesibbserved on the graphs (Figure V- 29 and
Figure V- 30). In particular we note a decreasthefalteration rate for the glasses exposed
in cellar 3 after the RH went down after 250 dakgre V- 29), while the RH and
temperature increase in cellar 12 from day 150=ased the rate of the alteration (Figure V-
30). The modification in the sodium and potassiunfifes are marked by the reappearance
of the K peak as in the sample exposed for 284 nagsllar 3 (Figure V- 31) or the samples
exposed for 172, 194 and 284 days in cellar 12uf€iy- 32). These modifications indicate
that a rapid ion-exchange was reactivated withRHeincrease over the summer, increasing
the leaching of alkali in depth and within the edtd layer. The differences in RH and
temperature between the different atmosphereseinfled the amount of alkali leached and
so the remaining concentration of alkali in thewd layer. This is particularly evident from
the K profile between the formic acid (Figure V-)26ellar 3 (Figure V- 31) and cellar 12
(Figure V- 32) atmospheres. The higher condition€eéllar 12 during the summer (22 °C,
53 % RH), caused greater leaching, with the palassiontent in the altered layer reaching
0.9 at%.

Due to the move of the objects in cellar 12 tew store, the cupboard was emptied of
its objects and it was left open from day 310. gless fragments were then exposed to the
circulating ambient air of the room, greatly rechgctheir interaction with organic pollutants
emitted by the wooden cabinets. Figure V- 30 amifé V- 32 indicate that the progress of
the alteration decreased as a result, with the diomn of the reaction front advance and a
slight increase of the sodium concentration inaltered layer. Interestingly, the potassium
concentration in the near surface greatly increasiedlarly to the glass exposed to ambient
air, N, or formaldehyde (Figure V- 24 and Figure V- 26pn8equently the altered layer of
the glass tends towards a new equilibrium in ages¢mvith the chemistry of the new

atmosphere.
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Figure V- 31: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to cellar 3
atmosphere over 13 months.
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Figure V- 32: Sodium and potassium depth profiles evolution of the RG1 glasses exposed to cellar 12
atmosphere over 13 months.
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MECHANISMS AND KINETICS OF THE ALTERATION

As in the artificial ageing experiments, the depshent of the alteration in the first
weeks of exposure was examined by exposing glagenints between day 102 and day 123
of the main experiment. The environmental condgifor that period were approximately
23 °C, 41 % RH in cellar 3 and 21 °C, 43 % RH illacel2. The profiles of sodium and
potassium and their evolution with time are giverFigure V- 33. for the samples exposed
to cellar 3 and cellar 12 atmospheres. The devetoprof the alteration is similar in both
atmospheres due to their similar environmental twmmd over that period. As in the
artificial ageing experiments the profiles displdne signs characteristic of a rapid ion-

exchange reaction.
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Figure V- 33: Sodium and potassium depth profiles of the RG1 glasses exposed to cellar 3 and cellar
12 atmospheres over 3 weeks.
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MECHANISMS AND KINETICS OF THE ALTERATION

V- 3.4.4 Comparison of the artificial and real ageing experiments

The alteration of the glass under ambient tempesatwas mainly controlled by the
leaching of alkali ions, whatever the chemistrytbé atmospheres. However the RH,

temperature and the presence of pollutants modifiedkinetics of this leaching reaction.

Considering that a fixed amount of pollutant waryadntroduced at the start of the
artificial ageing experiments and not renewed, astant pollutant concentration in the
desiccators could not be maintained. Consequeritlg, 30.5 ug m* concentration
corresponds to the formic acid concentration at $tert of the experiment. This
concentration decreased with time as the pollutss consumed through the reaction with
the glass. The last two measurements of the glasgesed to cellar 12 atmospheres, when

the cupboard was left open, were omitted in therdahation of the kinetics.

Because the leaching of alkali is a diffusion colt¢d reaction, the Na depletion depths
were plotted as a function of the square rootroétfor the glasses exposed to cellar 3, cellar
12, N, and formic acid atmospheres over 13 months (Fiyr&4). A similar plot was
obtained for the alteration produced over 3 weekthé same atmospheres (Figure V- 35).
For each atmosphere a line was fitted to the daidthe corresponding equations are given
in Table V- 2.

1/2
t

Table V- 2: Regression equations of the lines for the correlations of the sodium depletion ngth with [

in the different atmospheres (Figure V- 34 and Figure V- 35); with x corresponding to the t™“ (days)
and y the sodium depletion depth (nm).

Atmosphere 13 months period 3 weeks period
N2 y=7x+57 R?=0.993 Not available
Formic acid y=27 x + 17 R?=0.973 y=41x+3 R?=0.995
Cellar 3 y=40 X - 17 R’= 0.989 y=19 x - 58 R’= 0.967
Cellar 12 y=50 x -139 R?=0.988 y=32x+8 R?=0.983

-193-



MECHANISMS AND KINETICS OF THE ALTERATION

Na depletion depth (nm)

Figure V- 34: Correlation of the sodium alteration depth with t
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Figure V- 35: Correlation of the sodium alteration depth with t
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MECHANISMS AND KINETICS OF THE ALTERATION

The alteration in the Natmosphere is clearly proportional to the squarg of time,
which confirms that the reaction was diffusion coltéd over the 13 months exposure. The
alteration in the acid polluted atmosphere is agaded by a minimum of 4 times compared
to an inert atmosphere. However, in the acid petiuatmospheres, temperature and/or RH
fluctuations affected the alteration rate over i8emonths exposure and deviations to the
fitted lines are observed. It was discovered tleditelo correlations were obtained by plotting
the Na depletion depth directly as a function ofeti(Figure V- 36). The last measurements
from the glass exposed to the formic acid atmospheere omitted as they correspond to

the steady state.
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Figure V- 36: Correlation between the sodium alteration depth and the time, in formic acid, cellar 3 and
cellar 12 atmospheres over 13 months.

The regression equations of the fitted lines faheamosphere are:

Formic acid y=1.4x+133 ’R0.984
Cellar 3 y=1.6x+214 R 0.986
Cellar 12 y=23x+114 ’R0.990

with x corresponding to the t (days) and y the sodilepletion depth (nm).
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MECHANISMS AND KINETICS OF THE ALTERATION

The correlations indicate that the alterationhe tellars as well as in the artificial
formic acid atmospheres over 13 months is semafimdth time. The diffusion reaction still
controls the alteration but the reaction could mnestew down because of the continuous
fluctuations in the environment which re-activatbd rapid ion-exchange reaction. This is
supported by the 3 weeks experiments in which ttexadion produced by formic acid is
proportional to the square root of time, owingte stable environmental conditions during

these experiments.

The equations of the fitted line are consistehhe environmental conditions present
in the different atmospheres which influenced tite of the alteration. Thus, the alteration is
expected to progress by 1.6 nm per day in cellarn3;h fluctuated around 23 °C and 41 %
RH and by 2.3 nm per day in cellar 12, which flated around 21°C and 48 % RH. Based
on this data, it is possible to estimate that aghaith a composition similar to RG1 will
develop an altered layer with a thickness ofi8¥(as in the British decanter) in 63 years in
cellar 3 and 44 years in cellar 12. These valueansistent with the estimated exposure of

the objects to these polluted environments.

