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“There is a theory which states that if ever anyone discovers exactly what the Universe is
forand why it is here, it will instantly disappear and be replaced by something even more
bizarre and inexplicable.

There is another theory which states that this has already happened.”

Douglas Adams






Abstract

Orpiment and realgar are yellow and red arsenic sulphide pigments that have been used
since antiquity in works of art until the 19™ century, when their use was restricted due
to their toxicity. With time, these pigments degrade to form colourless arsenic oxide.
Different oxidation states of arsenic (+3 and +5) in the degradation products have been
recently found. Moreover, they have been identified throughout the whole painting lay-
out from the panel until the varnish, suggesting the migration of degradation products
through the paint layers. Besides changing the aspect, they might change the stability
of the painting or painted object. Furthermore, they might represent a potential hazard
for conservators when dealing with the work of art. Since a painting is in equilibrium
with its environment, there is always water in motion inside the painting. It is therefore
believed that the degradation products are migrating via water. However, the migration
mechanism is still not well understood. This thesis aims to provide a better insight into
the diffusion process of arsenites (As*3) and arsenates (As*) in materials commonly
found in paintings. For this, two different approaches were followed:

In one hand, light aged painting reconstructions were analysed with FTIR microscopy
and SEM-EDS to asses the effect of different grounds and relative humidity on the mi-
gration of arsenic. In all the samples, degradation products were found in the orpiment
layer based on the As-O vibration, detected with FTIR microscopy. It was possible to
identify arsenic in the ground layer close to the orpiment-ground interface for all sam-
ples with both techniques. However, due to the low intensity and the proximity to the
interface of the arsenic found in the grounds, no conclusions could be drawn about its
migration.

On the other hand, in-situ ATR-FTIR spectroscopy and EIS measurements were per-
formed on a set of samples to analyse the water, arsenates and arsenites diffusion
through oil and two varnishes (dammar and mastic). The diffusion coefficients of water
in oil, dammar and mastic were determined with both techniques. It was found that the
water diffuses faster in oil than in the two varnishes. Despite being similar, mastic was
found to be less stable than dammar since a decrease in its barrier properties with time
was found. The diffusion of arsenates and arsenites in dammar and mastic was studied
by EIS and the diffusion coefficients were calculated for the first time. It was found that
the diffusion of arsenites in the coatings is faster than arsenates, which is in accordance
to the diffusion of these species in water. EIS resulted in a promising technique in the
study of diffusion of ions in coatings. Although further research is needed to fully un-
derstand the migration mechanism of arsenic in painting systems, this thesis provides
a useful insight and a methodology with which the water and ion transport in coatings
can be studied.
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Chapter1

Introduction

Orpiment and realgar are yellow and red arsenic sulphide pigments that have been used
since antiquity in works of art such as paintings and furniture until the 19™ century,
when their use was restricted due to their toxicity. As any other pigment, orpiment and
realgar degrade with time. Several case studies have been analysed in which degrada-
tion products have been identified. The degradation involves an oxidation reaction of
the arsenic sulphides to form colourless arsenic oxide. Moreover, arsenic species with
oxidation states of 5+ (arsenates) and 3+ (arsenites) have been found not only in the
orpiment and realgar paint layers, but also in other paint layers, from the panel up until
the varnish.

A painting is always in equilibrium with the surrounding environment, which means
that there is always water, oxygen and other compounds in motion inside a painting.
Therefore, it is believed that the the arsenic is migrating via water throughout the paint
layers [1, 2]. However, the mechanism behind the arsenic oxidation and transport inside
the paintings is not well understood.

The degradation and migration of these pigments is important since it has a direct ef-
fect on the aspect of the painting or the painted object making it look dirty and whitish.
Moreover, the degradation products can change the stability of the painting as new re-
actants are being produced. This could lead to changes of other components of the
painting or painted object and worsen its state. Therefore, it is of great importance to
understand the degradation and migration process to be able to design a solution and
to try to stop and reverse it.

Furthermore, arsenic migration is a potential hazard for the conservators. The removal
of old varnishes is a common practice in the conservation of paintings and, since arsenic
has been identified even in the varnish layer, it can represent a potential risk to the con-
servator’s health. Itis for these reasons that the degradation and migration of orpiment
and realgar are the subjects of this thesis.



2 Chapter 1. Introduction

1.1 Case studies

A summary of the objects previously studied is presented in Table 1.1. The case studies in-
clude paintings and furniture. The pigments studied are orpiment, realgar and emerald
green, which is also an arsenic containing pigment composed of copper acetoarsenite.
Similar to orpiment and realgar, it was used until 19" century and discontinued due to
its toxicity. The degradation products of this pigment are also arsenite and arsenate.

Table 1.1: Degradation and migration of orpiment, realgar and emerald
green case studies.

Sample Artist Year Pigment Ref.
The dentist Unknown 17th century ~ Orpiment, realgar  [1]
Cupboard HL. Theresa 1824 Emerald green (1]
Interior of a restaurant Vincent Van Gogh 1887 Emerald green [1]
Festoon of fruits and flowers  Jan Davidsz. de Heem  1660-1670 Orpiment (1
Descent of the cattle Théodore Rousseau 1836 Emerald green (1]
Saybrook chest Charles Willam 17101727 Orpiment (2]
Still life with five apricots Adriaen Coorte 1704 Orpiment, realgar  [2]

As mentioned above arsenites and arsenates have been found all across the painting
build-up. Moreover, it has been found that it is only arsenic compounds and not sulphur
that are found throughout the layers. This suggests that the degradation products are
the ones migrating, and not the original pigment.

An interesting observation made in the sample Festoon of fruits and flowers is that ar-
senic was concentrated in lead rich areas. Even the presence of As-Pb needles was ob-
served. This is an indication of the affinity of arsenic towards lead and therefore, pig-
ments such as lead white will have a important effect on the migration of arsenic com-
pounds. This same trend was observed in the Saybrook chest.

Another important finding is that more oxidized products (arsenates) were found fur-
ther away from the intact particle than less oxidized products, such as arsenites. How-
ever, the oxidation of the original pigments and the migration of its degradation prod-
ucts inside the painting is not well understood. The aim of this thesis is therefore to
gain moreinsight into the mechanisms of this phenomena. The proposed main research
question and particular objectives are presented in the next section.

1.2 Research question and objectives

The main research question is: How do the orpiment and realgar degradation products,
namely arsenites and arsenates, migrate throughout the painting layers?

In order to answer the research question, the following particular objectives were pro-
posed:
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« Analyse the effect of different grounds in the oxidation of orpiment and in the
mobility of the degradation species with different imaging techniques.

« Study the diffusion of water through binders and varnishes commonly used in
paintings.

« Determine the diffusion coefficients of arsenites and arsenates in the binders and
varnishes and compare them.

« Study the application of ATR-FTIR spectroscopy and EIS to the analysis of the pre-
viously mentioned phenomenons.

1.3 Thesis outline

This thesis contains 7 chapters. An overview of the content of each chapter is given
below.

Chapter 2 describes how a painting looks like in terms of its materials. Firstly, a typical
build-up of a painting is given in order to provide a general understanding of the system
under study. And secondly, the materials used in this thesis, namely pigments, grounds,
varnishes and binders are introduced.

Chapter 3 provides an overview of the arsenic chemistry, which includes the degradation
reactions of orpiment and realgar, the absorption reactions of arsenite and arsenate in
amorphous oxides and the mobility of this species in water.

Chapter 4 explains the proposed methodology. It is conformed by two parts: ex-situ
measurements, in which cross-sections of painting reconstructions are studied by SEM-
EDS, FTIR microscopy and in-situ measurements, where the diffusion of water and ar-
senicis studied by ATR-FTIR spectroscopy and electrochemical impedance spectroscopy.
The principles of the techniques is given, as well as the experimental set up and the
methods used to calculate the desired parameters.

Chapter 5 contains the results from the ex-situ measurements. It consists in three parts
that belong to the three analysed grounds: chalk, earth pigment and lead white. Lastly,
a discussion of the findings is presented.

Chapter 6 presents the results of the in-situ measurements in 6 different sections. First,
the characterization of the dammar, mastic, glue and oil coatings by ATR-FTIR spec-
troscopy is given. The second and third parts contain the water diffusion results studied
by ATR-FTIR spectroscopy and EIS, respectively. In the fourth and fifth parts, the results
of the arsenic diffusion with the above mentioned techniques are presented. And lastly,
a discussion of the results can be read in the sixth section.

Chapter finally states the final conclusions drawn from the experiments made in this
thesis along with recommendations for future work.






Chapter 2

Painting systems

In this chapter, a brief introduction of the materials that constitute a painting is given.
First, a typical structure of a painting is described. The general characteristics of the
painting components (ground, pigment, binder and varnish) are individually given and a
description of the materials used in this thesis is provided.

2.1 Painting build-up

A painting is a very complex system that is conformed by multiple layers and each layer
has a wide variety of materials. The typical structure of a painting is presented in Fig.
2.1. The surface were the paint is applied is called support. It can be made of a rigid
material like wood, metal, glass or plastic; or by a flexible material like a cotton or linen
canvas stretched over a wooden frame. The canvas is covered by a diluted glue, called
a size, to prevent the subsequent layers to be absorbed on the support and avoid the
penetration of binders and vehicles that could affect the support material. In order to
enhance this protection and create a reflective surface beneath the paint film, a ground,
that consist normally in a glue, chalk and white pigment, is applied on top. Above the
ground, several layers of paint are applied. The paint consists of a powdered material,
pigment, which provides the colour dispersed in a liquid called binder that helps the
paint to be spread out and keeps the individual pigment grains together and attached
to the surface producing a stable paint film upon drying. The binder can be oil, egg,
gum or a synthetic polymer. Sometimes, a vehicle is added to the paint to facilitate the
application, make it more transparent and aid the drying of the film. The vehicle can be
water, gums, acrylic polymers, turpentine or petroleum derivatives and they evaporate
as the paint dries. Finally, a layer of varnish can be placed on top to protect the painting
from pollutants, dirt, and moisture and to change the final appearance of the paining
by making it more reflective [3].
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Fig. 2.1 Typical structure of a painting. A: canvas, B: ground, C: paint, D:
varnish [4].

2.2 Ground

The ground is a thick coating that is applied to the the sized support. It prevents the
penetration of binders and vehicles to the support and acts as a reflective surface as
light penetrates through the paint as far as the ground. Traditionally for wooden panels
and canvas, a mixture of animal glue and gypsum called gesso was used. From the
renaissance, a hard gesso containing a mixture between animal glue, chalk (CaCOs) and
sometimes a white pigment (normally lead white) has been used used, although some
artists add colour to create a base for subsequent colours. Nowadays the animal glue
of traditional gesso is being replaced by an acrylic polymer. The most used pigment
for building the ground is lead white, which brings luminosity to the following paint
layers, although other colours are often used [3]. Besides protection, the ground is used
to prepare the surface of the support and create a smooth, uniform and non porous
surface to paint.

In this thesis, chalk, lead white and an earth pigment were studied as the grounds in
the painting reconstructions for the ex-situ experiments. These are presented in the
following section as they are pigments.

2.3 Pigment

A pigment is a fine powder that brings the colour to the paint and is dispersed in a liquid
(binder). The colour of a pigment s produced by the selective absorption of wavelengths
of visible light. Visible light comprises a range of the electromagnetic spectrum that the
eye responds to by sensing different wavelength as different colours (Fig. 2.2a). A colour
of a material will be given by the wavelengths that are not absorbed, but reflected. For
example, a green object will absorb all wavelengths except those corresponding to green
light Fig. 2.2b. Therefore, a pigment is a substance that absorbs a certain part of the
electromagnetic spectrum providing colour [3].
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Fig. 2.2: Electromagnetic spectrum showing the visible light region and
schematic of selective wavelength absorption [5, 6].

A pigment can be natural, from different sources of animals, plants or minerals, or syn-
thetic. It is grounded as a fine powder and dispersed in a liquid to allow its application
in the painting. Throughout history, the usage of different pigments has changed for
several reasons such as availability, toxicity, or the finding or development of other pig-
ments. Only the pigments studied in this thesis, namely chalk, lead white, earth, orpi-
ment and realgar, are described in the following sections.

231 Chalk

Chalkis a white porous material composed of calcite, which is the most crystalline form
of calcium carbonate CaCO;. Chalk occurs naturally in thick beds in many parts of the
world and is formed from marine sediments that consist of skeletal remains of prehis-
toric invertebrate animals. It has been used as a white pigment since antiquity and is
still in use. However, it has a poor covering quality when mixed with oil. Other uses
include the production of lime and portland cement and as a pigment in ceramics, cos-
metics, paper and paints. The mixture of chalk and glue is the most common ground in
Northern European paintings from medieval times to the 18™ century [7/].

2.3.2 Lead white

The term lead white constitutes any lead-based pigment. However, it generally refers to
basic lead carbonate [8]. Itis one of the most important and used pigments of all times
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and it has been used since antiquity until the 19"century, when its production was re-
stricted due to its toxicity. It was preferred among artists because it can be applied in a
very thin layer due to its high density and high degree of opacity. Another pigment, zinc
white, was used as an attempt to replace it, but it could not match the great covering
ability of lead white. It was not until 1921 when titanium white, which has a similar cov-
ering ability, began to be produced that lead white usage was substantially diminished.
Chemically, it is a basic lead carbonate with formula 2PbCO3-Pb(OH),. It has been used
in combination with a wide variety of binders like water, linseed oil, animal glue, and
tempera [9, 10].

2.3.3 Earth pigments

The earth pigments are a group of silicon and aluminium based minerals that contain
oxides, principally of iron and magnesium, and are found throughout the world. They
can be classified as:

« Ochres: the major components are iron oxide and clay. Their colour goes from
yellow, produced by hydrated iron oxide, to red, given by anhydrous iron oxide.
They are very durable and inert.

« Siennas: this pigments, named after the Italian city of Sienna, differ from the oth-
ers because they contain minor amounts (approximately 5%) of manganese ox-
ide. Their colour is yellow-brown and it forms a transparent paint that is used as
a glaze.

« Umbers: this brown pigments contain iron hydroxide and between 5 and 20%
manganese oxide. The name comes from the deposits found near the Italian city
of Umbria, although it is also found in Turkey and Cyprus. They have a good hid-
ing power and are used in oil and watercolour paints and in lithographic inks and
wallpaper.

 Green earths: they are also called terre verte. This pigments due their green colour
to the clay minerals celadonite and glauconite. They are stable and compatible
with all media. With oil they form a translucent paint with a low hiding power.

These minerals have been used as pigments since ancient times throughout the world.
They are used as such or modified by roasting the pigments to highlight the red colour.
These roasted pigments are called burnt umber, burnt sienna, etc. [/, 8].

2.34 Orpiment and realgar

Orpiment and realgar are two natural occurring arsenic sulphide minerals that along
with arsenopyrite, form the world's arsenic source. They have been used as pigments
since ancient Egypt until the 19th century. They have been identified in egyptian objects
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from the 31st century BC, indian paintings, asian wall paintings, norwegian folk art ob-
jects and 18th century American oil paintings, among others. Orpiment was not very
common in European works of art but it was used from The Book of Kells (9th century)
until the late 19th century impressionist paintings. It also appears in works from Jan
Van Eyck (15th century) and Tintoretto (16th century) [11]. However, these pigments are
highly toxic. In general, arsenic salts can cause bladder, skin, lungs and kidney cancer
when ingested or inhaled [12]. For this reason, orpiment and realgar were replaced by
other pigments such as cadmium and chrome yellow in the 19th century [2]. The pig-
ments are presented in Fig. 2.3

(a) Orpiment (b) Realgar

Fig. 2.3: Orpiment and realgar pigments [13, 14].

Orpimentis a yellow arsenic sulphide (As,S3) and realgaris a red arsenic sulphide (As4Sy)
and they can be found in natural or artificial form. Both orpiment and realgar have a
monoclinic structure. However, they have different arrangements. In one hand, orpi-
ment consists of covalently bonded [As-S3] chain units connected by sulphur atoms
and held together by van der Waals forces. In the other hand, realgar (or a-realgar,
which is the stable polymorph at room temperature) has cage-like units of [As4S4], also
connected by van der Waals forces. In this structure, arsenic atoms form a tetrahedron
and the sulphur atoms form a square bisecting one of the tetrahedron axes [12]. Their
correspondent structures are shown in Fig. 2.4.

o bl s

(a) Orpiment (b) Realgar

Fig. 2.4: Orpiment and realgar structures. Arsenic is represented by or-
ange and sulphur by blue.
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As many other pigments, orpiment and realgar degrade with time. There are two main
oxidation reactions. The first one is a photo-oxidation only suffered by realgar that re-
sults in a transformation of its structure to form para-realgar, producing a yellow prod-
uct that can be further oxidized to colourless arsenolite (As,O3). The second one, which
is the the process studied in this thesis, is an oxidation that involves a change in the ox-
idation state (from As3* to As®™) and occurs in both pigments [2]. The mechanisms of
both processes are described in Chapter 3.

2.4 Binder

A binder is a substance that together with the pigment, conforms the paint. It is neces-
sary to keep the pigment particles together and adhered to the substrate. The binders
can be either natural or synthetic and can be classified as soluble or insoluble in wa-
ter. Another classification based on by their composition is as carbohydrate-containing
binders, such as honey and plant gums; protein-containing binders like animal glues and
egg white; and others that do not fall in these two categories such as oils, beeswax and
natural resins.