The pollutant concentration did not appear to hameimpact on the kinetics of the
alteration since the progress of the alteratidiasser in cellar 12 which had lower pollutant
concentrations than cellar 3. Instead, the fadteragion in cellar 12 is controlled by the
higher humidity of the atmosphere. Moreover, theralation established over a year
indicates that the alteration produced by the forasid and cellar 12 atmospheres were
similar in the first 3 months when their environrtadrconditions were close (Figure V- 36).
After that period, the modifications of the RH ateimperature changed the rate of the
alteration and consequently their progress diverdé@ 3 weeks experiment displays the
same parallel between formic acid and cellar 12apheres (Figure V- 35). The similarity
between the two atmospheres indicates that theidoatid concentration in laboratory
experiments (30.;ig m®) caused as much damage as the concentrationlam &&| where
the formic acid concentration was 6 times highdre Tormic acid concentration used in the
experiments is below the detection limits of iomarhatography (IC) used in museums to
determine the level of organic pollutants and tlemtify problematic storage. This result
suggests that formic acid concentration just betbw IC detection limit would not be
detected although they cause as much damage tablmsplass objects as high

concentrations.
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V- 4. Conclusion

Water, present in the atmosphere as humidityhésprincipal factor controlling the
alteration of unstable glasses, as shown by tleFadilbn experiments in Natmospheres.
This investigation confirmed the existence of twiteration mechanisms in ambient
conditions: the selective leaching of alkali witbrrhation of a hydrated layer; and the
network dissolution. In the first stages, the leagireaction predominates, with the amount
of alkali leached proportional to the square rddtroe, and then at long-term the dissolution
reaction dominates when the leaching reaction kashed the steady state. The results
showed that the chemistry of the atmosphere gréa#tlyences the kinetics of the process as

well as the composition of the altered glass.

The water film created by the relative humiditpyides the contact interface between
the pollutants present in the atmosphere and tmsgAn increase of the RH, increases the
number of layers at the glass surface, acceleratiagalkali leaching proportionally. We
noted that the alteration process was slowed dolanwthe glass was exposed to ambient air
(renewed regularly) compared to an inert atmosphire low levels of pollutant present in
the air (CQ, SG...) reacted with the NaOH solution formed at thefawe by water,

stopping the network attack through dissolution.

In the presence of organic pollutants, emittedhgycabinets of the NMS, the leaching
reaction is accelerated and amplified, and theotliien reaction does not take place. This
study clearly showed that formaldehyde does nobadhe leaching reaction which means
that formic acid (which accelerates it) is not ¢eglcthrough oxidation. On the other hand, it
reacts at the surface with NaOH, induced by wadeiorm sodium formate phase I through
the Cannizzaro reaction. Consequently, formaldehyodgld be beneficial to the glass as it

neutralise NaOH (as ambient air) avoiding the diggmn of the silicate network.

The similarity between the alterations formed Ire tcellars and the formic acid
atmospheres confirms that organic acids are refgerfer the accelerated alteration. Acid
pollutants increase and maintain the acidity ofgshdace water film which accelerates and
maintains the selective leaching of alkali ionghia glasses. Thus, in acidic atmospheres the
leaching reaction always predominates, as obseanvidte previous chapter. The kinetics of

the leaching reaction is increased by approximafetymes in formic acid atmospheres
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compared to non-polluted atmospheres. Acid pollstaiot only increase the depth of the
alteration, but they also increase the amount dfuso extracted within the altered layer.
Therefore, the composition of the glass alteredi&grmed in acid polluted atmospheres has
a sodium concentration ~1 at%, compared to ~5 at#on-acidic atmospheres. This result
Is consistent with the composition of the glassoty from the NMS. The altered layer is
then highly depleted in alkali and hydrated. Theevand the low alkali level remaining in

the glass may facilitate the ionic exchange anddhehing of the remaining bulk glass.

The more acidic the pollutant, the more leachiigduced. This result is different from
the alteration in solution where the pH betweemd @ has little influence on the leaching
reaction. The results indicated that the concentrabf H* and/or HO® controls the
atmospheric alteration, and this concentration ddpen the number of water layers at the
surface and the dissociating constant of the Hibgaspecies. The concentration of the
pollutant has little or no influence on this altéwa, particularly at the lower RH. The
proposed explanation for this phenomenon is basdtesaturation of the water film by the
dissolved pollutants. The small volume of waterspré at the glass surface implies that the
water layer rapidly reaches saturation in dissopeittants, even at low concentration. The
amount of pollutant required to reach saturatiocrei@ses with RH and the surface area of
the glass. In addition, there exists a competitietween the different pollutants which may
be explained by the difference in the acid-ionmattonstant of these pollutants. In mixed
polluted atmospheres, whatever the pollutant proges, formic acid will always
predominate in the film, possibly because it ionporated faster in the film, creating mostly
formates. This phenomenon explains the presenowofly formates on the NMS glasses in
atmospheres where acetic acid predominates. CosstgLformic acid is the second factor,

after water, controlling the alteration.

The results showed that formic acid concentratimmgow as 30.5ig m® produce as
much damage as highly polluted atmospheres. Theewafl 30.5ug ni°, for formic acid, is
below the detection limits of ion chromatographyrreatly used to monitor pollutant
concentration in museums. This information is wimrgyfrom the preventive conservation of
objects since it indicates that such atmosphe@sading to the unstable objects, could not
be identified.

The leaching reaction is diffusion controlled,tke amount of alkali extracted and the

thickness of the altered layer is proportional te tsquare root of time, when the
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environmental conditions (RH and temperature) tabls as in laboratory experiments. This
was the case in the study of the glass weathemingpist and polluted air with S@nd NQ

[9]. However controlled laboratory experiments amet representative of museum
atmospheres where environmental conditions aredar controlled and daily, monthly and
yearly fluctuations occur. The present investigat&howed that the fluctuations greatly
affected the leaching reaction progress and sokihetics of the alteration. Each time
fluctuations occurred, the equilibrium reached istutbed and the rapid ion-exchange
reaction is re-activated in the glass, causingcaelaration of the alteration. Although the
alteration continuously tends toward an equilibrivmthe glass, stabilising the alteration, it
seems that this equilibrium is never reached owmghe constant fluctuations in the
museums. This is amplified when the leaching ismesive, as in acidic atmospheres.
Moreover, the crystallisation at the glass surfecexpected to influence the equilibrium,

favouring further leaching.

Consequently, the alteration in museums pollutgdobganic acids is constantly
increasing and never reaches the steady state. BErenl3 months experiments it was
possible to establish that the alteration progedsel.6 nm per day in cellar 3 and by 2.3
nm per day in cellar 12 for the RG1 glass compmsitiTrhese values indicate that only 50
years is required to reach an altered layer olud0(thickness measured on some NMS
objects), which is consistent with the exposureetiof the objects to this polluted
atmosphere. The difference in alteration kinetiesMeen the two cellars is associated with
the environmental conditions rather than the patiitoncentration difference. Finally, if a
glass previously altered in an acidic atmosphenglased in a non-acidic atmosphere, the
equilibrium within the altered layer is disturbendamodification will take place in order to

reach a new equilibrium in agreement with the clsémiof the new atmosphere.
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GENERAL CONCLUSION

The aim of this research wasto investigate the role of organic pollutantsin the alteration
of historic soda silicate glasses, concentrating on the predominant pollutants emitted by

wooden showcases: formic acid, acetic acid and formaldehyde.

The research focused mainly on investigating the alteration of the composition and
chemical structure of the glass using Raman spectroscopy, Secondary lon Mass
Spectrometry (SIMS) profiling and electron microprobe (EPMA). The glass appearance and
the crystalline products were examined complementarily by optical microscopy, Scanning
Electron Microscopy (SEM) and Raman spectroscopy to assist the interpretation. The
National Museums of Scotland (NMS) glass collection was used as a basis for this
investigation since part of the collection was affected by a widespread ateration involving
organic pollutants. In addition, replica glasses, aged in real or artificial environments, were
used to examine the role of the different factors involved, the mechanisms and kinetics of the
alteration.

The investigation showed that Raman spectroscopy can be applied in-situ and non-
destructively to glass objects to gain information about their stability, degree of deterioration
and the origin of the ateration. It was found that the stability of glass, which islinked to its
composition, could be assessed from its Raman spectrum, sometimes using simply the
spectra profiles or after decomposition of the spectra. A spectral decomposition method was
developed for akali silicate spectra, and correlations were established between the
decomposed vibrational components and the composition of the glass. From these data, a
relation was established, which can be used to assess the stability of sodasilicate glass. The
work concentrated on soda silicate glass compositions but has shown the value of extending
it to other glass compositions, in particular potash silicate glasses, which are even more

unstable and have been widely used in historic buildings and objects.
The examination of the altered glass layer indicated that the structure and composition

are characteristic of the alteration process and the chemistry of its environment. The

characteristics related to the appearance, Raman spectrum, composition and crystalline
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products have been determined and were presented for soda silicate glasses altered through

selective leaching (with and without acid pollutant) or congruent dissolution.

The application of SIMS depth profiling to aged glasses was very successful in
determining the mechanisms of the alteration. It was possible to follow the progress of the
ateration and obtain information on the chemical concentration of the altered layer as well
as the state of the leaching reaction. The SIMS measurements clearly showed that the
concentration in H* and/or H3;O", influenced by the relative humidity and the pollutant

acidity, controls the atmospheric alteration of glass by leaching.

The research presents experimental evidence that organic acid pollutants have a
dramatic effect on the alteration of unstable soda silicate glasses, and are responsible for the
widespread alteration of part of the NMS glass coallection. Therefore storage of unstable
glasses in wooden cabinets or showcases emitting organic pollutants must be avoided. The
organic acidic pollutants increase the acidity of the water film formed on the glass surface by
atmospheric humidity, and this subsequently accelerates and amplifies the leaching reaction.
This work revealed that formic acid is the pollutant responsible of the ateration as it
dominates in the water film, even when present in small concentration in the atmosphere.
This finding explains the predominance of crystalline formate compounds formed at the
glass surfaces. Contrary to general belief, formaldehyde is not the culprit of the alteration of
glass exposed to organic polluted atmosphere, as it was shown to have no effect on the

leaching process.

The ateration is aggravated where there are humidity and temperature fluctuations (as
recorded in many museum storage or display environments), as these are responsible for
maintaining a continuous leaching reaction. Consequently the kinetics of the alteration
progress linearly with time and does not follow the square root of time relation expected
from a diffusion-controlled process and generally assumed for the ateration of glasses in
museums. This research provided an exploratory work of the kinetics and mechanisms of the
atmospheric alteration of glasses and it would need to be extended further using fully
controlled experiments to obtain a detail understanding of the leaching reaction process, its
kinetics and the role of the controlling factors. Knowledge on the role of the reaction zone
and the altered layer, in particular, would help interpret the features and shape observed in
the SIMS depth-profiles and explains the effect of the elements remaining in the atered

layer.
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As a result of the continuous leaching in the polluted atmosphere, thick leached and
hydrated layers have devel oped at the surface of the unstable NM S glass objects. Subsequent
dehydration of these layers, arising from humidity decrease or temperature increase, is
responsible for the strong cracking observed. This cracking, known as crizzling in museums,
is the main problem for the conservation of the objects asit disfigures the glass and can lead

to its complete disintegration.

The study of the effect of the environment on the hydrated layers would be needed to
understand the mechanics of these layers, examining in particular the stress induced in the
glass and its atered layer and the cracking process. Moreover, the use of solid-state Nuclear
Magnetic Resonance (NMR) in parallel to Raman spectroscopy could provide more
information on the structure of these layers, before and after drying, and enhance
interpretation of the origin of the variations observed in the Raman spectra. Thisinformation
would help determine in more detail the mechanisms involved in the drying and cracking
process of these glasses. Detailed research of these aspects would alow developing

conservation treatments and storage conditions which are adapted to the altered objects.

Finally, the examination of the crystalline deposits evidenced the existence of new
formate compound phases and the role of the humidity in the transformation of these phases.
Moreover these crystalline deposits created striking patterns or peculiar crystals at the glass
surface. Complementarily techniques such as X-ray Diffraction (XRD) and NMR would be
needed to determine the structure of these new phases and experimental work on the crystal
synthesis is required to assess their formation process and their stability under ambient

conditions.
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APPENDIX - | : Cation radii

Effective ionic radii (pm)

Coordination number

Atom Electronegativity  lonic charge 4 6 8 12
Arsenic 2.18 +3 58

+5 33.5 46
Barium 0.9 +2 136 142 160
Calcium 1.0 +2 100 112 135
Copper 1.9 +2 57 73
Iron 1.83 +2 61

+3 55
Lead 1.8 +2 98 119 129 149
Lithium 0.98 +1 59 76
Magnesium 1.31 +2 57 72 89
Manganese 1.55 +2 66 67 96

+3 58

+6 25.5
Potassium 0.82 +1 137 138 151 164
Silicon 1.92 +4 26
Sodium 0.93 +1 99 102 118 139

Data from Dean J.A., Lange’s Handbook of Chemistry, 15" edition, Mc Graw Hill (1999).
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APPENDIX - Il : Ambient experiments

Series 2 : Effect of RH and organic pollutants

Introduced atmosphere 40 % RH 50 % RH 60 % RH
N> X X X
50 pl formic acid X X X
50 pl acetic acid X X failed
50 pl formic acid + 100 ul acetic acid X X

Replica glasses used : R&d RRn
Duration : 6 weeks

Series 3: Progress of the alteration with time

Duration (days)
Sample
Ageing in desicators Ageing in museum

4D 4

w1 7 7

w2 14 14

W3 21 21
T 28 28

T2 57 60

T3 83 83

T4 112 111

T5 140 139

T6 168 172

T7 195 194

T8 284 284

T9 331 331

T10 395 390

Replica glass used : RG

Atmospheres:

Ageing in desiccatorslaboratory ambient air (LA), nitrogen {\formic acid (FA)
and formaldehyde (F).