241 Animal glue

Animal glue is an adhesive material made of protein. It results from breaking down
and dissolving collagen by boiling connective tissues or bone from animals such as fish,
goats, sheep, goats, horses, etc. It has the particularity that is soluble in hot water and
tends to form a gel upon cooling. The gel goes back into solution when it is reheated. As
water evaporates out of the gel, the glue becomes a stiff and glassy solid [3]. Itis highly
hygroscopic, it contains between 12-16% water at 50% relative humidity (RH) and 30%
water at 84% RH at room temperature and becomes more flexible as it absorbs more
water [15]. It has been used since ancient Egypt and is the most widely binding media in
the world. It is used as a size in paper, in paint, textiles, manuscripts, furniture, etc.

Collagen is conformed by amino acids polymerized in a triple helix arrangement (Fig.
2.5b). The helix-shaped molecules are formed by over 1000 monomers and are packed
together through hydrogen bonds [15]. The density of glue is 1.27 gcm 3 and its refrac-
tive index between 1.516 and 1.534 [/].
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2.4.2 Linseed oil

Linseed oil is one of the most common oils used in paintings as a binder and in varnishes
since the 15™ century until today. It is obtained from the seeds of the flax plant and it
forms a hard, insoluble film when it dries. The importance of linseed oil in painting lies
in its capacity to form a thin film when it dries that has good optical and mechanical
properties and it dries relatively fast.

The oils are form by triglycerides, which are esters made from one molecule of glycerol
and three fatty acids (Fig. 2.6a). The fatty acids found in linseed oil are linolenic acid
(48-60%), oleic acid (14-24%), linoleic acid (14-19%), palmitic acid (6-7%), and stearic
acid (3-6%). Their structures are presented in Fig. 2.6b. Itis a drying oil, which means
that it dries by a chemical reaction called autoxidation and not by the evaporation of a
solvent like the non-drying oils. The drying, or curing mechanism involves an exother-
mic reaction between an oxygen and one of the carbons adjacent to a double bond of
a fatty acid to form a hydroperoxide. This hydroperoxides then react with another oil
molecule to form an intra-molecular linkage. This is called cross-linking and it leads to
the formation of a network that results in a solid film [16, 17].
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Fig. 2.6: (a) Triglyceride composed of black: glycerol, red: linolenic, blue:
oleic, green:linoleic acids. (b) Fatty acids found in linseed oil [18].

In certain occasions, the cross-linking reaction does not take place completely and leads
to the formation of low molecular weight degradation products like aldehydes that can
be further oxidized to form a carboxyilic acids. This oxidation reactions can also take
place after hardening, although the process is slow and take long ageing times [17/].

2.5 Varnish

A varnish is a material composed of a resin dissolved in a liquid that forms a hard glassy
film upon drying. Itis used as a coating applied over the paint layers. Besides protecting
the painting from light, pollutants and dust it gives a uniform surface to the painting and
enhance the optical properties, such as gloss, contrast and color saturation. The resin
can be either dissolved in oil, called an oil varnish, or in turpentine or ethanol, called a
spirit varnish. The resins can be either natural, such as dammar, mastic, shellac and san-
darac, or synthetic like acrylic or alkyd resins [/]. In this thesis, the two most commonly
used varnishes in painting, mastic and dammar, were studied and will be introduced in
the next sections.

2.5.1 Masticand dammar

Mastic and dammar are the two most commonly used varnishes in the 19™ and 20t
centuries in painting. They are classified as low molecular weight varnishes and are
composed of a complex mixture of compounds, mostly triterpenoids. A triterpene is
a compound that is formed by C30 molecules containing ring systems and a number of
functional groups. Their advantage against other varnishes is that they are less yellow-
ing when applied and more soluble, hence a thin film is easier to apply and the decol-
oration is not very serious. Their disadvantages is that apart from yellowing, dammar
and mastic become brittle when dried and can craze and become matt [16].
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Mastic is obtained from the Pistacia tree of the Anacardiaceae family, which grows in
the coasts of the Mediterranean mainly in the greek island of Chios. It has been used
since antiquity as an oil varnish and since the 17" century as a spirit varnish diluted with
turpentine, until dammar was introduced in the 19™ century. Itis also used as chewing
gum and a flavouring agent in a liquor called mastica.

Dammar is obtained from the trees of the family Dipterocarpaceae from southeast Asia.
It was introduced as a picture varnish in 1826 and been used extensively. Duetoits optical
qualities and resistance to yellowing, it has replaced mastic [19]. Nowadays, its principal
use is as a spirit varnish for paintings. However, its use has declined because of the
production of synthetic materials. It is also used in painting inks and as coatings for
papers and textiles [/]. The role of dammar as a varnish for conservation treatment of
oil paintings has been important. It is still considered a good option and fairly used by
middle European conservators [19].

Mastic and dammar have similar properties. Their density is 1.074 g cm =3 for mastic
and 1.04 to 1.12 gcm~2 for dammar. Their refractive index is 1.535-1.536 for mastic and
1.515-1.539 for dammar. They are both insoluble in water and soluble in turpentine, oil
and chloroform. While mastic is soluble in alcohol, dammar has an insoluble polymeric
fraction which makes it only slightly soluble [7]. Another differenceis the lower polarity
of dammar compared to mastic [19].

In chemical composition, both varnishes share some compounds. The chemical com-
pounds in dammar have been found quite constant no matter the source, only the pro-
portions is what changes, contrary to mastic where its components are more varied.

As mentioned above, these varnishes are formed by a complex mixture that consist
mainly in triterpenoid compounds. These triterpenoids tend to form a flat sheet-like
structure connected by van der Waals interactions creating weak cross-links. The triter-
penoids found in mastic are presented in Table 2.1, while those encountered in dammar
are presented in Table 2.2 [20]. Besides the triterpenoid compounds, both materials
have a polymeric fraction. In mastic, it has been identified as cis-1,4-poly-5-myrcene
(Fig. 2.7a) and in dammar as policadyene (Fig. 2.7b). The polimeric fraction in fresh
dammar has been found to be compose between 10 and 16% of the total mass [15].
Additionally, dammar contains a fraction of sesquiterpenoid (C15) compounds and in
mastic, approximately 2% of essential oil has been found as well as bicyclic and tricyclic
triterpenoids. Even in fresh dammar and mastic, the compounds are oxidized to some
degree. Up to 6 oxygens have been found to be incorporated to the initial components
[20].
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(a) cis-1,4-poly-B-myrcene (b) policadyene

Fig. 2.7: Polymeric fractions found in (a) mastic and (b) dammar [20].

The degradation of these varnishes involves a photo-oxidation of the triterpenoid frac-
tion. This increases the abundance of polar groups, which makes the varnish more hy-
drophilic because of the presence of hydroxyl groups (-OH) and increases the acidity
since carboxylic groups (-COOH) are formed. At the same time, this increases the dipo-
lar and hydrogen bonding interactions making the varnish stiffer and more brittle with
a higher degree of cross-linking.
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Table 2.2: Compounds identified in dammar [20].

Name R, Structure

Dammaradienol OH, H
Dammaradienone O

Dammarenolic acid -

Hydroxydammarenone
Dammarenediol

Shoreic acid and eichlerianic acid

Hydoxyhopanone
3-acetoxy-22-hydroxy-hopanone

Hydroxyoleanonic lactone

23-hydroxy-2,3-secours-12-ene
-2,3,28-trioic acid (2—23)-lactone

Asiatic acid -
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Chapter 3

Arsenic compounds

In this chapter, an introduction to the properties and chemistry of arsenic and arsenic
compounds is presented. First, general properties of arsenic are described. Secondly,
the oxidation reactions of the sulphide minerals are shown, which are those suffered by
the orpiment and realgar pigments. The last section refers to arsenites and arsenates
in solution. In this section, their adsorption reaction in aluminium oxide is introduced,
which is the basis of the in-situ experiments performed to measure the diffusion of these
species in the varnishes and binders, and lastly their mobility in water is described.

3.1 Properties of arsenic

Arsenic (As) is a chemical element that belongs to the metalloid group. It is mostly
found in nature in minerals in combination with sulphur and metals, although it is also
present as pure crystals. It has been used since ancient times in several applications. It
has been used in metallurgy for decoration and pigmentation, in fireworks and warfare.
One of the most famous uses of arsenic oxide (As,O3) is as a poison, "the poison of
kings”, since it is odourless, tasteless and lethal in small doses and was mostly used by
the ruling class. In the other hand, it was used for curative purposes to treat syphilis
and cancer and is still used to treat leukaemia. It has also been used in agriculture as a
insecticide and in wood as a preservative since it is toxic to insects, bacteria and fungi
[21,12].

The toxicity of arsenic is due to its affinity to dithiol groups (SH), which interferes with
enzymatic activity. Long exposures may cause dome forms of cancer such as skin, blad-
der, lung and kidney. The greatest arsenic exposure threat for humans is in drinking
water. Therefore, much effort has been made to understand the chemistry of arsenic
with the finality of removing it from soils and water [21].

Arsenic is found in the periodic table in group V in the third row and its atomic number
is 33. It electronic configuration is [Ar]4s? 3d" 4p3, which provides 5 valence electrons to
form a bond and empty p orbitals for electron occupation. As a consequence, it can form
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compounds with oxidation states from +5 to -3, but is predominantly found as As*3 and
As* and it is mainly found in nature bounded to oxygen and sulphur. The compounds
formed in solution are arsenites, with an oxidation state of +3, and arsenates with an
oxidation state of +5.

3.2 Arsenic sulphides

Arsenopyrite (FeAsS), orpiment (As,S3) and realgar (As,S4) are the most common ar-
senic sulphide minerals. Arsenic bonds to sulphur in a covalent way and it forms ar-
rangements together with As-As bonds. A description of orpiment and realgar can be
found in Section 2.3.4. The most common reactions suffered by these minerals are the
photo-oxidation of realgar and the oxidation of orpiment and realgar. These reactions
are presented in the following section.

3.21 Photo-oxidation of realgar

When exposed to light, a-realgar degrades into a friable, yellow film. In the past, this
yellow product was mistakenly identified as orpiment, since the two pigments are often
found together. However, recent studies have demonstrated that it is the polymorph
para-realgar [22]. The transformation to para-realgar occurs when the pigment is ex-
posed to light at wavelengths of 500-670nm. A molecule of As,S4 incorporates a sul-
phur atom into its structure forming As,Ss, called the x-phase. Subsequently, the x-
phase is transformed into a larger As,S, para-realgar molecule by releasing a sulphur
atom, which is re-attached to another realgar molecule. The resulting para-realgar
molecule has the same chemical formula as realgar but with a different structure (Fig.
3.1).

(a) a-Realgar (b) para-Realgar

Fig. 3.1: Structures of the realgar polymorphs. Arsenic is represented by
orange and sulphur by blue.
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Within the a-realgar molecule, the four arsenic atoms are in equivalent environments:
they are covalently bonded to two sulphur atoms and another arsenic atom. The photo-
oxidation produces a new arrangement of the atoms in para-realgar. Now there are
three different environments for the four arsenic atoms: the first As atom is bonded
to three S atoms, the second has one As-S bond and two As-As bonds and the third
and fourth (two equivalent arsenic atoms) have two As-S bonds and one As-As bond.
Moreover, there is an anisotropic unit cell expansion (from 802 to 810 A) resulting in a
loss in crystallinity [23]. The para-realgar molecule can be further oxidized to produce
arsenic oxide (As,03), which is white. Therefore, the transformation of realgar to para-
realgar and further to arsenic oxide imply a colour change, which changes the aspect
of the painting or painted object and may have detrimental effects in the painting since
it is accompanied with a volume expansion and by the release of secondary reaction
products.

3.2.2 Oxidation of orpiment and realgar

Contrarily to the photo-oxidation, which only applies to realgar, this other kind of degra-
dation occurs in both realgar and orpiment. It consists of an oxidation reaction of the
arsenic sulphides with water and oxygen to form aqueous arsenites and arsenates.

The oxidation of natural orpiment was studied by Lengke et al in the pH range from 6.8
to 8.2 [24]. They found that the oxidation rate of orpiment increases with pH and oxy-
gen content and that an exothermic reaction is produced. The products of the reaction
are the oxyanions arsenite and arsenate, whose properties are introduced in the next
section. They proposed the following reactions:

AsyS3 4+ 100, + 6H,0 — 2HAsO? + 3502~ + 10H"
or AsyS3 + 1005 + 6H,O — 2H.AsO; + 3505~ +8H™

The products of the reaction are arsenates, that depending on the pH will be mono- or di-
protonated, and sulphates. Also, the reaction produces H, thus acidifying the medium.
Furthermore, they found that the oxidation reaction does not proceed to completion but
there is a competitive dissolution reaction where arsenites and sulphates are formed:

As985 4+ 60, +6H,O — 2H3As03 + 3503 +6H™

Therefore, the product of the reaction is a mixture between arsenites (HzAsOs) and
arsenates (H AsO3~ or HyAsO; dependingin the pH) whose ratio of As(1ll)/As(V) varies
between 1.1 to 2.2 depending on the pH and oxygen content conditions. Sulphates and
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H™ are produced in both reactions, which indicates that there is an acidification the
medium.

In a review made by Sadiqg et al, a compendium of equilibrium constants of arsenic com-
pounds reactions is presented [25]. Those of interest for this thesis are:

Reaction logK
As9S3 + 16H,0 — 2HAsOF™ + 2507 +22e™ +23H+  -180.42
AsySy + 8Ho0 — HAsOF + SO + 1le” + 15H* -8313

With the above information, it is clear that the orpiment oxidation gives rise to the for-
mation of both arsenites and arsenates. The proportion between them will be specific
of the conditions of the surroundings. Also, sulphates are produced as a by-product of
the reaction. As seen from the equilibrium constants, the oxidation of orpiment is less
favoured than that of realgar (the equilibrium constant is higher), which indicates that
orpiment is thermodynamically more stable than realgar.

3.3 Arsenite and arsenate

In solution, arsenic exist as oxyanionic acids, mainly as arsenites, with a oxidation state
of 3+ and as arsenates with a oxidation state of 5+. The structures of arsenite and ar-
senate are presented in Fig. 3.2.

o ¢

(a) Arsenite (H3AsO3) (b) Arsenate (H3AsOy4)

Fig. 3.2: Structures of arsenite and arsenate. Arsenic is represented by
orange and sulphur by blue.

The speciation of the oxyanionic acids of arsenic in solution can be seen in the Pourbaix
diagram of the As-O-H system, presented in Fig. 3.3. The pKas of arsenites are 9.23
for H3AsOs3, 12.13 for H,AsOs3™ and 13.40 for HAsOs?; and those for arsenates are 2.3 for
HsAsOy, 6.8 for HyAsO4 and 11.6 for HAsO, [21].
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Eh(volts)

Fig. 3.3: E-pH diagram of the As-O-H system at 25°C and 1bar [26].

3.3.1 Adsorption reactions

It is well known that arsenites and arsenates have a high affinity to iron and aluminium
oxides. This has been studied with the objective of removing of arsenic species in con-
taminated ground water by using oxides. Goldberg et al studied the mechanisms of
adsorption of arsenite and arsenates in amorphous iron and aluminium oxides [27/].
The complexes that the arsenic species form with the oxides can be inner-sphere or
outer-sphere. In an inner-sphere complex, there are no water molecules between the
absorbing specie and the substrate, while in an outer-sphere complex, one or more wa-
ter molecules are present. They found that arsenates form inner-sphere complexes with
amorphous aluminium and iron oxides forming Al-O-As or Fe-O-As bonds and that the
adsorption decreases with increasing pH. Contrarily, arsenites form outer-sphere com-
plexes with amorphous aluminium oxide and it can form both type of complexes with
amorphous iron oxide.

3.3.2 Mobility

The mobility of arsenite and arsenate in water is of great interest since the main human
exposure to arsenic is through drinking water. The diffusion of ions in water highly de-
pends in the charge of the ion and the size of the atom radius. The ratio between the
charge z and the atomic radius r is called the ionic potential (z/r). The higher the ionic
potential, the slower diffusion coefficient. A higher charge creates a higher electrostatic
interaction between the ions and the water molecules thus producing a thicker hydra-
tion layer, which hinders the mobility of the ion. The size of the ion has the same effect,
a higher ion will have more difficulty to diffuse through water molecules.
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Tanaka et al [28] and Takayashi et al [29] performed experimental and simulation mea-
surements of the diffusion coefficient of arsenite and arsenate in water at different pH
values. They found that arsenates have a lower mobility than arsenites in the whole pH
scale. Their results are presented in Table 3.1. The lower diffusion coefficient of arsen-
ates is due to the larger size of the molecule. Moreover, they found that an increase in
the pH leads to a decrease in the diffusion coefficient. This is explained as by increasing
the pH, the degree of dissociation rises, the charge of the ion increases and thus there is
more electrostatic interaction making a thicker hydration layer, lowering the diffusion
coefficient. This is reflected in the molar volume of the diffusion species V4, in which
the molar volume of the water molecules of the hydration layer are considered. The
molar volumes are also presented in Table 3.1. As seen in the table, the higher the pH,
the higher the molar volume and the lower the diffusion coefficient. Furthermore, the
arsenates have a higher molar volume than arsenites, which indicates a lower diffusion
coefficient.

Table 3.1: Diffusion coefficients and molar volumes of arsenite and arse-
nate species in water [28, 29].