Ageing in MuseumCellar 3 (C3) and Cellar 12 (C12)
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APPENDIX - Il : Accelerated experiments

Non Formic Acetic Formic acid
Duration . . Formaldehyde + acetic acid Wood
polluted acid acid
+ formaldehyde

1 week RG; RG; (h+d)

2 weeks RG; RG; (h+d)

3 weeks RG; RG; (h+d)

4weeks RGi, RRn  RG;(h+d) RGi, RRn RGi1, RRn RGi1, RRn RG:
6 weeks RRo (dried) RRo

8 weeks RG; (dried)
3 months RG; (h+d)

> Glass used RGRRo or RRn as stated.

> Pollutant quantity introduced: ~18 or ~30ul of each pollutant ; or 2 g of MDF
wood

> Temperature: 60 °C, except 50 °C for,R@ed 3 months

> Humidity: ~100 % RH

> ‘dried’ means that the water from the humidity lve tube was completely
consumed, and the altered layer was dry on opening.

> ‘(h+d)’ means that half of the sample was storedmbient air and the other half
stored in dry silica before analyses.
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APPENDIX - IV : Crystalline products on glasses

Raman peak position (¢thand intensities of the formate and acetate comg®identified
in the crystalline deposits from altered glasseshiapter Il1.

NaHCOO NaHCOO Sodium | NaCHsCOO  Na CHsCOO
phase I phase I calcium Formate Y anhydrous trinydrate
formate
3540 m
; 3429 wibr
3350 m/br |
' 3282 w
; 3175 w
3119 mibr |
| 3008 vw
| 2032 m 2935 s
2852 w 2854 s | 2845 ww
2830 m
2815 w 2813 vw !
2785 m
2756 vw 2758 m
2731 vw
2718 w
2685 w
1467 w
1452 vw
1419 ww 1417 m
1403 w
1396 m
1388 vs 1390 s
1382 m
1368 s 1368 s 1367 vs
1356 vs 1360 m :
1351 m 1348 vs | 1352 vw 1350 m
1341 m I 1340 ww
1073 w 1073 ww
1065 m i
L1013 ww 1020 vw
L 925 vs 932 vs
880 vs |
778 w 780 w
770 vWw 770 w 769 vw
I 665 m 658 vw
L 624 vw 624 vw
20w |
245 m 5
! 180 wibr
150 s L 154w 159 w
135 s 138 m !

Intensity : vs : very strong, s : strong, m : medium, w : weak, vw : very weak, br : broad, sh : shoulder.

-209



APPENDIX -V : Publications

Refereed papers

Robinet L., Coupry C., Eremin K., and Hall C., Ramavestigation of the structural
changes during alteration of historic glasses lgyoic pollutants,J. Raman Spectros87
(2006)in press

Robinet L., Coupry C., Eremin K., and Hall C., Timee of Raman spectrometry to predict
the stability of historic glasse$, Raman Spectros87 (2006) 789.

Robinet L, Fearn S, and Eremin K., Understandingsgl deterioration in museum
collections: a multi-disciplinary approachCOM Committee for Conservation triennal
meeting (14), The HagueJames & James,ondon (2005) 139.

Robinet L., Eremin K., Fearn S., Pulham C., and Bal Understanding glass deterioration
in museum collections through Raman spectroscomy SlMS analysisMat. Res. Soc.
Symp P 852 (2005) 121. — [award for the best studapeg

Other technical publications

Carmichael H., Disintegration mystery crack&hemistry World2, 11 (November 2005)
13. http://www.rsc.org/chemistryworld/News/2005/Septemp6090501.asp

Prost A., Le bois des vitrines des musées contribda corrosion des objets en verre,
Actualités scientifiques au Royaume-UAmbassade de France au Royaume:-(factober
2005) 39 http://www.ambascience.co.uk/article.php3?id_agt&57

Wood R., Keeping a weather-eye on ancient gldaterials World (March 2005) 29.
http://www.cmse.ed.ac.uk/MatWorld-Mar05.pdf
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Raman spectroscopy (ICORS)rfers Paradise, 8-13 August 2004.
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RESUME DETAILLE EN FRANCAIS

INTRODUCTION

L’étude de l'altération des collections verrieres chusée national d’Ecosse (NMS) a
clairement montré que les polluants organiquesragtssent avec le verre produisant la
formation de dép6ts cristallins en surface. Cepentleffet de ces polluants sur la structure
elle-méme n’est pas connue. Quelques études gmbntépune altération similaire et ont affirmé
que le formaldéhyde au sein des polluants orgasigtagt responsable de l'altération sans tenir
compte des polluants acides. Etant donné quededékes polluants sur l'altération des verres
n'a jamais été examiné, il n'était pas possiblefalee des recommandations concernant le

traitement et la conservation future des verres!6iS.

Le but de cette étude a donc été d’'étudier le déke polluants organiques sur l'altération
des verres instables comparativement a une atmaspba-polluée. Ce travail se concentre sur
l'altération des verres a composition sodique inistaet examine le réle de l'acide formique,
'acide acétique et le formaldéhyde. Les analyses Basées sur des objets en verres issus des
collections du NMS et des verres répliques viedlims des atmosphéres réelles et artificielles.

La recherche focalise sur les modifications ddriacture chimique du verre avec I'altération.

Le chapitre | revient sur I'état de connaissances concernardtrizcture du verre, sa
composition, son altération, I'atération des cditets verrieres du NMS et les polluants
organiques. Lehapitre Il présente les matériaux étudiés, les procéduresiengntales et les
différentes techniques d’analyses appliquées. Wrtcbapitre 11l examine les dépbts cristallins
afin de complémenter les résultats des autres sgmlyDans |ehapitre 1V, la spectroscopie
Raman est appliquée pour examiner le lien entre desmnées spectrales et la
composition/stabilité des verres; ainsi que lesifieadions de structure par I'altération sur des
verres historiques et des verres vieillis artifieiment. Enfin, les mécanismes et les cinétiques
de l'altération, basés sur les profils de conceiomaSIMS des verres vieillis artificiellement,

sont présentés amapitre \/
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RESUME DETAILLE EN FRANCAIS

| - ETAT DE L'ART

Structure d’un verre

Dans les verres silicates il existe un ordre ateodistance avec I'arrangement des atomes
en tétraedres SiPmais sans ordre a moyenne et longue distanceudigs SiQ forment la
structure de base des verres silicates c’est poufgjuest nommé léormateurdu réseau. Ces
tétraedres sont liés a leur sommet, ne partagesmh geul oxygene, qui est nomragygene
pontant (BO). L’introduction de cations dans le verre,ngipalement alcalins (NaK") et
alcalino-terreux (Cd, Mg®) modifie les propriétés du verre aussi les nomoe-t
modificateursde réseau. Ces cations dépolymérisent la struetucassant des liaisons Si-O et
créent des liaisons plus ioniques entre le cattdforygene. Les oxygenes liés a ces cations
sont nommeéoxygenes non-pontan{dBO). Les unités silicates peuvent avoir entret4
NBOs et la notation Qest utilisée pour différencier chacune de cesas®in correspond au
nombre d’oxygénes pontants. La concentration stde de cation influencent la distribution de
ces especes"QEn fonction de leur structures électroniqueschtions affectent les énergies de
liaisons des Si-O difféeremment, ce qui modifiettasture du réseau au travers des longueurs et

des forces des liaisons, de la coordination dwoade I'angle des liaisons Si-O-Si.

Altération des verres

La composition du verre et la présence d’'eau sntléux facteurs principaux responsables
de l'altération des verres. Plus un verre contigntations modificateurs, plus sa structure est
dépolymérisée et donc ouverte, ce qui favorise dhilité des cations et I'altération du verre.
Les cations ne réagissent pas avec I'eau de fagale.€En général, plus le rapport charge sur
rayon ionique des cations diminue, plus le verra sétéré. Ainsi, les alcalins sont facilement
extraits du réseau, tandis que les alcalino-tererigmentent la durabilité des verres. Pour cette
raison les alcalino-terreux, ainsi que I'aluminieire plomb sont nommésabilisateurs Cette
différence est associée aux différentes mobiligs chtions, liées aux forces de liaison de ces

cations avec les NBOs.
Deux mécanismes sont impliqués lors de la réad®tieau avec le verre : laxiviation

séléctive des alcalins et thssolution du réseau silicate. Suivant la période dans le $eetp

surtout le pH de la solution d’attaque, I'un owlt@ mécanisme domine l'altération.

-214



RESUME DETAILLE EN FRANCAIS

Lors de lalixiviation, il y a formation de silanols aprées extractioreséle des alcalins, ce
qui impligue une hydratation du verre. La lixiviati en présence d'eau se fait au travers de 3
réactions simultanées :

- L'échange ionique quand les alcalins sont remplacés parod HO", en gardant la

neutralité électrique en chaque point.

- L’hydratation: quand I'eau pénétre dans le verre sous formécntdire

- L’hydrolyse: quand I'eau casse les liaisons Si-O-Si.
Comme ces 3 réactions font intervenir des mecamistee diffusion, la quantité d’alcalins
extrait par la lixiviation est proportionnelle anacine carrée du temps. La lixiviation domine
I'altération dans les premiers temps de contact #e@au puis la vitesse d’extraction ralentit
avec le temps jusqu'a atteindre un état stabldixhaation favorise une augmentation du pH
par formation d’hydroxydes d’alcalins (NaOH, KOH) surface. Par suite de la lixiviation, le
réseau silicate se réarrange par condensationildesls pour former de nouvelles liaisons Si-
O-Si.

Lors de ladissolution, il y a coupure des liaisons Si-O-Si et tous lésnénts du réseau
peuvent passer en solution, c’est pourquoi ellgiéstcongruente. Cette réaction domine a long
terme, aprés stabilisation de la réaction de latioh, ou en présence de pH supérieur & 9. En
solution basique, la dissolution est accélérée pattaque nucléophile et progresse
proportionnellement avec le temps. Le verre disdoasie un gel qui est riche en especes

silicates hydratées. Apres condensation, ce geldam matériau amorphe hydraté.

La réaction du verre avec I'atmosphere est faveriz#@ la présence d'un film d’eau a la
surface du verre, dont I'épaisseur augmente aheenlidité ambiante. Le processus d’altération
est influencé par différents facteurs que sons clenditions statiques ou dynamiques, 'aire de
la surface du verre par rapport au volume de lati®ol, 'hnumidité relative qui controle le
nombre de couche d’eau adsorbée en surface, l&étatape, les polluants, et la nature des

particules.

Altération des verres du musée national d’'Ecosse (N  MS)

Un examen en 1996 des collections verriéres duekldational d’Ecosse (NMS) a révélé
que les verres des collections Britanniques, Chemet Islamiques du 820" ™ siécle étaient
touchés par une altération étendue inhabituelle forenation de dépéts cristallins, craquelures,
ou perte d'écailles. Une étude scientifique padépartement ‘Conservation and Analytical

Research’ du NMS a conclu que I'altération résuttaine combinaison de facteurs :
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- une composition instable : généralement richseaglium et pauvre en calcium,
- une humidité relative (RH) et une températuetfiantes,
- des concentrations élevées de polluants orgastidiaeide acétique, I'acide formique et

le formaldéhyde émis par les vitrines en bois slplgiets sont exposés ou stockés.

Malgré une concentration largement majoritairecidia acétique dans I'atmosphere, seuls

des cristaux de formates de sodium sont identifikssurface des verres.

Polluants organiques

Les polluants organiques volatiles sont un prokl@majeur dans les musées car ils altérent
un grand nombre de matériaux inorganiques. Il s@agncipalement de formaldéhyde, d’acides
aceétiques et formiques. Ce sont les matériauxsésilpour fabriquer les vitrines (bois, résines,
colles, peintures...) qui constituent la source ppale de ces composés. Le processus
d’'altération par I'aldéhyde n’est pas bien connaluGci peut soit former I'acide formique par

oxydation, soit réagir avec NaOH selon la réactierCannizzaro en formant des formates.

II - EXPERIMENTATION ET INSTRUMENTATION

La collection verriere du NMS a servi de base pmite recherche. Par ailleurs, ce travalil
s'installe dans la continuité des recherches effaad par Ryan et Fearn sur l'altération
atmosphérique des verres instable dans les mus@msde leurs études ils ont utilisé un verre
répligue RG1 avec une composition riche en sodium et pauvreaaium, proche de la
composition des verres altérés du NMS. Nous avbaisicd'utiliser ce méme verre, qui nous a

été fourni par Fearn, pour examiner I'effet dedyzoits sur son altération.

Matériaux
Les matériaux choisis sont présentés selon leérdiffes problématiques étudiées :

Etude du lien composition — stabilité — spectre RanDes échantillons ont été prélevés sur des

objets stables et instables au sein des collecBatsnniques et Islamiques.

Etude des changements de structure avec l'altérati@sée sur I'analyse d’'une bouteille a

décanter Britannique et une bouteille IslamiqueNdS (Figure 11.2). Les deux objets ont une

composition riche en sodium mais different payfeetde cation stabilisateur présent.
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Etude de la corrosion cristallind_es produits cristallins proviennent de verregdniques,

Islamiques et Chinois des collections du NMS, ains des produits cristallins prélevés sur des

objets du ‘Corning Museum of Glass'.