Diffusing specie pH D VinH
(10=¢cm?s™")  (cm? mol™")

Arsenites

H3AsOs 2-6 116 79.9
H,AsO5 1.0 971 107.4
Arsenates

H3AsO, 1.0 875 127.8
H,AsOy4 475 812 144.7
HAsO4* 9.2 727 215.2

AsQ4> 12.0 6.40 174.2




23

Chapter 4

Methodology

In this chapter, the methodology followed in this thesis is presented along with the fun-
damentals of the techniques and the experimental conditions used. As mentioned be-
fore, paintings are complex systems composed by several layers that are at the same
time made by a wide variety of materials. Therefore, multiple interactions exist and,
in combination with water, light, temperature and time, different reactions may occur.
In order to study these systems, it is necessary to simplify them and start with a basic
model system that allows the investigation of a particular interaction. This simple sys-
tem can be further complemented by adding each time other components or processes
to get closer and closer to resembling a real painting.

In this thesis, two approaches were chosen to get an insight into the diffusion of arsenic
species through the paint layers.

Thefirst approach, called ex-situ experiments, consistsin the analysis of a set of painting
reconstructions. The reconstructions are composed of a ground layer and an orpiment
pigment layer and were light aged and kept under different levels of relative humidity for
a period of 10 months. The aim of this section is to identify any oxidation or migration
of the arsenic compounds and to study the effect of the type of ground and humidity in
these processes. These analysis was performed with Fourier Transform Infrared (FTIR)
Microscopy and Scanning Electron Microscopy (SEM-EDS).

In the second approach, called in-situ experiments, the diffusion of arsenic species in
two varnishes and two binders commonly used in paintings was studied. Since the hy-
pothesis of this work is that the arsenic compounds are transported through the paint
layers via water, the diffusion of water in the study case materials needs to be firstly
addressed. Beside setting a starting point for the methodology, it provides a character-
ization of the materials and gives an indication on how the arsenic may diffuse. Finally,
the diffusion of arsenate and arsenite through the materials was studied. The tech-
niques used were Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR)
and Electrochemical Impedance Spectroscopy (EIS).
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41 Ex-Situ experiments

As mentioned above, the ex-situ experiments consist in the analysis of painting recon-
structions. These were prepared by Arie Wallert and Katrien Keune on April 12, 2016.
The reconstructions consist of an orpiment layer on top of different grounds. The orpi-
ment paint was composed of a pigment mixture of Natural Pigments Rubvel and one
that Wallert synthesized himself using the dry sublimation process. The binder used was
raw linseed oil from Kremer in a ratio that yielded a workable paint. Additionally, a few
glass beads provided by E. Hermens and a small amount of alkyd oil from Talens were
added to facilitatedrying. Threedifferent grounds were tested: chalk, clay earth and lead
white, and they were provided by Maartje StolsWitlox and Emilie Froment from C&R,
UVA. The composition of the clay earth ground is 56% silicon dioxide, 29% aluminium
oxide, 1.2-1.7% iron oxide, 1.6% titanium oxide, 0.3% calcium oxide, 0.37% magnesium
oxide, 3% potassium oxide, and 0.5% sodium oxide. Canvas was chosen as a substrate
to allow for humidity to pass entirely through the paint films, as opposed to a glass slide
that would block airflow. For 27 days (April 20™ - May 16", 2016), three quarters of the
paint outs on each ground type were light aged in a XENOS light ageing chamber. The
chamber uses visible and ultraviolet light to represent normal day conditions through
normal glass. The Xenon lamp strength was 105 x and has a 320 nm cutoff filter. The
chamber was held constant at 40% RH and at 50 °C due to the heat generated by the
lamp.

The samples were kept at relative humidities of 11%, 43% and 93% for a period of 10
months. For this thesis, cross-sections were taken with an scalpel from the 9 samples (3
grounds in 3 different RH) and embedded in Technovit LC 2000 (Heraeus Kulzer GmbH).
The embedding resin was wet-polished until the sample was almost exposed and then
dry-polished with MicroMesh sanding papers of grades 4000, 6000, 8000 and 12000.
The cross-sections were then analysed with SEM-EDS and FTIR microscopy to identify
the presence of oxidation and migration products.

411 FTIR microscopy

The Fourier Transform Infrared spectroscopy (FTIR) is a technique that provides infor-
mation about the functional groups that compose the molecules of a sample. When
exposed to infrared radiation, the molecules go from their ground state to an excited
vibrational state. The energy required for the transition is quantized, which means that
it only happens if the molecule is exposed to an energy equal to 1/2hv, where h is the
Planck’s constant and v is the frequency of the vibration. Each molecule has different
vibrational modes depending on the number of atoms, and each vibration corresponds
to a certain energy. By this principle, it is possible to identify what molecules are present
in the sample by detecting this energy and correlating it to the particular vibration char-
acteristic of a functional group. An example of an FTIR spectra is presented in Fig. 4.1.
In this image, the spectra of hexanoic acid is shown. The intensity of the transmitted ra-
diation (transmittance) is plotted as a function of the wavenumber of the IR radiation.
The wavenumber is the reciprocal of the wavelength and instead of the transmittance,



4.1, Ex-Situ experiments 25

the absorbance of the IR radiation is sometimes used. This way, the signals present at
certain wavenumbers are correlated to the vibration of functional groups.
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Fig. 4.1: FTIR spectra of hexanoic acid [30].

Furthermore, there must be a change in the net dipole moment of the molecule for
a transition to occur. Therefore, a dipole moment must exist in the molecule, mean-
ing that homonuclear diatomic molecules are not affected by the radiation and thus,
not detected. The vibrations of the molecule refer to the stretching and bending of the
bonds between its atoms and depend on the bond strength and the mass of the atoms
[31]. There are mainly 6 vibrational modes, that are shown in Fig. 4.2,

\ \

Symmetric stretching Antisymmetric stretching Scissoring

\ \ \

Rocking Wagging Twisting

Fig. 4.2: Main vibrational modes [32].

A modern application of FTIR spectroscopy is FTIR microscopy, an imaging technique
in which FTIR spectra are collected over the whole surface of a sample. Intensity maps
can be produced for each vibration, so that the distribution of a certain functional group
over the sampleis known. In this thesis, FTIR microscopy was used to analyse the cross-
sections of the painting reconstructions to identify the oxidation and migration of the
arsenous pigment through the As-O vibration.
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The cross-sections were analysed with a Perkin Elmer Spotlight 400 FTIR imaging sys-
tem with a mercury cadmium telluride (MCT) detector. The spectral maps were taken
with a spatial resolution of 8 cm~" and a pixel resolution of 1.56 um.

4.1.2 SEM-EDS

Scanning electron microscopy (SEM) is a localized imaging technique that enables to
produce images of the surface of a sample with magnifications up to 10,000x. A sample
is placed under an electron beam that is directed by a series of lenses. The electrons of
the beam have differentinteractions with the sample, which yield different information.
These are shown schematically in Fig. 4.3.

Priimary electron Beam
Backscattered electrons BSE

Secondary electrons SE

X-ray photons
Phatons of Visible light CL
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Auger electons

Sam surfa
B BN Secondary electrons SE

Backscattered elections BSE
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Secondary fluorescence
BSE spatial resolution
«—— X0y spatial resolution

Fig. 4.3: Schematic representation of electron interactions in SEM [33].

One kind of interaction is inelastic scattering, in which the sample is ionized by the in-
cident electrons and those emitted electrons are detected (secondary electrons or SE).
The amount of secondary electrons produced depends on how the beam touches the
surface of the sample. It is based in the so called edge effect, in which more electrons
can leave the sample at edges compared to a flat surface and produce a brighter image.
This provides information about the morphology and surface topology of the sample,
which is the most common application of SEM.

The second kind of interaction is elastic scattering, in which electrons from the incident
beam are diffracted back and detected (called backscattered electrons or BSE). Since
heavy elements scatter the electrons more strongly than light elements, they appear
more brightly in the image and it is therefore possible to see differences in composition.
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The third kind is fluorescence, in which electrons from outer shells fill the holes left by
ionization and produce characteristic X-rays that can be detected to identify the ele-
ments present in the sample, a technique called Energy Dispersive Spectroscopy (EDS)
[34].

The cross-sections were imaged and analysed with SEM-EDS to identify any possible
arsenic migration. The analysis was made in a JEOL JSM-IT100 with an integrated EDS.

4.2 In-situ experiments

In this section, the proposed methodology for the in-situ experiments to study the dif-
fusion of water and arsenic through the materials is described. Two varnishes and
two binders that are commonly encountered in paintings were chosen as the study
case materials. The analysis was performed with two techniques: Attenuated Total
Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) and Electrochemical
Impedance Spectroscopy (EIS). These two techniques are proposed since they both al-
low the estimation of the diffusion coefficient, and therefore the results can be com-
pared to each other. Additionally, ATR-FTIR spectroscopy provides information about
molecular changes in the coating, which gives an idea of the stability of the materials.
On the other hand, with EIS it is possible to analyse individual processes happening in
the whole sample. This will become clearer in Section 4.2.3.

4.21 Materials

The materials studied in this thesis project are dammar, mastic, animal skin glue and
linseed oil. The dammar and mastic varnishes were used from stock solutions from
the Conservation Department of the Rijksmuseum and consist in a mixture between
dammar resin, turpentine and Shellsol-A and mastic and turpentine, respectively. For
the animal skin glue, a mixture of glue and cold water 1:10 was prepared and left
overnight for the glue to absorb the water and swell. This mixture was heated to 30°C
and stirred until the glue was dissolved and a homogeneous fluid was produced. The
linseed oil was mixed in equal proportions with turpentine to lower the density of the
oil and achieve a thinner film.

4.2.2 ATR-FTIR spectroscopy

The fundamentals of FTIR spectroscopy are presented in section 4.1.1 (page 24). In this
section, the ATR-FTIR technigue and its application to diffusional studies is presented.

A variation of the FTIR spectroscopy is the Attenuated Total Reflectance FTIR spec-
troscopy (ATR-FTIR), which is the most widely used FTIR technique nowadays. One of
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the disadvantages of the conventional transmission FTIR spectroscopy is that the sam-
ple must be diluted to avoid total absorption of the infrared radiation. This is overcome
by diminishing the depth of penetration of the infrared beam d,,, which is exactly the
principle behind ATR-FTIR. By placing a crystal with a higher reflective index between
the infrared beam and the sample, the beam reflects in the internal surface of the crys-
tal with an angle # and creates an evanescent wave that penetrates into the sample in
a lesser amount than the infrared beam alone. Part of the evanescent wave absorbs in
the sample and the rest is reflected and collected by the detector (Fig. 4.4).

+«———— Fvanescent wave
«— Sample

+—— ATR Crystal

Detector IR beam

Fig. 4.4: Representation of the evanescent wave in the ATR-FTIR configu-
ration.

With this variation, it is possible to do in-situ measurements and follow the change in
composition of a sample over time. One specific application of ATR-FTIR, proposed by
Fieldson and Barbari, is the diffusion of molecules through a coating [35]. The equation
they developed results from combining the Beer-Lambert law, that states that the mea-
sured absorbance is proportional to the concentration and thickness of the sample, and
the solution of the Fick’s second law for a film in which the solvent enters from only one
side of the film. The equation is:

A _ o 8y
A wep(-2D)
@50 exp (—29L) + (-1)" (29)] exp (L) ] (4)

XZ

(2n+1) (492 + Cope?)

where A; is the measured absorbance at time ¢, A, represents the absorbance at equi-
librium, v is the reciprocal of the penetration depth d,, D is the diffusion coefficient and
L is the thickness of the film

Methodology: Diffusion studied by ATR-FTIR

The experiments were performed in a Thermo Scientific Nicolet 6700 FT-IR spectrome-
ter equipped with a VeeMAX Ill PIKE module and a Mercury Cadmium Telluride (MCT)
detector. The spectra was collected by co-adding 32 scans with a spacial resolution of
4cm™' corresponding to a scanning time of 14s. A ZnSe ATR-crystal with a face angle
of 60° was used and the incident angle of the beam was adjusted to 80°.
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Water diffusion studied by ATR-FTIR

For the water diffusion measurements, the materials were applied drop-wise to the
ATR-crystal and heated in an oven at 80°C until dry. The quantity of material applied
to the crystal was such to produce a thickness between 25 and 30 um of dried film. The
thickness was measured with a Mitutoyo digital micrometer as the difference in thick-
ness of the ATR-crystal with and without coating. The coated crystal was allowed to
cool down to room temperature and was mounted in the ATR cell as shown in Fig 4.5.
The cell consists in a chamber where the ATR-crystal is mounted facing upwards with a
liquid cell placed on top. The IR radiation penetrates from one of the faces of the crystal
a distance that depends on the angle of incidence and the refractive index of the crystal
and the coating on top. The chamber was purged with nitrogen to avoid CO, and H,O
from the environment. A spectra of the coated crystal was taken prior to the experi-
ments and used as a background. Additionally, spectra of the dried coatings was taken
to characterize the coatings and used as reference for the subsequent experiments.

In the arsenic diffusion experiments, D,O was used instead of H,O since the O-H vibra-
tion of H,O overlaps with the As-O vibration. Moreover, hydroxyl groups are present in
the molecules of the coatings and would interfere in the quantification if water is used.
When using D,0, there is a shift of the peaks to higher wavenumbers that allows the
visualization of the arsenate peaks. For consistency, D,O was used in the water diffu-
sion experiments. Therefore, 2 ml of D,O (99.9 atom% D, Sigma Aldrich) were added
to the cell and spectra was collected every 30 minutes for a period of 40 hours. The
spectra was processed with Matlab and the water diffusion coefficient was calculated
with equation 4.1,

D,0

— Coating

/i:% ATR Crystal
: A\ R

Fig. 4.5: ATR-FTIR cell configuration.

Arsenates diffusion studied by ATR-FTIR

Due to time constraints only the arsenate diffusion, and not the arsenite, was analysed
with ATR-FTIR. The same procedure than that for water was followed, however some
modifications were made. A 0.01M arsenic solution was prepared by dissolving sodium
arsenate Na,HAsO4-H,O (>98.0%, Sigma Aldrich) in D,O. For the arsenate ions to be
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detected, they need to be absorbed in a substrate. Since the arsenate forms a com-
plex with aluminium oxide [27/], a layer of aluminium was deposited on top of the ATR-
crystal before applying the coating. This way, the arsenic species travel through the
entire thickness of the film, react with the aluminium oxide layer and are detected with
the ATR-FTIR. The aluminium layer was deposited in a Normvac evaporator to a thick-
ness of approximately 15 nm. The coating was applied and dried as described above and
spectra was measured likewise. The following experiments were performed:

« Aluminium layer with D,0O, to verify the stability of the aluminium oxide to D,O.

« Aluminium layer with arsenate solution, to see how fast the absorption reaction
is and to what wavenumber the As-O vibration corresponds (as it shifts with the
pH of the solution).

« Aluminium layer coated with dammar with arsenate solution, to study the diffu-
sion of arsenates in dammar.

For the arsenate diffusion analysis, the background was taken as the spectra of the ATR-
crystal with the aluminium layer and the dry coating.

4.2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique based on the response of
an electrode to an applied alternating voltage at different frequencies. It is a powerful
technique that provides qualitative and quantitative, as well as time-dependent infor-
mation of processes taking place at the interface between a metal and an electrolyte.

The most common and standard procedure, is to apply a small alternating potential sig-
nal (in the order of mV and a frequency range from 10~* to 10° Hz) to an electrode, the
resulting current is measured and the impedance at each frequency is computed. Al-
though the voltage-current relation in an electrochemical cell is coherently non-linear,
it is possible to work within a range in which this dependence is approximated as linear
(Fig 4.6). This is the case for a potential with an amplitude in the range of 5-10 mV.

Fig. 4.6: Voltage vs current curve showing a range were the relation can
be considered linear.
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Fundamentals of EIS

A detailed explanation of the fundamentals of EIS can be found in [36, 37, 38, 39]. Only
a summary is presented in this section. The impedance, Z, is defined as the tendency
of a circuit to resist (or impede) the flow of an alternating electric current. The applied
sinusoidal voltage E|y) is expressed as

E(t) = EO Siﬂ(wt) (42)

where Ej is the maximum amplitude of the voltage, w is the angular frequency and
tis the time. The resulting current I is also a sinusoidal signal of the same angular
frequency but it is shifted in time due to the slow response of the system (Fig. 4.7) and
is described by

](t) = ]0 Siﬂ(wt — gb) (43)

where I is the maximum amplitude of the current and ¢ is the phase shift.

Voltage (e)

+E »

+ Current (i)

» I 2n+ ¢

Z 2 |0| wt

Fig. 4.7: Voltage and current as a function of time showing the phase shift
between them [40].