Etude du réle des polluants — expériences de igigdiinent Le verre RG1 qui a une

composition instable riche en sodium et faible altiom a servi de base pour les expériences
de vieillissement artificielles. Deux répliques\@eres sodiques additionnelles, I'un stable avec
une plus forte proportion de calciuRRn, et l'autre instable avec une faible quantité de
magnésiumRRo sont utilisées dans certaines expériences poup@@ison. Tous ces verres
ont été fabriqués par soufflage ce qui leur confére plus grande ressemblance avec les verres
historiques, par rapport aux blocs de verres faitdaboratoire. Leur composition élémentaire

mesurée par microsonde électronique est préseatéelel tableau I1.1.

Expériences de vieillissement

Vieillissement en condition ambianteLes verres répliques ont été altérés dans des

dessiccateurs ou la température, I'hnumidité redaéivla concentration des polluants introduits
étaient controlées. L'influence des parametres asu$s sur l'altération a été examinée :
I'humidité, le type de polluant, sa concentratienCQ;, en présence de lumiére, et le temps. Le
montage des expériences est présenté en figuretlud résumé des expériences est donné en
annexe Il.

Des verres ont été altérés en atmosphere réeliagant des échantillons de veR&1 aux
cbtés des objets au sein de deux armoires du NbBmeées cellar 3 et 12 dans cette étude, qui
émettent des quantités élevées de polluants. Lreentrations correspondantes sont indiquées
dans le tableau 1.2 ainsi que la disposition dgsaatillons en figures 11.5 et 11.6. Des verres

RG1 ont été exposés en paralléle dans les dessicsa@el@s armoires pendant 13 mois.

Vieillissement en conditions accélérédses 3 verres répliques ont été altérés par étxpos

une atmosphere saturée en eau avec ou non deants|lapres suspension du fragment de verre
par un bouchon silicone dans un tube en verre dal5(Figure 1I-7). Le tube a été maintenu a

une température de 60°C pour des durées de 1-8nsnfAnnexe ).
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Techniques d’analyses
Deux techniques d’analyses principales ont étésidmpour cette étude :

- La spectroscopie Raman pour examiner les madiifiocs de structure du verre sur des
objets du musée et des verres vieillis en conditemteélérées. Cette technique a été choisie car
elle permet d’effectuer des analysesitu et non destructive, criteres essentiel pour leséms.

- La microsonde ionique SIMS: pour suivre I'altéwa a partir des profils de concentration
des éléments dans les verres vieillis en conditionBiantes. L'interet du SIMS est de pouvoir
observer les modifications de dizaine de nanomeét&ses dans le verre a condition ambiante.
La microsonde électronique (EPMA) a été utiliséefalmon complémentaire pour obtenir la
composition élémentaire des verres étudiés. Le asdape électronique a balayage a été
appliqué principalement pour obtenir des imagetadrirface ou de la coupe transversale des

verres.

[l - PRODUITS CRYSTALLINS SUR LES VERRES

Ce chapitre a confirmé que I'altération causéelparpolluants émis par les vitrines et
armoires de stockage affectent aussi bien les vérganniques que les verres Chinois et
Islamiques de composition instable dans la colectiu NMS. Une altération identique touche
les collections du Corning Museum of Glass. Dans tles cas les composés formates sont
majoritaires, avec principalement le sodium de faBmll et minoritairement le sodium de
formate | et un formate de sodium et calcium. La présenda ghase’ldu formate du sodium
a la surface de certains objets a été confirméartir ple la comparaison des spectres Raman
d’'un échantillon provenant d'un objet et du formdéesodium refroidi aprés chauffage au dela
de 240°C. Il a été déterminé que la présence deseptiou Il du formate de sodium dans les
produits est liée a I'humidité relative de I'envirement. Les produits cristallins formés en
surface des verres veillis dans les atmosphérdgiaties sont en accord avec les produits
présents sur les objets de musée. La différencéenentre les produits formés lors des
vieillissements en condition ambiante et accélgéar les atmosphéres a polluant mixte
indique que la compétition entre les polluantsadfgctée par les conditions de température et
d’humidité.
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IV - LA STRUCTURE CHIMIQUE DES VERRES SODIQUES

Lien stabilité-composition-spectre Raman

Cette étude a montré que la spectrométrie Ramamniqfeumer sur la stabilité d'un verre
sans nécessiter la détermination de la composiél@émentaire complete. Une premiere
distinction peut étre faite sur le profil du specémtre les verres calciques ou au plomb, tous
deux stables et les verres alcalins qui ont ur@lgéamixte (figure 1V.4). Dans le cas des verres
alcalins une analyse spectrale est requise poenislites informations sur les différentes unités
vibrationnelles associées type d’alcalin et la emi@tion des cations. Pour cette raison une
méthode de décomposition a été mise au point gsuspectres de ces verres et a conduit a des
corrélations établies a partir des composantedrspes obtenues (Table 1V.3 and Figure IV.7).

La position de la bande & 550 tim été corrélée directement au degré de polymiénisdt
verre avec la concentration en silice du verreyfgdV.8). Par consequent cette bande est aussi
directement corrélée a la charge totale des catimoslificateurs. Cette méthode est
particulierement adaptée pour comparer des vesses id’'un groupe de composition similaire,

comme les verres alcalins.

Une autre corrélation a été établie entre la chaogmle des cations modificateurs et
lintensité relative de la bande & 950 trassociée & la vibration des espécegr@ure 1V.9).
Cette bande est principalement influencée par lacetration en cations doublement et

triplement chargés, les stabilisateurs.

Le rapport des aires des bandesoPPositAgeg)/(Agoo-115) du spectre Raman est
proposé pour déterminer la stabilité des verrefsed (figure 1V.10). Bien que cette méthode
de décomposition spectrale nécessite d'autre gatifins, elle montre que la spectroscopie
Raman peut aider les musées a évaluer la compogjénérale de leur objets en verre et la

stabilité de leurs verres sodiques.

Modification de la structure avec I'altération

Cette étude présente les différences de modificatiproduites entre les processus
d’altération en atmosphére humide et en atmosghérede polluée par la présence d’un acide.
Chaque atmosphére génere des modifications d’apgaret de structure caractéristiques,

décrites ci-dessous.
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Atmosphére humide et polluée par un acide

Dans une atmosphére acide, le processus de tipiviales alcalins est continu et la
dissolution est négligeable. Aprés altération emogphere acide, le verre apparait visuellement
inchangé, en gardant sa transparence, car le r&s€$i n’a pas été altéré. Cependant a cause
de sa forte hydratation, le verre est sensible @khydratation qui provoque I'extraction des
molécules d’eau de la structure et favorise pradrabht d’autres réactions de polymeérisation
entre silanols. Tout séchage important du verreegposition a une humidité relative basse ou
une augmentation de température crée dimportanteaquelures qui modifient
irremédiablement I'apparence visuelle du verre feédV.18). Ces fractures peuvent amener le

verre a sa compléte désintégration.