The impedance is described by an equation analogous to Ohm'’s law (R = E/I) but
with a frequency dependency:

B

Z(w) = 22 (4.4)
I
Substituting with equations 4.2 and 4.3,
Z(w) = | Ep|sin(wt) _ sin(wt) (4.5)

T Lolsin(wt — @) “Psin(wt — @)
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The relationship between voltage and current can be studied in terms of vectors that
share a common origin and are separated by the phase angle ¢ and are best described
by complex numbers. Using Euler relationship, exp(jx) = cos(x) + j sin(x), where j is
the complex number j = v/—1, the equations for the voltage and current (4.2 and 4.3,
respectively) are transformed to:

Euy = |Eolexp(jwt) (4.6)
Iy = [Holexp(jwt — j¢) (4.7)

Therefore, the impedance can be rewritten as:

2 — \Boloeet)

= hepGot —id) | Zolexp(j¢) = | Zo|cos(¢) + j| Zo|sin(¢)  (4.8)

where [| Zp|cos(¢)] is the real component Z’ and [j]| Zy|sin(¢)] is the imaginary compo-
nent Z” of the impedance, leading to the general expression for the impedance

Z(w)=2"—j2" (4.9)

The magnitude of the impedance is then | Z|?= (Z')* + (Z")? and the phase angle

"

tan¢g = - (4.10)

There are two commonly used graphic representations of the impedance data. The first
one is called a Nyquist plot, in which, for different values of w, the real component Z’ is
plotted in the x axis and the imaginary component Z”, in the y axis. An example is pre-
sented in Fig. 4.8a. In this kind of plots, the frequency is not display explicitly. However,
the values closer to the origin correspond to higher frequencies. Moving further away
from the origin the frequency tends to smaller values.

The second representation is the Bode plot, that consist in two graphs, shown in Fig.
4.8b. In the first one, the magnitude of the impedance | Z|? is plotted as a function of
the frequency w and in the second one, the phase angle ¢ is plotted also as a function
of w.
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Fig. 4.8: Typical Nyquist and Bode plots of impedance data [39].

The experimental impedance data is commonly analysed by fitting it to an equivalent
electrical circuit to obtain quantitative information about the system. The equivalent
circuit contains electrical components, such as resistors and capacitors, that resemble
the processes taking place in the real system. It is therefore important to know the
impedance equations of these circuits.

For example, in a circuit composed of a pure resistance, the response to a sinusoidal
voltage can be described by Ohm's law (R = E/I), which corresponds to a situation
where the phase shift =0 and the vector diagram is that of figure 4.9a.

On the other hand, for a circuit with a pure capacitance, the current is described by

I =C— 411
" (4.1)

Solving with the equation of the sinusoidal voltage (equation 4.2), I; = wC EyI cos(wt).

Since cos(wt) = sin(wt + 7/2) and defining the capacitive reactance as x. = 1/wC,

E
I = =%sin (wt + I) (412)
Xe 2

Here the phase shift ¢ = 7/2 and the vector diagram is as the one shown in Fig. 4.9b.
In this situation, it is said that the current leads the voltage and the vector diagram
is expanded into a plane, as shown in Fig. 4.9b. This is the reason why the notation in
complex numbersisintroduced as it simplifies the mathematical treatment. In this case,
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the components of the imaginary axis are multiplied by the complex number j = v/—1,
hence £ = —1jx..
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(a) Pure resistance (b) Pure capacitance

Fig. 4.9: Relation between alternating voltage and current across a (a)
pure resistance and (b) pure capacitance [40].

Summarizing, for an individual resistance and an individual capacitance,

Pureresistance E=IR ¢=0 (4.13)
Pure capacitance E = —Ijx. ¢ =m/2 (4.14)

These elements can be combined in a circuit in different ways, a simple example is a
resistance in series with a capacitance. In this circuit, the sum of the voltage drop across
the individual elements must be equal to the applied voltage. Therefore, E = Egr + E¢
and substituting with equations 4.13and 414, E = IR+ (—jIx.), or E = I(R — jXx.).
Therefore, the voltage and the current are related to each other through the vector R —
JXe Whichisin fact, the impedance of the circuit: £ = 1Z7.

In this way, different circuits can be constructed in which the elements or combina-
tion of elements, represent the processes happening in the real system, such as the cor-
rosion of a metal, an oxide film formation or the diffusion of species in the solution.
The most commonly used electrical elements are presented in table 4.1. To compute
the total impedance, the individual impedance vectors of the elements are added. The
impedance of the elements in series is calculated as the sum of the individual values,
while for elements in parallel, the inverse of the overall impedance is equal to the sum
of the reciprocals of the individual impedance vectors.
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Table 4.1: Circuit elements commonly used in the models

Element Impedance Symbol

Resistor R EaVAVA
; 1

Capacitor 7l —

Inductor  jwlL ——

CPE QG ——

1/2

Warburg  ow™? — jow Y2 W

A commonly used circuit to model the electrical behaviour of the interaction between
the metaland the electrolyte is the complete Randles circuit, presented in Fig. 4.10 along
with the correspondent Nyquist and Bode plots. This circuit represents a mixed kinetic
and diffusion controlled process taking place in the electrode-electrolyte interface. In
most cases, a simplified version of the circuit is used, called the simplified Randles circuit,
which consists of only the R, R and Cy;.

The typical Nyquist plot of the complete Randles circuit shows a semicircle representing
the kinetic controlled process at the high frequency region (closer to the origin), while
at low frequencies (away from the origin) the mass transport is the limiting process.

ZH
1|
Kinetic Mass transfer
Cdt control control RAR,
RS
R Z U)"O R
o P4 o (og(f)
(W00 90
=45
0
R, RoR., 7’ log(f)

Rc + Ret-20°Cdl

Fig. 4.10: Randles equivalent circuit model, Nyquist and Bode plots.

The first element is R, which represents the resistance imposed by the solution to the
current. Sometimes it is treated as a general resistance Rq, to account for uncompen-
sated resistances. It can be calculated as the high-frequency intercept with the real axis
in the Nyquist plot. The second element is C'y;, the double layer capacitance. When a
charged electrode is in contact with an electrolyte, ions from the solution absorb in the
surface of the electrode to compensate for the surface charge and an electric double
layer is formed, as shown in Fig. 4.11. This double layer can be modelled as a capacitance
Cy. The charge transfer resistance R, which is connected in parallel, is a resistance
formed due to the electron or charge transfer at the interface and it depends on the
kinetics of the reaction, temperature, concentration of the reaction products and the
potential. It can be calculated from the Nyquist plot, as the diameter of the semicircle,
i.e. the right intercept with the real axis minus the solution resistance; or from the Bode
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plot as the value of | Z] in which the phase shift is zero. Since a pure resistance has no
dependency on the frequency, it shows as a plateau in the Bode plot.

Solvated

cation

Electrolyte - aMetal

Fig. 4.11: Representation of the double layer formation in the electrode-
electrolyte interface.

Warburg impedance

In certain occasions, for example when the metal is covered with absorbed components
from the solution or is coated, the reaction may be limited by the diffusion of reactants
to the interface. In this cases, an element called Warburg Impedance Z,, is added to the
circuit in series with the R It appears at low frequencies since the diffusion is a slow
process and at high frequencies, the molecules do not have enough time to move. The
Warburg impedance can be regarded as a frequency dependent resistance connected in
series with a capacitance. It is deduced considering the electrochemical reaction O +
ne = R and a linear diffusion of the species through a semi-infinite layer, which results
in the equation

Zy = ow?—jlow™V?) (4.15)

T 1 1
s = 1 — + — (4.16)
F2r2Av2 \ DY*c,  DY*Cp

where o is the Warburg coefficient, R is the gas constant, T'is the absolute temperature,
F'is the Faraday constant, n is the number of electrons A is the area of the electrode
surface, D, and Dpg are the diffusion coefficients of the oxidized and reduced species,
and C, and C'y are the concentration of the oxidized and reduced species respectively.
The phase angle is 45°, as calculated with equation 4.10 and it shows in the Nyquist plot
as a straight line with a slope of -1 at low frequencies and in the Bode plot as an angle
of 45° (Fig. 4.12).

Once every element is defined, the total impedance of the cell can be computed. As
stated above, the Warburg impedance is small compared to R, in the high frequency
range. Therefore, the real and imaginary components of the impedance take the limiting
form:
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Rct

7' = Ri+ — s 4717
i 1+ w?CH R, )
Cle2

7" = _ Whdilte 418
[+ w2C2 R, (418)

On the other hand, the low frequency region will have the form:
7' = Ry+ Ry+ow™'/? (4.19)
7" = ow V? 42520y, (4.20)

Combining equations 4.19 and 4.20 and eliminating w,

7" =7"— Ry — R + 20°Cy, (4.21)

This last equation implies that the Warburg coefficient can be calculated from the inter-
section of the straight line with the real axis in the Nyquist plot since Z' = Ry + Ry —
202Cy when Z" = 0. However in practice, the diffusion is not through a semi-infinite
layer. Most of the times there is a coating or membrane with a defined thickness hin-
dering the diffusion. Therefore, the Warburg impedance has to be modified to model a
finite length diffusion. There are two cases in which this can be treated:

+ Reflective boundary: The diffusion of mobile species is distributed in an imper-
meable layer where no charge transfer is possible. Assuming the diffusion of only
one species, the Warburg impedance, also called open circuit Warburg impedance,

is given by
o Jjw
Zg = —=—=coth |1/ =L, 4.22

where [ is the diffusion layer, which is the region in the vicinity of the electrode
where a concentration gradient of the diffusing specie is built.

At high frequencies, the penetration length of the ac signal is smaller than the
layer thickness. Due to the fact that the layerisimpermeable, at lower frequencies
the charges accumulate in the interface between the layer and the electrolyte and
a capacitor-like behaviouris produced (Fig. 4.12). Theimaginary component of the
impedance tends to infinity since no current can flow in the system.

« Transmissive boundary: The species diffuse through a semi-permeable layer be-
fore reaching the electrode interface. The Warburg impedance, also called short
circuit Warburg impedance is:
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o Jw
s — _~__tanh I 4
zZ: \/j_tan [ Dle] (4.23)

At high frequencies, where the time available for the species to move is short, the
oscillation in the concentration will be given by only those located in the vicinity
of the electrode, which can be regarded as a diffusion in a semi-infinite layer. At
lower frequencies, the system resembles a dc system as the species are able to
move across the entire thickness of the layer and a current can flow. A resistance
is built, which can be seen as a semicircle in the Nyquist plot (Fig 4.12).

The limiting value of the Warburg impedance when w — 0'is

W, .
75 = ——2 _tanh+/juWy (4.24)
VJjwWr
20l
where Wp = V20l (4.25)
vD
l2
andWp = = 4.26
r = x (4.26)
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Fig. 4.12: Nyquist and Bode plots of mass transfer and total impedance
for a: semi-infinite, b: transmissive, and c: reflective boundary [39].
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The Warburg impedance is relevant to this thesis since it is the method by which the
diffusion coefficient of arsenates and arsenites is estimated. The analysed sample is
formed by a coated metal immersed in an arsenite or arsenate solution. This way, the
diffusion of the arsenic species will be hindered by the coating producing a Warburg
impedance behaviour seenin the Nyguist and Bode plots. In this case, the reaction that s
limited by the diffusion process is the absorption of arsenates or arsenites in aluminium
oxide. Therefore, in order to calculate the diffusion equation, an approximation is made
were only the concentration of the arsenites or arsenates species is considered:

_ __ BT (4.27)
F2A\2DY2C

Water diffusion through a coating

Anideal coating can be modelled as a capacitor whose capacitance C. is given by

C. = 5’?;0 (4.28)

where ¢ is its dielectric constant, gq is the permittivity of vacuum, A is the surface area
and d is the thickness of the coating.

There are two approaches to calculate the capacitance of the coating, the first one is
by using the imaginary component of the impedance at high frequency (between 1and
10 kHz), where the coating capacitance is the mainly EIS response [41]. The capacitance
is calculated as:

Cop = ——— (4.29)

where f is the frequency and Z” is the imaginary part of the impedance between 1and
10 kHz.

However, generally the coating does not behave as an ideal capacitor. This is caused
by contamination or roughness across the thickness of the coating or to a non-uniform
current distribution. Often, a constant phase element, or CPE, is used to take into ac-
count such inhomogeneities. Therefore, the impedance of the capacitor is replaced by
the impedance of the CPE:
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(4.30)

Zopg =

Q(jw)*

where @) is the parameter related to the capacitance and « is the constant phase ex-
ponent (0> a >1). When a =1, the impedance corresponds to that of an ideal capac-
itor. The non-ideal behaviour of the capacitance can be seen in the Nyquist plot as a
depressed semi-circle and in the Bode plot as a deviation to lower angles (Fig. 4.13).

0 50 100 150 200
Z'1Q

11/ e
o/ deg

log(f/ Hz) log(f/ Hz)

Fig. 4.13: Nyquist and Bode plots of a simplified Randles circuit showing
the behaviour of a CPE [39].

There have been studies using the CPE as the capacitance of the coating to calculate
the water uptake, however it has been found that the results are far from the real ones
and an effective capacitance has to be obtained from the CPE parameters [42]. There are
two ways to calculate the effective capacitance. The Eq. 4.31was proposed by Brug, who
attributed the non ideal behaviour to heterogeneities along the surface of the coating.
And Eq. 4.32, proposed by Hsu to take into account a variation normal to the surface
[43]. Both equations have been used to calculate capacitances for similar systems for a
wide variety of applications. Nevertheless, it remains unclear which approach yields the
best results.

ch, = [Q- RO (4.31)
cH. = [Q- RO (4.32)

During immersion, there is a change in the capacitance of the coating. As water starts
to penetrate, it changes the dielectric constant of the coating (normally 3-8) to that of
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water (approximately e,, = 80) and thus, thereis an increase in the capacitance. Brasher
and Kingsbury proposed equation 4.33 to determine the volume fraction of water, ¢(%),
inside the coating, which has been commonly used by several authors [41, 42, 44, 45, 46].

(%) = —logl(ocgtg/ o) (4.33)

where C is the capacitance measured at time t and Cj is the initial coating capacitance.
The Brasher and Kingsbury equation have several assumptions:

« The change in the measured capacitance is only due to the penetration of water.

The distribution of water is random and uniform

Thereis no chemical interaction between the water and the coating and thus, the
permittivity of water is 80.

« Swelling can be ignored.

 Thereis no polar solvent in the film.

With EIS, the coating capacitance can be measured over time. If it follows a Fick's diffu-
sion profile, the diffusion coefficient of water through the coating, D, can be estimated
with the following equation

[e.e]

B 1 —(2n+1)?Dx?
Pv=0s |1 Z 2n+1)? exp ( 472 ) t] (4.34)

n=0

where ¢, is the volume fraction of water absorbed at time ¢, ¢, is the volume fraction
of water absorbed at saturation and L is the thickness of the coating.

Methodology: Water diffusion studied by EIS

The diffusion of water through the four materials was studied with EIS. A conventional
three electrode set-up was used (Fig. 4.14), in which a Ag/AgCl electrode acted as the
reference electrode, a stainless steel mesh as the counter electrode and an aluminium
2024 plate as the working electrode. A 0.01 M Na,SOy solution was used as the elec-
trolyte. The Al plates were mechanically polished to produce an even surface free of
scratches and the tested area was 2.5cm?. Each of the materials was applied to an Al
plate with a 30 um drawdown bar and dried in an oven at 80°C. The coating thickness
was measured with a Mitutoyo digital micrometer as the difference in thickness of the
Al plate with and without coating. EIS measurements were performed every 30 minutes
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for 24 hours with a Metrohm Autolab potentiostat combined with a FRA2 Module. The
applied frequency range was 10° to 1072 Hz with a signal amplitude of 10 mV. The data
was afterwards processed with the software ZView and Matlab.

Counter I | Reference
electrode electrode

— Electrolyte

Coating Working

~ electrode

Fig. 4.14: Electrical cell configuration for EIS experiments.

As mentioned previously, both arsenate and arsenite form complexes with aluminium
oxide. Therefore, to test the arsenic compounds diffusion through the coatings, the
aluminium plate was treated for 30 minutes with a NaOH solution 0.1IM to produce
an aluminium oxide layer before the application of the coatings. A solution of 0.01M
sodium arsenate Na,HAsO4-H,O (>98.0%, Sigma Aldrich) or sodium (meta)arsenite
NaAsO, (>90%, Sigma Aldrich) in H,O was used as the electrolyte. The experimental
conditions are the same as reported above.



43

Chapter 5

Results ex-situ

In this chapter, the results of the analysis of the painting reconstructions made by FTIR
microscopy and SEM-EDS is presented. The reconstructions consist of a ground layer
and an orpiment layer on top. The grounds studied were chalk, earth pigment and lead
white. And each one of them were kept under three different relative humidity levels:
1%, 43% and 93% for a period of 10 months. For comparison, the samples kept at a
relative humidity of 43% are compared.

The hypothesis behind these experiments is that the orpiment will oxidise and migrate
into the ground layer. The relative humidity was varied since in a more humid environ-
ment, firstly more oxidation is expected, and secondly the arsenic transport is expected
to be faster. The paint layers that are in contact with the orpiment can also have an
effect in the migration of arsenic species, and thus, three different materials were used
as the grounds.

The cross-sections taken from the reconstructions were analysed by two techniques
since they both provide different information. With SEM-EDS, the elemental distribu-
tion in the sample is obtained. By identifying the elements present in the ground, it is
possible to know if the arsenic pigment migrated and in case it did, it can give an in-
dication on the form of the species (oxidised or intact depending on the concentration
profiles of arsenic and sulphur). However, not all elements are easily distinguishable.
For example, the peaks of sulphur and lead overlap, which is a problem since one of the
reconstructions is made of orpiment (arsenic sulphide) and lead white. In this case, it is
not possible to detect if there is sulphur present in the lead white layer. By analysing the
sample with FTIR microscopy, this issue is overcome since the signal of lead white does
not overlap with the arsenic one. Furthermore, the arsenic is detected in this technique
only when it is forming a bond with oxygen, (the vibration that is detected is As-O).
Therefore, this allows to see if the arsenic has already oxidise.
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5.1 Analysis of the cross-section of orpiment and chalk

The SEM image obtained with secondary electrons of the orpiment and chalk cross-
section is presented in Fig. 5.1a. It consists of a sample containing two layers. The top
layer was identified with EDS as the orpiment, since the arsenic and sulphur concentra-
tions in this part are high, and the bottom layer as the chalk, based on the presence of
calcium. A point analysis was made in the surrounding resin to make sure that there is
no arsenic or other components of the paint cross-section that may result from smear-
ing when polishing the sample.

The elements of interest, namely arsenic, sulphur and calcium, were mapped with EDS
to see their distribution in the sample. The distribution maps are presented in Figures
5.1b, 51cand 51d. In Fig. 5.1e the SE image and the maps of arsenic and calcium were
superimposed to create one single image and compare the elements distribution with
the image.

The arsenic map shows the same patterns as that of sulphur, which is expected since
they are both located at the orpiment layer. In the three distribution maps a clear limit
is shown in the interface between the layers, there is no overlap between the arsenic
and calcium maps. This is better appreciated in the superimposed image where the
limit of the layers is clear. It is important to note that the high concentration of arsenic
in the orpiment layer sets the intensity scale very high making difficult to identify lower
concentrations in other part of the samples. A more localized analysis is therefore more
useful, such as a line profile. This is a procedure in which several points along a chosen
lineare measured with EDS and the mass percent is plotted as a function of the distance.
Therefore, the concentration at individual points is known and the plot makes it easier
to visualize.
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SED 15.0kV WD9mm HV  x300 50um
TU Delft

(a) SEimage (b) Calcium map

(c) Arsenic map (d) Sulphur map

(e) SEimage, Ca and As map

Fig. 5.1: SEMimages of the chalk and orpiment cross-section kept at 43%
relative humidity.

A line profile was measured in a location close to the interface of the two layers. The
location and result of the line profile is presented in Fig. 5.2.In this image is possible to
see the interface closer. The two blue lines in the figure indicate the two points mea-
sured closer to the interface. The line at the left is located in a point measured directly
at the interface. In this point, the concentration of calcium is zero while arsenic is still
present. In the point located at approximately 6 um at the right of the interface, the cal-
cium concentration abruptly increases since this point is located inside the chalk layer.
Here the arsenic is still detected although it is a very low concentration. This may be
an indication of the migration of arsenic but the concentration is too low to draw any
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conclusions. It is important to note that the line profile was measured with steps of
approximately 6 um. Hence, arsenic may be present in-between these two points. Fur-
thermore, the X-rays detected with EDS are not produces solely from the surface of the
sample but from a volume below the surface, as shown in Fig. 4.3 from Section 4.1.2.
Since the measurements are done close to the interface, the interaction volume of the
detected X-rays may be partly localized in the orpiment layer, thus detecting arsenic.
The third point, located at approximately 12 um from the interface does not show any
arsenic signals.

The profile of sulphur, although not presented here, matches the profile of arsenic sug-
gesting that the pigment is intact.

N

H /s

L X - # — e b &
SED  10.0kV WD8mm x1,100 10pm
TU Delft 0003

0.00 49 46 pm

Fig. 5.2: Line profile at the interface of orpiment and chalk.

This sample was also analysed with FTIR microscopy. Spectra was taken in points lo-
cated at the top and bottom layers and is presented in Fig. 5.3a. In the bottom layer,
the spectra shows a peak located in 796 cm ™' that corresponds to the As-O bond, rep-
resenting arsenates [1]. The presence of this vibration indicates that there are oxidation
products. In the top layer spectra, the C-O characteristic peaks of chalk are observed:
1400 cm~', 872cm~"and 712cm~". The vibrations in 796 cn~" and 1400 cm~' represen-
tative of arsenates and chalk, were chosen to measure distribution maps, presented in
Figures 5.3b and 5.3¢. In the 1400 cm™' map, the limit of the layer is clearly observed
indicating that the chalk is confined and distributed in the bottom layer. The 796 cm™!
map shows a high concentration of arsenates in the outer part of the layer. Thisis caused
by a combination of factors. First, this samples were light aged. The inner part of the
sample is shielded from light and therefore, less oxidation occurs. The other factors is
that the outer part is in more contact with the environment and thus, has more access
to oxygen and water. A lower concentration of arsenates is observed throughout the
whole top layer. There are certain locations in the bottom layer where the concentra-
tion of arsenic is not zero (seen in green). However, this must be considered with care
since the intensity shown in the map is the result of the integration of the chosen peak
and is highly dependent on the base line, that may vary from one spectra to another.
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Fig. 5.3: (a): FTIR spectra and (b,c): FTIR microscopy images (red is rep-
resentative of higher intensity) of the chalk and orpiment cross-section
kept at 43% relative humidity for 10 months.

Similarly to the SEM-EDS line profile, a more localised analysis was made. A line profile
close to the interface was measured and is shown in Fig. 54. A slight overlap between
the profiles is observed at approximately 10 um deep into the chalk layer. Even though
the intensity of the arsenates in this region is very low, it may be an indication of migra-
tion.

0801 —— 796 cm?!

— 1400 cm’

Arb.

10 20 30 40 50 60 62
Microns

Fig. 5.4: Line profile location and result of the chalk and orpiment cross-
section kept at 43% relative humidity for 10 months.
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5.2 Analysis of the cross-section of orpiment and earth
ground

The SEM image of the orpiment and earth ground cross-section is presented in Fig. 5.5.
Two layers are distinguished. The one on top, identified with EDS, is the orpiment layer
and the bottom oneis the earth ground, based on the presence of silicon and aluminium.
Similar to the previous sample, an EDS point analysis was made to the resin to check for
impurities. The EDS distribution maps were performed in a smaller area enclosing the
interface between these two layers. The maps are presented in Fig. 5.6.

SED  15.0kV WD10mm
TU Delft

Fig. 5.5 SEM image of the earth ground and orpiment cross-section

Since the earth consists of an aluminosilicate compound, in addition to the elemental
maps of arsenic and sulphur, the maps of aluminium and silicon were measured, which
as shown in Figures 5.6b and 5.6c. They have the same distribution and are marking the
interface between the earth ground and the orpiment layer. The arsenic and sulphur
map (Figures 5.6d and 5.6e, respectively) match and its limits are well defined. In Fig.
5.6f, the SE image and the maps of arsenic and aluminium were superimposed and no
overlap between them is observed.
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Fig. 5.6: SEMimages of the earth and orpiment cross-section kept at 43%
relative humidity.

A line profile was made close to the interface and is presented in Fig. 5./. In this analysis,
a continuous line was measured and the relative concentration profiles were superim-
posed in the SE image. The vertical blue line marks where the line profile was measured.
The profile of the arsenic is shown in dark blue in both images. The silicon profile is
shown in pink in the left image and the sulphur profile in green in the right image. The
right margin of the image represents 0% mass and the left part 100%. As seen in the
left image, the profile of the arsenic drops at the interface, which is where the silicon
profile rises. However, there is still arsenic detected in the earth ground. Similar to the
previous case, it is important to consider the interaction volume of the X-rays detected
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with EDS, that might be partly inside the orpiment layer. The sulphur and arsenic pro-
files, observed in the right image, have the same shape in the orpiment layer, but in
the earth ground there are differences between them. There are certain points in which
the profiles do not match, which may indicate that the arsenic and sulphur migrate in
separate ways, hence showing a different distribution.

C——————120mm SED C——————120um SED

Fig. 5.7: Line profiles of arsenic (blue), silicon (pink) and sulphur (green)
at the interface of orpiment and the earth ground.

The FTIR microscopy images of this sample are presented in Fig. 5.8. Inimage 5.83, the
spectra measured in the top layer shows a peak in 797 cm™' characteristic of the As-
O bond. The bottom layer spectra has a peak in 996 cm ™" characteristic of the earth
ground. This distribution of these peaks are shown in Figures 5.8b and 5.8c. The As-
O bond are is identified in a higher amount in the outer part of the orpiment and in a
lower concentration throughout the orpiment layer. Similarly to the previous sample,
the outer part of the layer received more light during the artificial ageing than the inner
part of the sample and it has more access to oxygen and water, and thus it shows a
higher degree of oxidation.
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Fig. 5.8: (a): FTIR spectra and (b,c): FTIR microscopy images (red is rep-
resentative of higher intensity) of the earth and orpiment cross-section
kept at 43% relative humidity for 10 months.

A'line profile was performed to verify the presence of arsenates in the earth ground Fig.
5.9). It is observed that in the earth layer, where the intensity of the 996 cm™" peak
is high, there is a slight concentration of arsenates. However, the two layers are well

separated by an intact orpiment layer (based on the absence of a As-O signal) and thus,
no conclusion can be made.

Micrometers

100 5 200 209
Microns

Fig. 5.9: Line profile location and result of the earth and orpiment cross-
section kept at 43% relative humidity for 10 months.
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5.3 Analysis of the cross-section of orpiment and lead
white

The SEM image of the cross-section of orpiment and lead white and the distribution
maps of lead, sulphur and arsenic are presented in Fig. 5.10. In the SE image, Fig. 5103,
the two layers are clearly seen, the top layer being the orpiment and the bottom layer the
lead white asidentified with a EDS point analysis. As mentioned above, the energy of the
characteristic X-rays of lead overlaps with that of sulphur. Since the top layer contains
sulphur from the orpiment and the bottom layer contains lead from the lead white, the
distribution of sulphur and lead maps of lead and sulphur are the same (Figures 5.10b
and 5.10¢). The arsenic is distributed in the top layer, its presence is not observed in the
lead white layer. In this case, only the SE and the arsenic map were superimposed and it
is seen that the arsenic is limited to the top layer. However, there are some parts inside
the lead white ground that show arsenic agglomerations. These seem to be gaps in the
ground where arsenic may gotten caught during the sample preparation.
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Fig. 5.10: SEM images of the lead white and orpiment cross-section kept
at 43% relative humidity.

The line profile of the arsenic is presented in Fig. 5.11. It is observed that the profile
decreases when crossing the interface towards the lead white ground. Inside this layer,
the arsenic concentration is somewhat higher than the concentration in the resin (on
the top of the sample), which may suggest its presence in the ground. However, there

is not a concentration gradient to indicate the migration.
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' 1 0.1 mm SED

Fig. 5.11: Arsenic line profile at the interface of orpiment and lead white.

The FTIR microscopy images are found in Fig. 512, The spectra of the top layer con-
tains the arsenate peak in 797 cm~', while the spectra of the bottom layer has a peak
in 1378 cm™, characteristic of the C-O vibration of lead white. The distribution maps of
these vibrations show that the arsenates are confined to the top layer. Since this layer is
thinner than the orpiment layers in the chalk and earth cross-sections, the entire layer
shows oxidation products and not an oxidation front. Furthermore, no arsenates were
detected in the ground.
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Fig. 5.12: (a): FTIR spectra; (b,c): FTIR microscopy images (red is repre-
sentative of higher intensity); and (d): line profile; of the lead white and
orpiment cross-section kept at 43% relative humidity.

The line profile measured with FTIR microscopy is presented in Fig. 5.13. The arsenic pro-
file does not decrease abruptly to zero as the lead curve increases. Instead, the intensity
of arsenic in the interface is slightly above than the intensity measured outside of the
sample, where no arsenic is present thus setting the base line. This suggests that some
arsenic might have migrated into the lead white layer.

— 1378cm’
— 72 cm?
— 797 cm?

Micrometers

217
Microns

Micrometers

Fig. 5.13: Line profile location and result of the lead white and orpiment
cross-section kept at 43% relative humidity for 10 months.
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5.4 Discussion

The analysis of the grounds and orpiment cross-sections performed with SEM and FTIR
microscopy provided complementary information. Besides being an imaging technique,
SEM-EDS allowed to map the distribution of the elements and, through the line profile
measurement, to build a concentration profile from one layer to another. The FTIR mi-
croscopy provided information about the oxidation of orpiment and complemented the
line profile analysis made with SEM-EDS.

In all of the samples, arsenic was detected with both techniques inside the ground layer
close to the interface. However, it is not possible to conclude if this is solely a result of
the migration of the arsenic into the ground. The interface between two different ma-
terials is not perfect. Particularly in this materials where the surface is not completely
flat, thereis a zone close to the interface where the two materials are mixed. Therefore,
the presence of arsenic in a region inside the ground close to the interface is expected.
Moreover, the X-rays detected with EDS are produced from a volume below the surface,
not only from the surface of the sample, as shown in Fig. 4.3 from Section 4.1.2. Thisin-
teraction volume may be partly localized in the orpiment layer. Thus, in measurements
located in the ground close to the interface, the characteristic X-rays of arsenic may be
from the orpiment layer.

Therefore, the low concentration of arsenic close to the interface cannot indicate for a
fact that migration of the pigment occurred during the 10 months. It is therefore rec-
ommended to keep the samples for a longer time under the different levels of relative
humidity and analyse them to check if an increase in the arsenic concentration in the
ground was produced.

Nevertheless, there are valuable features that are obtained from this analysis. For in-
stance, the difference in profiles of the sulphur and arsenic in the cross-section contain-
ing the earth ground are different as they cross the interface, which may be due to the
decomposition of the pigment into arsenates and sulphates.

Furthermore, in the chalk and earth cross-sections studied by FTIR microscopy, an oxi-
dation frontis observed in the outer part of the sample. During the light ageing process,
the outer part of the sample receives more light than the inner part, which is shielded,
showing more oxidation in the outer part of the sample. Additionally, the oxidation of
the pigment involves oxygen and water as reactants. Since the outer part of the sam-
ple has more access to these two components, it is more prone to oxidise, therefore,
creating an oxidation front. Contrarily, the lead white sample is composed of a thin-
ner orpiment layer than the chalk and earth samples. Here light can penetrate across
the whole layer inducing the orpiment oxidation and therefore, arsenates were found
dispersed in all the orpiment layer. In order to make a more comparative analysis, the
thickness of the layers should be as similar as possible and the layers should be as thin
as possible. This with the purpose of ensuring the penetration of light into the whole
layer and of keeping constant the diffusion of water and oxygen through the layers to
promote oxidation across the whole layer.
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Chapter 6

Results in-situ

In this chapter, the results of the in situ experiments are presented. First, the charac-
terization of the coatings by ATR-FTIR spectroscopy is introduced. This measurements
were performed in order to have the reference spectra of the coatings and monitor its
peaks during the experiments. Secondly, the results from the water diffusion analysis
by ATR-FTIR spectroscopy are presented, where the diffusion coefficient of water was
calculated, and the molecular structure of the coatings was monitored over time. The
results of the arsenate diffusion in dammar followed by this later technique are sub-
sequently addressed. Finally, the EIS results of water and arsenic diffusion are shown,
in which the diffusion coefficient of water was calculated and the transport of arsenite
and arsenate through the different coatings was studied.

6.1 Coatings characterization by ATR-FTIR spectroscopy

First of all, the spectra of the dried coatings was collected to characterize them and have
a reference to be able to compare it with the spectra taken at different immersion times.
This way, any change in the molecular composition of the coatings will be noted.

The ATR-FTIR spectra of the dried coatings and D,O is presented in Fig. 6.1. The vi-
brations of the most representative functional groups is indicated in the figure and the
assignment of the specific vibrations for each material is presented in Table 6.1. The
assignment for each vibration was based on [47/, 48, 49, 50].

The spectra of dammar, mastic and linseed oil is quite similar since they are share the
same functional groups (See Section2.3.4). The most intense peaks are in the regions
2930-2958 cm™', 1695-1715cm~" and 2865-2875cm™~! (in order of intensity) and corre-
spond to the hydrocarbon and carbonyl stretching vibrations. A feature that aids the
differentiation between oil and the resins is the shape of the carbonyl peak. In the oil, it
is a sharp peak due to the ester vibration only and in the resins, there is a broader peak
resulting from numerous contributions of CO vibrations in different environments.
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The spectra of glue shows the four characteristic vibrations of the amide group: N-H
in 3070 cm~', amide | (C=0 vibration of the peptide bond) in 1630 cm~", amide Il (C-N
stretching and N-H bending vibrations) in 1550 cn—" and amide IlI, that depends on the
structure of the amide in 1240 cm ' [50].

As mentioned in the previous chapter, there is a shift in the peaks of deuterium oxide
compared to those of water. In D,O, there is a band in 2500 c ™' that correspond to a
combination between three vibrational modes: symmetric and asymmetric stretching
and bending vibrations; and a less intense peak in 1200 cm ™" attributed to the bending
vibration [51].
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Fig. 6.1: ATR-FTIR spectra of dammar, mastic, linseed oil, glue and D,0.
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Dammar  Mastic Glue Oil Approx. assignment
3290 = u(O-H)
3070 = U(N-H)
- - - 3005 Ua(CHy)
2954 2950 2930 2956 Ua(CHo)
2870 2871 - 2925 U(CHzg)
1707 1705 - 174 V(C=0) Ester
1641 1645 - - u(C=0C)
- - 1630 - u(C=0) Amidel
- 1583 u(C=C)
- - 1550 - U(C-N), 6(N-H) Amide Il
1454 1460 1450 1464 0a(CHg), 6(CHy)
- - 1410 1415 S(CHy)
1381 1381 1330 1377 5s(CHs)
- 1244 - - L(C-0), w,T(C-H), V(C-0-0)
- - 1242 Ua(C-0)
- - 1240 - Amide Il
180 1180 - - w,T(C-H), v(C-O-0)
- - 160 - u(C-0), u(C-O-C)
- - - 146 Ua(C-0)
1080 - mo 1099 u(C-0), u(C-0-0)
1043 1032 1030 - v(C-0), u(C-C)
- 946 - - w,TI(C-H), 6(O-H)
892 - - - 5(C-H)
- 723 V(CHy), W(C-H)

Table 6.1: ATR-FTIR absorption peaks of dammar, mastic, glue and linseed oil.
Frequencies are given in wavenumber [cm'].v: Stretching; 6: bending; w: wag-
ging; T:twisting; «: rocking; a:asymmetric.