Au sein de la structure en surface, la lixiviatientraine la diminution des espéce% Q
associées aux alcalins et la formation d'espedasats (Figure IV.20). Ces maodifications sont
principalement observées dans le spectre Ramanapdiminution d’intensité des bandes
associées a la vibration des espécésa@nviron 550 cihy pour les déformations et 1100 ¢m
pour les élongations. Les cations polyvalents Bsalbéurs, tels que le calcium, le magnésium et
le plomb, sont retenus dans la structure a caussud@lus forte interaction avec les NBOs. Par
conséquent, les espéced fincipalement associés a ces cations restenemes dans la
structure. Ces espéces frésentent des bandes de vibration dans le spRamman dans la
région 900-1000 cih qui apparaissent sous la forme de deux compasanteur de 950 et 990
cm® quand le cation associé est le calcium, ou unelsimpmposante plus fine & 990 tm
guand le cation associé est le plomb ou le culvtg/dratation de la structure par formation de
silanols et d’eau moléculaire est mise en évidgrarela présence d’'une bande large dans la
région 3000-3800 cihdu spectre Raman. Celle-ci est associée a larprésge nouvelles
bandes plus ou moins visibles & 970-1000",ct070-1080 cm and 1630 ci. Lors de
I'altération, la majorité des silanols formés po8nsent, en réagissant entre eux, et forment de
nouvelles liaisons Si-O-Si ainsi que des anneapa B tétraédres silicates. La polymérisation
est détectée sur le spectre Raman par une augioardatmassif de vibration de déformation
des Si-O-Si entre 200 et 600 ¢nDans certains cas, on note la présence de gréopestes au
sein de la structure, ce qui suggére que l'acidmifpue pénétre au sein de la couche altérée,
pouvant éventuellement catalyser la condensatisrsii@nols comme c’est le cas dans les sol-

gels.
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Atmosphére humide non polluée

En I'absence d'un polluant acide qui conserveidiia€ du film d’eau a la surface du verre,
la lixiviation qui a lieu au début de l'altérati@mtraine la formation rapide d’'une solution trés
basique de NaOH a la surface du verre. En présgmamtte solution basique la réaction de
dissolution du réseau silicate prédomine. Les ptedie cette dissolution n’étant pas éliminés,
comme lors d’'une altération en solution, un geff@ene en surface contenant des especes

silicates hydratées HSiand SiQ* ainsi que les cations dissous.

Aprés altération en atmosphére humide, I'appareisgelle du verre en surface est trés
modifiée, et cette apparence varie avec le tempkesetconditions d’exposition. On note
principalement une perte de transparence de lacdt la formation d’iridescences dans les
premiers temps de l'altération (Figures 1V.25). Ave temps, la couche altérée s’épaissit,
devient opaque et I'aspect d’'un gel est clairemvégible (Figures 1V.26 et IV.27). Dés que ce
gel séche, lors d’'une baisse d’humidité ou une amgation de température, il se solidifie par
condensation des espéeces présentes dans le gahetdn nouveau matériau amorphe avec une
importante porosité. Des produits cristallins semient a la surface ou sont emprisonnés a
l'intérieur de ce matériau s'il y a contact avesir’avant que la condensation ne soit compléte.
Par rapport a la structure du verre sain, la gtrectle ce nouveau matériau amorphe est
fortement hydratée et davantage dépolymérisée weisg contient majoritairement des espéces
Q? ( Figures IV.29) Deux modifications visuelles gtestrales sont caractéristiques d’une
altération par dissolution : I'apparition d’une melle bande autour de 670-680 tmans le
spectre Raman et la formation d’'un réseau de capulénterface entre la couche altérée et le
verre (Figures IV.27). Entre le gel/matériau amerph le verre sain il existe une couche de
verre lixiviée de ses alcalins. Ainsi un verre ayété exposé a une atmosphére humide non
polluée par un acide est composé de trois coudeegerre sain, une couche de verre lixiviée et

un nouveau matériau amorphe en surface.

Conclusion pour les verres historiques

Les modifications de structure et d’apparence dgst® du NMS sont similaires a celles
produites par vieilissements en atmosphére hureidacide. Ce résultat confirme que les
polluants organigues agissent sur le processugathtibn ; il suggere que les polluants acides
sont responsable de l'altération des verres hggies du NMS. Par ailleurs ces résultats
indiquent qu’il est possible de déterminer si uree été soumis a I'action d’'une atmosphere
acide ou non. Ces informations sur les modificatide structure et I'épaisseur de la couche

altérée peuvent étre obteninesitu et de facon non-destructive par spectroscopie RaEtant
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donné que la réaction de dissolution est favorpael’augmentation de la température, cette
altération n'est pas représentative de la situafiotempérature ambiante. En revanche, la
structure de la couche altérée obtenue dans deditioos réelles est vraisemblablement

similaire a celle obtenue dans cette étude.

V - MECANISME ET CINETIQUE DE L'ALTERATION

Lors de l'altération atmosphérique des verresaal, seuls les profils de concentration
des alcalins, sodium et potassium, et de I'hydregeont modifiés. L'examen de ces profils a
donné des informations sur la structure de la cewdtérée et le processus d’altération ; et la
mesure de la quantité d’ions sodium extrait et’épaisseur de la couche altérée a permi de

guantifier et suivre I'avancée de l'altération.

L’examen de l'altération des verres dans une gthma® inerte avec J\a differentes
humidités relatives indique que l'eau présente déetsnosphere est le facteur principal
contrdlant I'altération des verres de compositimstable. Les résultats de cette étude confirment
I'existence des deux mécanismes d’altération aitondambiante : la réaction de lixiviation
avec extraction des alcalins et formation d’unecbeuhydratée; et la réaction de dissolution
caractérisée par un enrichissement en alcalins &uléace. De plus, on observe une
prédominance de la réaction de lixiviation au détmut’alteration, avec une quantité d’alcalins
extraite proportionnelle a la racine carrée du ®nmuis a long terme, lorsque la lixiviation
approche un état stable, la dissolution prédomependant la chimie de I'atmosphere

influence la cinétique de ce processus ainsi qaeeraposition de la couche de verre altérée.

Le film d'eau formé par I'humidité sur la surfasert d’interface de contact entre les
polluants dans I'atmosphere et le verre. La hadeddhumidité augmente le nombre de couches
d’eau ce qui accélére la réaction de lixiviationgmrtionnellement (Figure V.16). On note que
le processus d’altération est ralenti pour un vexgosé a I'air ambiant par rapport a un verre
exposé a une atmosphere inertg) (Nes faibles concentrations en £80; contenus dans I'air
réagissent avec la solution de NaOH formée en sainfr I'eau, inhibant la dissolution du

réseau silicate.

En présence des polluants organiques émis paiitt@ges, la réaction de lixiviation est

accélérée et amplifiée, et la réaction de dissmiutia pas lieu. Cette étude a clairement montré
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que le formaldéhyde n’agit pas sur la réactionixdeition, ce qui signifie que I'acide formique

(qui I'accélére) n’est pas formé par oxydation.rEmanche il réagit en surface avec la solution
de NaOH induite par I'humidité, pour former du f@i® de sodium phase I” par la réaction de
Cannizzaro. Par conséquent, le formaldéhyde etdiabient ont un effet plutét bénéfique pour

le verre car ils neutralisent le NaOH empéchaudidaolution du réseau silicate.