6.2 Water diffusion studied by ATR-FTIR spectroscopy

The water diffusion through the different materials was quantified by ATR-FTIR spec-
troscopy. The objective of this study is to characterise the materials and gain a better
insight into the transport properties, which will in part determine the diffusion of ar-
senic through them. Additionally, the stability of the materials towards water can be
seen since the FTIR spectra gives information about the molecules composing the coat-
ing and any change will be visible.

One of the requirements of this technique is that the coatings must have a good ad-
hesion to the ATR-crystal. Unfortunately, this condition is not met by the glue as it
detached from the crystal the moment the D,O was added to the cell. Therefore, only
the results of dammar, mastic and oil are presented in this chapter.

The ATR-FTIR spectra of the coatings measured over time is presented in Fig. 6.2. The
conditions at which the background spectra is taken, namely the ambient temperature,
humidity, temperature of the detector and position of the crystal inside de cell, have a
great effect on the sample spectra. It is recommended to take the background as the
spectra of the ATR-crystal before it is coated. This way, it is possible to normalize the
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peaks taken at the different times with the dry coating and compare the changes be-
tween different peaks. However this is not always possible (as in the case of the oil).
Itis particularly difficult to maintain constant the position of the ATR-crystal inside the
cell since it has to be dissembled to coat the ATR-crystal and left in the oven to dry for 12
hours. As an alternative, the spectra may be collected against the already coated ATR-
crystal before adding the D,0. This will suppress the problem of the crystal alignment
and will also reduce the effect of variation of the ambient conditions since the back-
ground spectra is collected minutes before adding the D,O and not 12 hours in advance.
The disadvantage is that the absorbance of the original peak is not known and thus,
subsequent spectra cannot be normalized with respect to that peak.

The spectra of dammar and mastic (Fig. 6.2a and 6.2b, respectively) was taken against
a background consisting of only the ATR-crystal and thus, the peaks of the coating and
water show positive absorbance values. With time, water penetrates inside the coating
and occupies the free volume of the coating. As a conseguence, the peaks of the coating
show lower intensities as the water diffuses through. Contrarily to dammar and mastic,
the baseline of the spectra of the oil against the background of the ATR-crystal taken 12
hours before showed large deviations from a linear behaviour. As mentioned before, this
may be caused by a temperature differences or a different alignment of the ATR-crystal
in the cell. Therefore, the alternative method was used, in which the spectra was taken
against a background of the ATR-crystal already coated. As a consequence, the baseline
has a more linear behaviour than the spectra collected against the background contain-
ing only the ATR-crystal. Furthermore, it can be seen that compared to the spectra of
dammar and mastic, the oil spectra has less variations in the baseline and it is more lin-
ear (Fig. 6.2). Another important difference is that the change in the coating peaks as
water diffuses appear as negative absorbance values since they have a lower intensity
than the original spectra.

The spectra of the coatings taken throughout the experimental time were compared to
the reference spectra presented in Section 6.1. All of the peaks identified in the refer-
ence were present in the coatings, and no additional peaks were found except for the
D,0 peaks located in 2500 crn—" and 1200 cm~, which indicates that there were no ma-
jor changes in the molecular structure of the coatings. However, a broadening of the
ester peak located near 1700 cm ™" in the spectra of the oil was observed, indicating the
presence of carboxylic acids. This is described in more detail in Section 6.2.3.

Even though the baseline of the spectra varies with time, it is possible to see an increase
in the D,O peaks with time (at 2500 crn ™) for the three coatings. It is however difficult
to visualize the change in the peaks of the coatings since the baseline is not constant
for all the spectra. A baseline correction, which is presented below, must be done to be
able to compare them.
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Fig. 6.2: Time-resolved ATR-FTIR spectra of dammar, mastic and oil in
D,0. The time step for taking the spectra is 30 minutes.

For the quantitative analysis, the base line of the spectra was firstly corrected. The ap-
proach taken was to correct only the peaks of interest by setting to zero absorbance the
base points of the peaks. For example, for the 2500 cm~' D,O peak, the base points
are located in 2800 and 2200 cm™". A straight line passing through these points was
subtracted to the spectra collected at all times. The same procedure was done for the
second D,O peak located in 1200 cm™' in order to have a second estimation of the wa-
ter diffusion, for the alkane peaks located between 2950 cmm~" and 2870 cm ™' to have an
indication of the water uptake and for the CO peak in 1700 cm~' to monitor the change
in the coatings.

The baseline corrected spectra for all materials showing the region where the CH,, CH;
and D,O peaks are located, is presented in Fig. 6.3. The D,O is detected since the sec-
ond measurement, which was taken 30 minutes after the D,O was added, indicating
that there is no time lag for water diffusion as it penetrates the whole thickness of the
coating since the beginning. With time, there is an increase in the absorbance of this
peak and a decrease in the alkane peaks, as indicated with arrows in Fig. 6.3. The rela-
tive absorbance between the D,0 and the alkane peaks gives an indication of the water
uptake of the coatings. In dammar, in the last measurements where the coating is satu-
rated with water, the D,O has a higher intensity than the CH, and CHs peaks as opposed
to mastic, where the alkane peaks are higher. This indicates that there is a higher water
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uptake in dammar than in mastic. This observation cannot be made in the oil since the
total absorbance of the alkane peaks is not known.

%103
1er 0.03f

0.025

o
Q
S

0.015

Absorbance
Absorbance

3000 2900 2800 2700 2600 2500 2400 2300 2200 3000 2900 2800 2700 2600 2500 2400 2300
Wavenumber (cm" ) Wavenumber (cri')

(a) Dammar (b) Mastic

0.06
0.05

0.04 -

Absorbance
o o
o o
8 &

o
2

=)

°
2

°
Q
S

3000 2900 2800 2700 2600 2500 2400 2300 2200 2100
Wavenumber (cm" )

(c) il

Fig. 6.3: Baseline corrected spectra of dammar, mastic and oil showing
the CH,, CH3 and D,O peaks.

To calculate the diffusion coefficient, the absorbance of the D,O peak was integrated
and plotted as a function of time to create a D,O concentration profile. The integrated
absorbance values were normalized by dividing them by the absorbance at equilibrium
A Finally, the normalized values were plotted as a function of time and a curve was
fitted by the method of non linear least squares with equation 6.1, proposed by Fieldson
and Barbari [35] to calculate the diffusion coefficient (for an explanation of the equation
see Section 4.2.2).

At 8’7

B A
4w w20
Lol o) (~29L) + (~1)" (27)] exp 2Lzl )] (61)

= |
2L
x> ;
=0 (2n +1) (472 Gt 7r2)

Where A; is the measured absorbance at time ¢, A, represents the absorbance at equi-
librium, v is the reciprocal of the penetration depth of the infrared radiation d,, D is the
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diffusion coefficient and L is the thickness of the film.

The number of used terms of equation 6.1 was varied to assess the fitting. It was found
that there is no further improvement after the 10™" term, thus 10 terms were used to
fit the equation. A, was estimated by selecting an initial normalized absorbance value
from the longer time data of the concentration profile and adjusted to minimize the
sum of squared residuals. The penetration depth of the IR was calculated according to
equation 6.2, where X is the wavelength, (generally in FTIR instead of the wavelength,
its reciprocal called the wavenumber is used, which is 2500 cm™' for D,0), n; and ny
the refractive indices of the ATR-crystal (2.4) and the coatings, respectively and 6 is the
effective angle of incidence of the beam.

A
d. — (6.2)
Yoo (n?sin®g — n%)l/2

The effective angle of incidence was calculated with equation 6.3, where 8¢ is the angle
of the face of the ATR-crystal (60°) and 6, is the set angle in the instrument (80°). The
resulting effective angle is 68.19°.

ni

in(f, —0
0=0;+sin* {M} (6.3)
The refractive index of the coatings is [/]:

e Dammar: 1.515-1.536
» Mastic: 1.535-1.539

e Linseed oil: 1.48-1.49

The penetration depth calculated with equations 6.2 and 6.3 is 0.394 um for dammar,
mastic and glue, and 0.382 um for oil. Since these values are small compared to the
thickness of the coatings (23-70 um), it is assumed that the measurement is done in
the interface between the coating and the ATR-crystal, in other words, the D,0 diffuses
through the whole thickness of the coating, where it is analysed.

6.21 Dammar

The ATR-FTIR spectra of dammar collected every 30 minutes is presented in Fig. 6.4a
in the region 2800-2200cm~". The increase of the D,O intensity with time is clearly
observed indicating the diffusion of D,0O through the coating. The normalized D,O con-
centration profile is presented in Fig. 6.4b along with the fitted curve. The D,O profile
shows a typical behaviour of a Fickian diffusion process, where a fast increment is ob-
served in the first 5 hours, followed by a period of slower water uptake from 5 to 20
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hours until saturation is reached. The parameters to calculate the diffusion coefficient
are: L =23um, d, = 0.394um and A, = 4.4. The calculated diffusion coefficient of
D,O in dammaris 0.11 x 10=7 cm? s~" with a R? of 0.9956.
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Fig. 6.4: (a) ATR-FTIR time resolved spectra of dammar in the 2800-
2200 cm ™ region and (b) normalized integrated absorbance of the D,O
peak as a function of time.

The diffusion coefficient was also calculated with the D,O peak localized in 1200 cm ™!
obtaining a result of 0.15 x 1077 cm? s~!, which is consistent with the result from the
2500 cm ™" peak. The D,O peak and concentration profile are presented in Appendix A

and a summary of these results is presented at the end of this section in Table 6.2.

Additionally, the carbonyl peak located in 1700 cn~' was integrated. This peak was anal-
ysed because it gives information about the coating and its possible changes during the
experiment. The concentration profile of this peak is presented in Fig. 6.5. In the same
figure, the concentration profile of D,O is also presented to facilitate the comparison.

10.36

10.34

10.28

Fig. 6.5: Concentration profiles of the C=0 and D,0 peaks in dammar.

As seen in the figure above, there is a decrease in the absorbance of this peak as time
passes. The decrease rate of the C=0 peak is the same as the increase rate of the D,0O.
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In other words, the profiles are the same but inverted. This means that water diffuses
through the coating until the interface where it is detected, and thus the D,O peak in-
creases. Gradually, it fills the volume that used to be occupied by the coating alone until
it is saturated. Therefore, the absorbance of the carbonyl peak decreases with time at
the same rate as the water diffuses through and it stops decreasing when saturation is
reached.

6.2.2 Mastic

Similarly, the diffusion coefficient of D,O in mastic was calculated. The D,O peak is
presented in Fig. 6.6 along with the normalized concentration profile. During the first
hours of immersion there is a fast water uptake. Between 5 and 10 hours the curve
smooths and tends to a saturation value, just asin dammar. However, this valueis never
reached (at least within the experimental time). Instead, there is still a constant water
uptake.
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Fig. 6.6: (a) ATR-FTIR time resolved spectra of mastic in the 2800-

2200 cm ™! region and (b) normalized integrated absorbance of the D,O

peak as a function of time and fitted curves of Fickian diffusion (dotted)
and considering a SC (solid).

This type of profile is characteristic of a "two-step” sorption. The first step is a fast Fick-
ian absorption, controlled by a concentration gradient. The second is a non-Fickian dif-
fusion that involves the response of the polymer to a swelling stress. This phenomenon
was described by Berens and Hopfenberg by studying the diffusion of various solvents
in poly(vinyl chloride) and polystyrene by gravimetric analysis [52]. In the beginning,
the solvent diffuses through pre-existing spaces between the polymeric chains. As a
response, there is a rearrangement of the chains of the polymer (swelling) and free vol-
ume is created. This allows more water to penetrate and explains the constant water
uptake seen after longer exposure times.

Another contribution to describing the phenomenon was made by van Westing, who
studied the water uptake of epoxy coatings by electrochemical impedance spectroscopy.
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He proposed to add a swelling coefficient (SC') to the diffusion equation (See Section
4.2 3) that linearly depends on time to account for this phenomenon [44]. The equa-
tion proposed by van Westing is shown as equation 6.4. Later, Nguyeng Dang, also per-
forming EIS measurements, found that making this swelling coefficient linear with the
square root of time and inversely proportional to the thickness (equation 6.5) was in
better agreement with the experimental data [53].

= 1 —(2n + 1)2Dn?
b = b [1—;—(2n+1)26xp( — W)t +5C-t (6.4)
B = 1 —(2n+1)>Dn” e
o1 = ¢s [1—;:0me><p( e )t]+T t (6.5)

where ¢; is the volume fraction of water absorbed at time ¢, ¢, is the volume fraction
of water absorbed at saturation and L is the thickness of the coating.

In this project, the ATR-FTIR diffusion equation (6.1) was adapted by incorporating the
swelling coefficient from the EIS equation described by Nguyen, which results in equa-
tion 6.6. This is proposed based on the idea that the change in absorbance is analogous
to the change in capacitance in EIS and that the incorporation of such coefficient pro-
vides a better description of the experimental data.

A=Ay (1 - M)

00 |:(2n2—21)7r exp (—2"}/L) + (_1)n (27)] exp <—D(222_21)27r2t>
X Ao Z (6.6)
o (2 +1) (42 + 207)
SC
+ T\/E

It is important to note that there are other two possible explanations of the increas-
ing D,O concentration at longer exposure times. The first one is explained as a partial
detachment of the film from the ATR-crystal. Although no visual evidence of this was
encountered during the experiment, it is possible that the coating lost adhesion due to
the penetration of D,O and thus, the D,O peak keeps increasing with time. The second
hypothesis is that the saturation is never reached. In the first hours, the water pene-
trates into the coating filling the free volume between the molecules. Depending on
the arrangement of the molecules, it may be more restricted spaces for the water to
penetrate, which will show a slower water uptake explaining the second step of the
concentration profile. However, it is not possible to distinguish with FTIR-ATR which
one, or what combination, of these mechanisms is the cause of the two-step sorption
profile.

Nonetheless, the concentration profile was fitted with equations 6.1 and 6.6. The devi-
ation from the normal Fickian diffusion is shown in Fig.6.6b. The dotted line is the fit
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considering a normal Fickian diffusion using equation 6.1 while the solid line represents
the fit done with equation 6.6 considering the swelling of the coating. The A;y i, Was
estimated the same way as that for the Fickian diffusion calculation but the initial value
was chosen as the value where the curve starts to bend towards saturation (approxi-
mately at 7 hours) even though it is never reached.

It is evident that the fitting of a Fickian diffusion is poor. In fact, adding a swelling coef-
ficient, increases the R? from 0.3522 to 0.9989. The diffusion coefficient calculated by
considering a swelling coefficient is 0.23 x 1077 cm?s~'. The parameters used to calcu-

late the coefficient are presented at the end of this section in Table 6.2.

The deviation of the data between 20 and 28 hours is attributed to the incorrect func-
tioning of the detector due to a deficiency on the supply of liquid nitrogen needed for
cooling as the nitrogen feed of the FTIR is not continuous and must be done manually.
Thus, the above mentioned values were not considered in the diffusion coefficient cal-
culation. The analysis of the D,O peak located in 1200 cm ™' was not possible since there
is an overlap between this peak and the peaks of mastic.

One way to check the behaviour of the coating is to analyse how the peaks of the coating
change with time. For this, the CO peak was integrated and plotted as a function of time
Fig. 6./. Ignoring the incorrect data points mentioned above, a clear tendency is seen.
There is a fast decrease in the absorbance of the CO peak in the first 10 hours followed
by a slower but constant decrease. This profile corresponds to the two-step sorption
observed for D,O. Unlike the dammar, in this case the coating peak keeps decreasing
instead of reaching a saturation value, which confirms, but cannot distinguish between
the swelling, partial detachment, or continuous water uptake of the coating.
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Fig. 6.7: Concentration profiles of the CO and D,O peaks in mastic.

6.2.3 Oil

The D,O peak and normalized concentration profile is presented in Fig. 6.8. In this case,
a "two-step” profile is also observed. In the first 5 hours there is a fast water uptake,
then the curve tends to stabilize but there is a constant D,O flux at longer times devi-
ating the curve from a purely Fickian diffusion to a non-Fickian diffusion that describes
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the swelling of the polymer. Contrary to mastic, the oil coating showed partial detach-
ment from the ATR-crystal after the experiment was performed, which could also ex-
plain the increment of the D,O intensity at longer times. Unfortunately, with this tech-
nigue is not possible to distinguish whether the increment is caused by swelling or by
the detachment of the coating. Nevertheless, the diffusion coefficient was calculated
with both equations (Fickian diffusion 6.1 and with a swelling coefficient 6.6). Although
the results are similar: 2.82 x 1077 cm? s~ for Fickian diffusion and 2.72 x 10=% cm? s~
with the incorporation of a swelling coefficient; the latter curve shows a better fit (R? of
0.9998 versus 0.8547 without the SC).