L’augmentation d’altération observée pour lese®exposés aux atmospheéres des vitrines
est similaire & celle induite par l'acide formiquee qui confirme que les acides sont
responsables de cette accélération. Ces acideseatgm et maintiennent I'acidité de la
solution en surface, ce qui accélére et mainteeméaction lixiviation. En atmosphére acide, la
réaction de lixiviation reste toujours prédominagtesa vitesse est multipliée en moyenne par 4
par rapport & une atmosphére non acide. Non sentele® polluants acides augmentent la
profondeur d’altération, mais ils augmentent alssjuantité de sodium extrait au sein de la
couche altérée. Ainsi la composition d’'un verrér@ten atmosphére acide a une concentration
en sodium ~1 at% par rapport a ~5 at% en atmospheéne acide (air ambiant, ,Nou
formaldéhyde) (Figures V.24 et V.25). La couche&réé formée est donc trés appauvrie en
alcalins et tres hydratée. L'eau et la faible comiedion en alcalins restant dans la couche

peuvent servir a faciliter I'échange ionique elixaviation entre le verre sain et I'extérieur.

Plus le polluant est acide, plus il est dissoetéplus grande est I'altération. Cependant
l'augmentation de la concentration en polluant & p& pas dinfluence sur l'altération,
particulierement a faible humidité relative. L'ekjaltion proposée pour ce phénoméne est
associée a la saturation du film par les polluabésfaible volume que représente ce film
signifie que la saturation en polluants dissous a&seinte rapidement méme a faible
concentration. La quantité de polluants nécesgarg atteindre la saturation diminue avec
’humidité relative et l'aire de la surface d’éclgendu verre. Par ailleurs, il existe une
compétition entre les différents polluants qui péurie expliquée par la différence de vitesse
d’'incorporation de ces polluants dans le film d’eQuelles que soient les proportions de
chacun des polluants, les composés formates squotitages car I'acide formique prédomine
dans le film. Ce phénoméne expliquera alors lagorés majoritaire de composés formates sur
les verres du NMS dans des atmosphéres ou 'acdgqgae prédomine. Ainsi I'acidité du
polluant, et dans ce cas l'acide formique est leosde facteur, aprés I'eau, qui contrdle

I'altération.
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Les résultats ont montré qu’une concentrationidaise que 30.5ug/n d’acide formique
dans I'atmosphére produit autant de dommage queolesentrations six fois plus élevées des
vitrines. Cette faible concentration est en desslesdimites de détection de la chromatographie
ionique, technique générallement utilisée pour merskes taux de polluants dans les musées.
Cette donnée est inquiétante d’'un point de vuearwasion des objets car elle indique que de
telles atmospheres, néfastes pour des verres dposdian instable, ne pourraient pas étre

identifiées.

La réaction de lixiviation est contr6lée par défon et la quantité d’alcalins extraite est
proportionnelle a la racine carrée du temps quasddnditions environnementales (humidité et
température) sont stables, comme c’est le cas généent lors d’expériences en laboratoire.
Cependant les conditions contrdlées du laboratareont pas représentatives de I'atmosphére
du musée ou les conditions sont loin d’étre coaddlet ou des fluctuations quotidiennes,
mensuelles et annuelles ont lieu. Cette étude aréngue ces fluctuations affectent de fagon
importante 'avancement de la réaction de lixiviatet donc la cinétique de I'altération. Chaque
fois qu’une fluctuation a lieu, I'équilibre qui skveloppe est perturbé et un échange ionique
rapide est réactivé dans le verre, causant unééaatién de I'altération. Cette perturbation est
visible dans les profils de concentration SIMS deses par la réapparition du pic K au niveau
du front d’échange dans le profil de concentratihn potassium, pic caractéristique d'un
échange ionique conséquent (Figures V.31 et VE2h que la réaction de lixiviation tend vers
l'installation de I'équilibre et la stabilisationed’altération, il semble que cet équilibre n’est
jamais atteint pour les verres exposés aux atmosphée musées, di aux incessantes
fluctuations. Ceci est d’autant plus vrai dansa@sosphéres acides ou la réaction de lixiviation
est importante. Par ailleurs, la cristallisatiorpdeduits d’altération en surface va aussi déplacer

I'équilibre vers une augmentation de la lixiviation

Par conséquent, I'altération des verres exposies Polluants organiques acides dans les
musées augmente constamment et ne se stabilisasjdfigure V.36). Les expériences
effectuées sur 13 mois ont permis d’établir quidiation progresse de 1.6 nm par jour dans
'armoire 3 et de 2.3 nm par jour dans I'armoire @dur un verre de composition RG1. Ces
valeurs indiquent qu’il faut en moyenne 50 ans gahtenir une couche d’altération épaisse de
37 um (épaisseur d’altération du décanter), ce qucekérent avec la durée d’exposition des
objets du NMS a cette atmosphere. La différencecidétique d’altération entre les deux
atmosphéres est liée aux différences de condigorgonnementales plutdt qu'a la différence

de concentration en polluants. Enfin si un vertérélen atmosphére acide est placé dans une
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atmosphére non acide, la couche altérée va cheacatteindre un nouvel équilibre en rapport

avec la chimie de la nouvelle atmosphere.

CONCLUSION

Cette étude a mis en évidence le réle néfastepdéisants organiques acides dans
laltération des verres sodiques. Ces polluantsdesci combinés aux conditions
environnementales fluctuantes entretiennent ugeadibn continue par lixiviation qui induisent
la formation de couches hydratées et dépourvudsatiizs a la surface du verre. Cette couche
est sensible a la déshydratation qui génére desi€i@es pouvant amener a la désintegration
compléte de I'objet. Par conséquent, I'exposities derres instables aux polluants organiques,

lors du stockage dans des vitrines en bois par pbeemoit impérativement étre évité.

Afin de pouvoir développer des traitements de epration et des conditions de stockage
appropriés pour les objets en verre altérés, diseécessaire d'étudier par la suite I'effet de
I'environnement sur ces couches altérées, en exeien particulier le comportement
mécanique de ces couches. Il serait aussi essétatogjuérir de plus amples informations sur la
structure de cette couche et ses modificationgjtéisant par exemple la RMN du solide en

paralléle de la spectroscopie Raman.

Enfin, cette recherche s’est limitée a I'étudedses sodiques sur lesquels il a été possible
de développer I'application de la spectroscopie &amune méthode non-destructive, pour
obtenir des informations sur la composition, stebét altération des verres. Il serait intéressant
d’élargir cette étude a d'autres compositions, artigulier les verres potassiques qui sont
encore plus instables et qui ont été largemerisésilau sein des monuments historiques ou pour

les objets historiques.
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