The diffusion coefficient was also calculated with equation 6.6 based on the peak in
1200 cm~! obtaining a value of 2.13 x 1077 cm?s~". The D,O peak and concentration
profile are presented in Appendix A.
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Fig 6.8 (a) ATR-FTIR time resolved spectra of Qil in the 2800-2200 cm ™

region and (b) normalized integrated absorbance of the D,O peak as a

function of time and fitted curves of Fickian diffusion (dotted) and con-
sidering a SC (solid).

Finally, the C=0 peak was analysed. In the dry oil, this is a sharp peak that corre-
sponds to the C=0 vibration of esters. However with time, the shape of the peak
changes. A broadening of the peak is observed in Fig. 6.9a. This is caused by the pres-
ence of carboxylic acids, whose C=0O vibration is located at slightly lower wavenumbers
(1685 cm™"). This indicates that there is a hydrolysis reaction of the ester groups present
in the oil with water to form carboxylic acids [54].

The concentration profile of the CO peak is presented in Fig. 6.9b along with the profile
of D,O. The same behaviour as mastic is observed in oil. There is a fast decrease in the
absorbance of the CO peak, which corresponds to the increase of the D,O absorbance
followed by a slower and less noticeable decrease. The two steps corresponding to a
Fickian diffusion and swelling or detachment of the coating are clearly visible in this
figure confirming the hypothesis made in the diffusion coefficient analysis.
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Fig. 6.9: CO peak and concentration profiles of the CO and DO peaks in
oil.

6.2.4 Discussion

The concentration profile of D,O in all the coatings is presented in Fig. 6.10. In mastic
and oil, the curve shows a faster increase than dammar in the first hours of immersion,
indicating a faster water uptake of the dry coatings. It isimportant to keep in mind that
the thickness of the coatings is different. The films of dammar and mastic are 23 and
24 um respectively and therefore can be compared to one another as seen in the figure.
However, the oil film is 70 um, which means that if a film of 23 or 24 um was tested, the
curve would increase much faster than how is showed in the plot, which is consistent
with the calculated diffusion coefficient values.

At longer times, the curves of mastic and oil keep increasing, contrary to dammar where
a saturation value is reached. This may be explained by the three phenomenons de-
scribed above: the swelling of the coating followed by more D,O penetration, the de-
tachment of the coating from the ATR-crystal or the heterogeneous water diffusion
through the coating. However, no conclusions can be drawn on the true cause for the
concentration increase after saturation.
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Fig. 6.10: Normalized D,0 concentration profiles of dammar, mastic and
oil.

The second aspect is the magnitude of the diffusion coefficients, presented in Table 6.2
along with the parameters used for such calculation. The values for these particular
materials is not reported in the literature. However, the calculated diffusion coefficients
lie within the range of reported values for other materials [35, 55, 56, 57].

Table 6.2: Diffusion coefficients of D,O calculated for dammar, mastic

and oil.

Coating L Peak A, SCx10® Dx10? R2
(um)  (cm™1) (ms%9)  (cm?s™)
Dammar 23 2500 440 - om 0.9778

1200 024 - 0.15 0.9992

Mastic 24 2500 230 - 0.29 0.3522
230 1183 0.23 0.9989

Oil 70 2500 156 - 2.82 0.8547
15.6 2773 2.72 0.9998

1200 050 - 219 0.9057

0.50 13.60 213 0.9999

As shownin Table 6.2, the diffusion coefficient of dammar calculated from the two D,O
peaks is similar (0.11and 0.15 x 10=? cm? s~') with an R? of the fitting the curve above
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0.97. For this material no swelling or detachment was observed. Dammar and mas-
tic are similar compounds made of the same type of molecules. In fact, the diffusion
coefficient of these two varnishes is similar. However, there is an important difference
in their behaviour when immersed in water. In mastic, a saturation plateau was not
reached within the experimental time. The diffusion coefficient calculated by consid-
ering a swelling coefficient produces a better fit (R? of 0.9989) compared to a Fickian
diffusion (R? of 0.3522). This phenomenon was further studied with EIS and the re-
sults are presented in the next section. The same behaviour is observed in the oil in the
analysis of the two peaks of the D,O. In both, the incorporation of a swelling coefficient
improves the fitting of the data. The diffusion coefficient of D,O in oil is one order of
magnitude larger than those in the varnishes. A more thorough discussion is presented
in Section 6.6.

6.3 Water diffusion studied by EIS

The water diffusion through the coatings was also followed by EIS measurements. The
purpose of using EIS is firstly because it provides a different way to measure the water
diffusion coefficient and thus, the values calculated with ATR-FTIR spectroscopy can be
compared; and second because it gives additional information about the coating prop-
erties, as well as the water uptake. As EIS gives information about the interfaces and
the processes taking place in the interface, properties such as detachment of the coat-
ing from the substrate, water uptake of a coating, diffusion through the coating and
swelling can be studied. In this section, the results of water diffusion through dammar,
mastic and linseed oil are presented.

6.3.1 Dammar

The Nyquist and Bode plots of dammar at different times are presented in Fig. 6.11. At all
times, the shape of the Nyquist plot (Fig. 6.112) seems to contain one semi-circle. This
shape of is maintained over time, it is only the value of the impedance that change. Its
diameter, which is associated with the total impedance of the system, decreases during
the first 6 hours from approximately 4.5 x 107 to 1.5 x 107 Q), after which the decrease
is less noticeable.

In the Bode plot, the impedance magnitude |Z]| shows two plateaus. In general, a
plateau is representative of a resistance, since it has no dependency with the frequency
and the phase angle is 0°. In this system, one plateau is located at the high frequency
limit (10° Hz), that corresponds to the resistance of the solution and the second one at
low frequencies (1072 Hz), which represents the sum of all the resistances in the sys-
tem. At intermediate frequencies, a capacitive behaviour is observed, characterized by
its dependency with the frequency. The same decrease of the impedance with time is
seen in this Bode plot at low frequencies, where the total magnitude |Z| decreases in
the range from 10% to 107 Q). This may be linked to the penetration of water through the
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coating. As water diffuses through, it creates channels in the coating that facilitate the
ionic current flow between the electrodes, lowering the impedance. It can also be asso-
ciated with a degradation of the coating. For further analysis, the individual parameters
were calculated and are presented in the following paragraphs.

Despite of the observation made about the Nyquist plot containing only one semi-circle,
in the Bode plot (Fig. 6.11b) the evidence of a second semi-circle is observed, character-
ized by two regions with different phase angles, a feature that becomes more evident at
longer times. These two semi-circles are typical for a circuit containing two time con-
stants (a resistance connected in parallel with a capacitance) besides the resistance of
the solution. The circuits containing one and two constants are presented in Fig. 6.12
along with a schematic drawing of its physical meaning.
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Fig. 6.11: EIS plots of dammar at 2, 4, 6,12 and 24 h in a Na;SO4 solution.

The features observed in the Nyquist and Bode plots are associated to the physical sys-
tem in the following manner: the impedance at higher frequencies is associated to the
resistance of the solution. This resistance is connected in series with the first time con-
stant, that consists of the coating capacitance in parallel with the coating resistance. If
a second time constant is considered, it would represent the charge transfer resistance
and the double layer capacitance.
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Fig. 6.12: Equivalent circuits proposed to fit the EIS data of dammar.

The coating capacitance was extracted from the data and further treated to calculate
the water uptake and diffusion coefficient. Asdiscussed previouslyin Section 4.2.3, there
are 2 different approaches to calculate the capacitance. The first one is to calculate the
capacitance from the Bode plot at a frequency of 1000 Hz (Cye). However, in this case
this is not possible since the phase angle is not exactly 90° and thus the behaviour is
not ideal and a pure capacitance cannot be calculated. The other approach is based on
fitting the data to an equivalent circuit and extract the capacitance. Since the shape of
the curves is not clear, two equivalent circuits were explored to fit the data, Model A and
Model B, with one and two time constants respectively. These models are presented in
Fig. 6.12. Since the behaviour of the coating capacitance, as well as the double layer ca-
pacitance, are not ideal, a CPE element was used in the models instead of a capacitance.
In model A, R, is the solution resistance, C PE. is the coating capacitance and R, is the
resistance of the coating. In model B, apart from Ry, R. and C'PE,, the capacitance of
the double layer C'P Ey4 and the charge transfer resistance R,; are included.

Fig. 6.13 shows the result from fitting both models to the experimental data taken at
an immersion time of 2 hours. As seen in the Nyquist and the phase angle Bode plot,
a better fit is obtained with model B. This is the case for the data obtained at all im-
mersion times. Therefore, a double layer capacitance and a charge transfer resistance
appear since the first measurements. This suggests that water diffuses through the
whole thickness of the coating from the beginning forming a double layer that grows as
more water reaches the interface. Thisisin accordance with the experiments performed
with ATR-FTIR, where the water was detected from the first instance.
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Fig. 6.13: Fitting curve with models A and B to the EIS data of dammar
taken at 2h.

It is important to mention that at very high frequencies, there is a deviation of the data
from the model (Fig. 6.14). This has been encountered by several authors and is at-
tributed to an instrumental artefact [58]. Therefore, the fitting was made discriminating
the frequency range from 4x10* to 1x10°Hz.
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Fig. 6.14: High frequency region of the EIS plots of dammar at 2, 4, 6, 12
and 24 hin NaySOyq.

The numerical results from fitting model B to the data for selected hours are is shown
in Table 6.3. The fitted data at all times was plotted as a function of time and is shown
in Fig. 6.15, while the numerical values and the errors associated with every value can
be found in Appendix B. One way to test the goodness of fit of the model is with the
chi-squared (x?) value. A lower value of x? indicates a better fitting of the model to
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the data. As shown in the Table 6.3, the x? is around 0.0023. Compared to the x?
obtained by fitting with model A (0.015), it is much smaller confirming that model B
describes the data better than model Except from the resistance of the solution, the
errors of the individual parameters are below 6.5%, which are common errors in this
kind of measurements. The errors associated to the resistance of the solution are about

30% and will be discussed below.

Table 6.3: Selected EIS data of dammar calculated with Model B.

Time X2 RS RC CPEC O Rct CPEdL Qg
(h) Q) (Qcm—2) (Fem—2s> = 1) (Qcm—2) (Fem—2s® =Ty
0.5 0.0023 1976  9.75x10® 5.76x10~7 0.90 7.27x10’ 8.30x10~7  0.62
2 0.0022 1917  6.70x10° 5.60x10~2 090 1.03x10® 6.37x10~7 0.58
4 0.0023 1980 6.10x10° 5.96x10~° 0.89 6.18x107  6.08x10~7 0.67
6 0.0027 1992 4.54x10° 6.73x10~7 0.88 3.47x107  7.50x107° 0.72
12 0.0023 1933  2.44x10° 7.50%x10~° 0.87 3.40x107 7.70x10~° 0.70
18 0.0018 1814  3.10x10° 8.22x10~°? 0.86 3.87x107  7.09x10~? 0.71
24 0.0018 1774  2.25x10° 8.06x10~7 0.86 3.62x107 8.02x10~? 0.73
40 0.0016 1601  1.31x10° 8.62x10~7 0.87 8.06x107  7.94x10~° 071
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Fig. 6.15: Plots of the results from fitting the EIS data of dammar as a
function of time.
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The first aspect to notice in the plots is the solution resistance (Fig. 6.15a). During the
first 10 hours it is relatively stable. However, at longer times it decreases, possibly due to
evaporation of the water during the experiment. The magnitudeis higher than expected.
Theelectrolyte used was a solution 0.0TM of Na,SO,4 and its conductivity was measured
before and after the experiment, obtaining 2.45 and 2.05mScm™', respectively. The
resistance of a solution can be calculated with the following equation:

where R is the solution resistance, d is the distance between the working electrode and
the reference electrode, k is the conductivity of the solution and A is the area through
which the current flows.

An estimation of the resistance of the solution was made. The distance between the
electrodes is approximately 4.3 cm and the area was considered to be the exposed area
of the working electrode: 2.48 cm?. With these parameters, the resistance of the solu-
tion before and after the experiment is 846 () and 708 Q), respectively. The values cal-
culated by fitting the model does not correspond to these values. However, they do
correspond to the high frequency values in the Bode plot with a | Z| of 10° Q (Fig. 6.11b).
This value may be influenced by the high frequency artefact and therefore, does not al-
low a proper calculation of the resistance of the solution. This is reflected in the errors
associated to the resistance of the solution which are approximately 30%.

The CPE of the coating lies within the typical coating capacitance values, which isin the
order of nF [36]. As shownin Fig. 6.15b, the CPE of the coating increases with time. Even
though there is some dispersion in the data, a trend is observed. During the first hours,
theincreaseis fast and afterwards there is a tendency to saturate to a certain value. The
increase of the capacitance is an indication of water penetration. As explained previ-
ously, the capacitance is proportional to the permittivity of the media. The permittivity
of water is lower than that of the dry coating. Therefore, as water diffuses through the
coating, it increases the capacitance until a value in which the coating is saturated with
water.

On the other hand, the resistance of the coating decreases rapidly in the first hours and
remains constant after 10 hours of immersion. The decrease of the resistance may indi-
cate changes in the barrier properties of the coating. As water diffuses through, it may
change the diffusion pathways along the coating facilitating the current flow and thus,
decreasing the resistance of the coating.

The charge transfer resistance decreases with time and the double layer capacitance
increases with time. Since the R, is proportional to the electrode area and C'PEy; is
inversely proportional, this suggests that the double layer is occupying more area as
time passes and more electrolyte diffuses to the electrode-coating interface. After 10
hours, the C'P Ey is relatively stable, which is the approximate time of saturation of the
coating and no more electrolyte is penetrating.
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After the data was fitted to the equivalent circuit, the capacitance was further treated to
obtain the water uptake and diffusion coefficient. As mentioned before in Section 4.2.3,
the calculation with CPE values does not provide true values of water uptake and hence,
true diffusion coefficients. Thus, the effective capacitance C,rs must be calculated. The
effective capacitance calculation proposed by Brug relies in a constant solution resis-
tance, which was not the case for this experiment. Therefore, the effective capacitance
was calculated by equation 6.8, proposed by Hsu.

Cliy = QV*(1/Re) " (6.8)

The calculated effective capacitanceis presented in Fig. 6.16. There is more dispersion in
the C. sy data than the CPE by itself since the variations of R, C PE, and a contribute
to the dispersion of the effective capacitance. Nevertheless, the same trend observed
for the CPE is noticeable.
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Fig. 6.16: Effective coating capacitance of dammar as a function of time.

The water uptake, ¢(%), was calculated with the Brasher Kingsbury equation:

¢(0/o) _ lOg(Ct/C()> (69)

loge,,

where C; is the effective capacitance (Cf}f) measured at time ¢, Cy is the initial coating
capacitance and g, is the permittivity of water, assumed to be 80 at allimmersion times.
Theresultsare presentedin Fig. 6.1/a. The diffusion coefficient was then calculated with
equation 6.10 by plotting (¢;/¢s) as a function of time.
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B = 1 —(2n + 1)?Dn?
¢y = ¢s |1 — Z RS exp ( N ) t] (6.10)

n=0

Here, ¢; is the water uptake at time ¢, ¢, is the volume fraction of water absorbed at
saturation, D is the diffusion coefficient and L is the thickness of the coating. In this
case, the thickness of dammar was 43 um.

The first 10 terms of the equation were used to fit the curve, since beyond the 10*" term,
the R? did not show a significant increase. The fitted curve is presented in Fig. 6.4b. The
data points that significantly deviated from the curve were excluded from the fit and are
shown in the same figure. The fitting is not ideal, in fact the R? is low (0.8655), which is
expected due to the dispersion of the data. Nevertheless, it was possible to calculate the
diffusion coefficient, obtaining 0.323 x 10=7 cm? s~'. This value, although not exactly
equal, is close to the diffusion of water calculated with ATR-FTIR: 0.106 x 107 cm?s™!
(Found in section 6.2.1).
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Fig. 6.17: Water uptake and fitting curve for the diffusion coefficient cal-
culation of water in Dammar.

6.3.2 Mastic

The Nyquist and Bode plots of the EIS data of mastic immersed in a Na,SO4 solution at
different times are shown in Fig. 6.18. In the Nyquist plot (Fig. 6.18a), two semi-circles
are observed. Unlike dammar, the two semi-circles here are less overlapped and thus,
more clearly visible. Even though this is not so evident in the impedance magnitude |Z
from the Bode plot, the phase angle shows two high angle regions, which confirms the
presence of the two semi-circles of the Nyquist plot (Fig. 6.18b).
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Fig. 6.18: EIS plots of mastic at 2, 4, 6,12 and 24 h in a Na;SO4 solution.

The diameter of the lower frequency semi-circle increases from 2 to 12 hours and then
it drops at 24 hours. This behaviour is also observed in the total impedance Bode plot.
A close up to low frequencies is shown in Fig. 6.19 to illustrate this behaviour. It isim-
portant to note that it is the total impedance of the system the one that is increasing,
soitis necessary to estimate the individual contributions of the individual electrical ele-
ments to understand the processes taking place in the system. This is done by fitting an
equivalent circuit to the EIS data with electrical elements that represent these processes
in the physical system.
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Fig. 6.19: Low frequency region of the Bode plots of mastic at 2, 4, 6, 12

and 24 h.

The two semi-circles observed in the Nyquist plot are characteristic of two time con-
stants. Therefore, model B was proposed to fit the data (Fig. 6.12c). The fitted curves of
the data measured at 2and 24 hoursis presentedin Fig. 6.21. Ascan be seenin the figure,
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the data at low frequencies deviates from the model. Furthermore, the o coefficient of
the C'PEy that resulted from fitting this model is around 0.5, which is characteristic
of the presence of a Warburg. In fact, the Warburg can be regarded as a CPE with the
imaginary component of the impedance equal to the real component and an a@ = 0.5.
Therefore, a Warburg element was incorporated to the model, Model C, and a better fit
was obtained.
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Fig. 6.20: Equivalent circuit proposed to fit the EIS data of mastic.
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Fig. 6.21: Fitted curves of the EIS data of mastic taken at 2 and 24 hours
with models B and C.

The data at all times was fitted with Model C and is presented in Appendix B. Selected
data is shown in Table 6.4 and the plots of all the parameters as a function of time
is presented in Fig. 6.22. The x2 is low at all times, which indicates that the model
produces a good fit for all the experimental times. The errorsin most of the parameters,
also shown in Appendix B, are low except from the resistance of the coating, which after
17 hours the errors of some points are above 8%.
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Table 6.4: Selected EIS data of mastic calculated with Model C.

2

Time x Rs R¢ CPE¢ Q. Ret CPEq, g
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0.5 0.00058 3132 3.72x10° 7.22x107'9 097 3.77x107 1.88x107% 042
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Fig. 6.22: Plots of the results from fitting the EIS data of mastic as a func-
tion of time.

As shown in Fig. 6.22a, the resistance of the solution is relatively constant along the
experimental time and its magnitude is closer to the one estimated from the conduc-
tivity of the solution. In Fig. 6.22b, the capacitance of the coating, represented by a
CPE, increases in the first 5 hours and afterwards it decreases with time. The first in-
crease in the capacitance is due to the penetration of water. Same as in dammar, the
permittivity of water is higher than that of the coating and, since the capacitance is
proportional to the permittivity of the medium, there is an increase in the capacitance
as water diffuses through the coating. However, it does not tend saturation value as in
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dammar. Instead, thereis a pronounced decrease from 5to 24 hours. As the capacitance
is inversely proportional to the thickness of the coating, a reduction of the capacitance
could be caused by an increase in the thickness of the coating, in other words, swelling.
However, the increase in thickness due to swelling is not as large as to explain the drop
in the capacitance. It has been seen from several authors that the swelling of the coat-
ing will produce an increase in the capacitance since more water is allowed to penetrate
[52, 44, 53,46, 42]. In this cases, the water uptake, and thus the capacitance, has a two
step sorption profile in which thereis a fast increase and instead of a saturation plateau,
there is a continuous but slower increase.

Another possibility to explain the capacitance decrease is the detachment or partial de-
tachment of the coating. Deflorian et al reported a similar capacitance profile, in which
the decrease was attributed to the detachment of the coating [59]. In their situation,
this explanation was logical since at the end of the experiment, they coating was com-
pletely detached from the electrode. However, the mastic coating did not show any
signs of detachment.

Another possible explanation is that the coating may be loosing its barrier properties.
As water penetrates, it may cause a degradation of the coating making it loose its capac-
itive behaviour. This is seen as a decrease in the capacitance as observed in Fig. 6.22b.
Furthermore, the resistance of the coating decreases, which can also be explained by
this reasoning as it is easier for the electrolyte to penetrate.

Asshownin Fig. 6.22¢, the double layer capacitance decreases with time. The formation
of the double layer is a process that takes place in the interface between the metal and
the electrolyte. As this interface is changing with time, the double layer capacitance
takes time to stabilize, as well as the charge transfer resistance, that on the other hand
has a high degree of dispersion.

The diffusion coefficient cannot be calculated since the sample does not show a Fick-
ian diffusion profile. Nevertheless, the effective capacitance and the water uptake were
calculated to show the complete set of parameters. The effective capacitance was cal-
culated with equation 6.8 and the result is presented in Fig. 6.23a. The water uptake
was calculated with equation 6.9 and presented in Fig. 6.23b. The effective capacitance,
just as the CPE increases during the first 5 hours and then decreases with time. The wa-
ter uptake has the same profile as the capacitance. The only possible conclusion drawn
from this graph is that during the first 5 hours, the water uptake of mastic is 1.8%. The
diffusion coefficient cannot be calculated since the coating capacitance is not changing
only due to the water uptake but it is also related to the properties of the coating. As
mentioned previously, a decrease in the capacitance of the coating may be related to a
decrease in its barrier properties indicating the degradation of the coating.
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Fig. 6.23: Effective coating capacitance and water uptake of mastic.
6.3.3 Oil

The results of the EIS experiment of oil in the Na,SO4 solution are presented in Fig. 6.24.
The Nyquist and Bode plots have different shapes than those encountered for dammar
and mastic. Here, only one semi-circle is present in the Nyquist plot and it has a tail at
low frequencies (Fig. 6.24a). In the Bode plot, the impedance magnitude shows only
one plateau and in the phase angle plot, only one region is present (Fig. 6.24b). They
both relate to the semi-circle observed in the Nyqguist plot.

The diameter of the semi-circle decreases with time, and so as the total impedance | Z].
This may be linked to the absorption of water of the coating and the change in pathways
building up inside the coating. The tail observed in the Nyquist plot may be caused by
a non-ideal Warburg element. In the first measurements, the tail appears to be a pure
resistance since the phase angle is close to zero. But with time, the angle increases
toward the characteristic 45°, also seen as a straight line with a slope of -1in the Nyquist
plot. This is more clearly seen in the 24 hour measurement presented in the Nyquist
plot (Fig. 6.244a). For the analysis of the water uptake and diffusion coefficient, the data
was fitted without considering this region with an equivalent circuit containing one time
constant.
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Fig. 6.24: EIS plots of oil at 2, 4, 6,12 and 24 h in a Na,SOy4 solution.

To calculate the water diffusion, the EIS data was fitted with model A (Fig. ??), which
consists of the resistance of the solution Rs connected in series with a parallel connec-
tion between the resistance of the coating R, and the capacitance of the coating, mod-
elled as a CPE to consider the non-ideal behaviour of the coating C'PE.. A schematic
representation of the model is presented in Fig. 6.12b. The fitted curves for the data
taken at 2 and 24 hours are presented in Fig. 6.26.

Fig. 6.25: Equivalent circuits proposed to fit the data of mastic.
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Selected values from the fitting are presented in Table 6.5. A table with the complete
values can be found in Appendix B. Asobservedin Fig. 6.26, the model describes well the
data. This can also be seen in the value of x? that is approximately 0.001 for all times.
The error associated to the individual components is low, below 1.5% except from the
resistance of the solution, whose maximum error is 8%. The plots of the individual
components as a function of time are presented in Fig. 6.2/.
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Fig. 6.26: Fitted curves of the EIS data of oil taken at 2 and 24 hours with

model A

Table 6.5: Selected EIS data of oil calculated with Model A.

Time  x?2 R, R, CPE, o
(h) Q) (Qecm=2)  (Fem—?2s>—1)

0.5 0.0024 496 9.67x10° 7.46x10~1° 0.95
2.6 0.0015 427 1.09x107 7.82x1071° 0.94
41 0.0013 401 1.15x107 8.06x10~10 0.94
6.1 0.0011 387 1.15x10/ 8.15x10~10 0.94
12.2 0.0013 368 1.11x107 8.39%x10~10 0.93
18.3 0.0012 352 1.02x107 8.59x10~10 0.93
241 0.0012 334 8.83x10° 8.71x10~1° 0.93
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Fig. 6.27: Plots of the results from fitting the EIS data of oil as a function
of time.

The resistance of the solution (Fig. 6.27/a) decreases throughout the experimental time,
which may be caused by evaporation of the solution, same as in dammar. In Fig. 6.2/b,
the capacitance of the coating, treated as a CPE, is presented. It increases with time
due to the diffusion of water through the coating, that changes the permittivity of the
medium and as a consequence, the capacitance. The CPE at longer times tends to a
saturation value, however it does not reach it at least in the experimental time. This
may be an indication of the swelling of the coating.

Theresistance of the coatingincreases in the first hours and then decreases due to water
penetration and a change in the diffusion pathways making easier the penetration of
water. The CPE coefficient « is close to 1, meaning that the coating behaves almost
ideal and it decreases with time as water diffuses through.

The effective capacitance of the coating was calculated with equation 6.8 and presented
inFig. 6.2/d. In this case the capacitance of the coating increases rapidly during the first
10 hours and then it tends to a plateau indicating that the coating is saturated with
water and no more water can penetrate. By calculating the effective capacitance, the
increase at longer times is corrected and a plateau is observed. The water uptake was
calculated with the Brasher Kingsbury equation (equation 6.9) and is presented in Fig.
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6.28a. It shows a Fickian profile with a maximum water uptake of 1.88% in the satu-
ration region. The diffusion coefficient was calculated with equation 6.10 obtaining a
result of 1.124 x 10~ cm? s~". The fitted curve is presented in Fig. 6.28b and has a R? of
0.9530. The calculated diffusion coefficient is similar to the one calculated with ATR-
FTIR: 2.816 x 10~ cm? s~ (presented in Section 6.2.3).
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Fig. 6.28: Water uptake and fitting curve for the diffusion coefficient cal-
culation of water in Oil.

6.3.4 Discussion

A summary of the results of water diffusion studied by EIS is presented in Table 6.6.
For all the experiments, the electrolyte used was a solution 0.01M of Na,SQO,. The first
parameter to notice is the calculated effective capacitance of the coating . The C’gpf of
dammaris approximately one order of magnitude higher than the capacitance of mastic
and oil. Thisisanindication of the superior barrier properties of dammar over the mastic
and the oil. The resistance of the coating is very similar for the three coatings although
slightly smaller for mastic, which suggests that the coating opposes less resistance to
the diffusing water.

It is observed that the water uptake of dammar is higher than that for mastic and oil,
which is also seen in the ATR-FTIR spectroscopy measurements (Section 6.2). Further-
more, the penetration of water through dammar and mastic took place since the begin-
ning of the experiments, which is reflected as the presence of the double layer capaci-
tance in the first measurements.

The diffusion coefficient of water in dammar is smaller than the coefficient in oil
and the magnitudes are consistent with those calculated with ATR-FTIR spectroscopy
(0.11 x 10=? cm? s™! for dammar and 2.72 x 10~2 cm? s~ for oil).
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Table 6.6: Selected EIS data of oil calculated with Model A.

Coating L CH _ (t=0) R.(t=0) ¢s D-10° R?

eff
(um)  (Fcm™?) Qcm? (%) (cm?s™)

Dammar 43 3.74x1077  9.74x10° 326 0.32 0.8655

Mastic 13 5.89x10710  3.72x10° 180 - -

Oil 28 5.61x10719  9.67x10° 188 112 0.9398

6.4 Arsenates diffusion studied by ATR-FTIR spec-
troscopy

As mentioned in the methodology (Section 4.2.2), three different type of experiments
were performed in order to study the diffusion of arsenates through the coatings:

o Aluminiumin D,O
o Aluminium in D,O + Arsenates

o Aluminium coated with dammarin D,O + Arsenates

The hypothesis behind this experiments is that the arsenates will diffuse through the
coating to reach the aluminium layer and be absorbed. As the arsenates reach the
coating-aluminium interface, the bond between the arsenate and the aluminium will
be detected and thus, a signal will be observed in the ATR-FTIR spectra. As the con-
centration of arsenates increases in such interface, so will the intensity in the spectra.
Therefore, a concentration profile can be created and the diffusion coefficient calculated
with the same equation used to calculate the diffusion coefficient of water (equation
6.1).

6.41 Aluminium in D,O

First of all, the stability of the aluminium layer in D,O was studied. The ATR-crystal
was coated with an aluminium layer and D,O was added. The ATR-FTIR instrument
was programmed to collect spectra every 30 minutes for a period of 24 hours. However,
after 5 hours a software error occurred and the following spectra was not collected.
Therefore a set of measurements were done after 20 hours up until 30 hours.

The measured spectra showing the region between 650 and 1300 cm ™', which is the re-
gion of interest since the arsenate peak is located between 800 and 900 cn~" and the
D,0 peak at 1200 cm™', is shown in Fig. 6.29a. The first thing to notice is the variation
of the baseline with time. Specially at lower wavenumbers, the intensity of the spectra
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increases. This is because this wavenumbers are close to the detection limit of the in-
strument, which is 650 cn ™', and thus, there are higher deviations in the measurement.
Also, it was observed that temperature changes in the environment, as well as changes
in the temperature of the detector (since it must be cooled with liguid nitrogen), greatly
affect the base line of the spectra.

Nevertheless, two peaks are clearly observed. The first one, in 1200 cm ™', correspond to
the bending vibration of D,0. The second one is a broader peak located between 1050
and 865cm™" with a maximum intensity in 958 cm™' that corresponds to the bending
vibration of the Al-O-H bond [2/]. The intensity of this peak was integrated and plotted
to create a concentration profile and is presented in Fig. 6.29b.
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Fig. 6.29: ATR-FTIR spectra and concentration profile of aluminium in
D,0.

As can be seenin the Al profile, there is a fast increase in the intensity of this peak when
it is brought in contact to D,O. After a long period of time, it tends to stabilize and the
intensity of the peak does not change any further. Therefore, this experiment showed
that aluminium is not immediately stable when D,O is added. Since the aluminium and
arsenate peaks are located in the same region, it could cause an overlap of the peaks,
interfering with the detection of arsenates. Therefore, an experiment to test whether
the arsenates could be detected was done and is presented in the next section.

6.4.2 Aluminiumin D,O + Arsenates

This experiment was performed by changing the D,O with a 0.01M solution of
Na,HAsO, in D,O to test if arsenates could be detected. Spectra was collected every 30
minutes for a period of 24 hours. The results are shown in Fig. 6.30. The spectra show
the same two peaks observed in the previous case: the D,O peak located at 1200 cm ™
and the aluminium peak at 958 cm~'. However, this last peak is different. A shoulder
is starting to notice at lower wavenumbers (from 796 to 902 cm™") and is more evident
as time passes. This peak corresponds to the stretching vibration of the As-O bond of
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a Al-O-As complex [27]. The intensity of this part of the peak was integrated and its
profile is presented in Fig. 6.30b. The intensity of the peak increases with time, which is
due to the absorption reaction of arsenates in aluminium oxide.
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Fig. 6.30: ATR-FTIR spectra of aluminium in NayHAsO4 and concentra-
tion profile of arsenates.

Two important conclusions are drawn from this experiment. The first one is that even
though the peaks of aluminium and arsenates are in the same region, it is possible to
distinguish from one another and individually calculate the intensity of the peak over
time. The second conclusion is that the arsenates are absorbed within a reasonable
time scale. Thus, in the diffusion experiments explained in the following section, they
can be immediately detected as they reach the coating-aluminium interface.

6.4.3 Aluminium coated with dammar in D,O + Arsenates

A third component is now added to the system: the varnish. Dammar was chosen since
it was the coating that showed the highest stability to D,O as it did not show any indica-
tion of swelling or detachment from the crystal, contrary to mastic and oil. To perform
the experiment, an aluminium layer was deposited to the ATR-crystal and then coated
with the dammar varnish. A background spectra of this sample was collected and the
arsenates solution was added. Spectra was recorded every 30 minutes for a period of 24
hours.

In Fig. 631, selected spectra is presented. The first aspect to note is the variation of
the baseline, which is much more pronounced in this sample than in the previous ones.
This variation does not allow a clear comparison between the spectra and makes it im-
possible to distinguish individual peaks to perform a baseline correction. The change in
the baseline may be associated to a numerous phenomenons. As mentioned in Section
6.4.1, the temperature of the environment and of the detector are important factors, as
well as the proximity to the instrument detection limits. Additionally, as the solution
diffuses through the coating, there are changes in the coating and in the aluminium
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layer that are not only produced by D,O but also by the arsenates that may affect the
baseline.

The following changes in the spectra may be expected: As the D,O diffuses through the
coating, it is detected thus producing a positive peak. The coating may show negative
peaks as less material is measured due to the interference with D,0. The peak of alu-
minium increases as D,O is reaching the interface, as seen in the Section 6.4.1 and the
arsenate peak increases (seen as a shoulder in the Al peak) as the arsenates reach the
aluminium oxide and form a complex, as seen in Section 6.4.2.
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Fig. 6.31: ATR-FTIR spectra of dammar in Nay;HAsOy.

Unfortunately, all of this features cannot be identified in the spectra since the baseline
is not at all constant and a baseline correction was not possible. One way to resolve
the peaks is to do peak deconvolution, in which the spectra is fitted to a combination of
gaussian functions and the individual identification of the peaks is possible. However,
the intensity of the peaks is too low in this region of the spectrum and the variation of
the baselineis too large, which may lead to large errors in the fitting. Thus, this approach
was not explored.

Therefore, it was not possible to study the diffusion of arsenates in dammar with ATR-
FTIR. This technique is too sensitive to the variations of the coating and the baseline. The
region of interest is close to the detection limits of the instrument, which could also be
a cause for such variation. Nevertheless, the diffusion of arsenites and arsenates was
studied with electrochemical impedance spectroscopy and is presented in the following
sections.

6.5 Arsenic diffusion studied by EIS

The diffusion of the arsenite and arsenate ions in the dammar and mastic varnishes was
studied by EIS. As mentioned in Section 3.3.1, the arsenites and arsenates have an affinity
to oxides (particularly aluminium), where they are absorbed. The principle used in this
experiments is that by using aluminium oxide coated with the varnishes as a substrate,
the arsenic species will have a tendency to travel towards it. However, the species will
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have to diffuse first through the coating in order to reach the oxide. It is such diffusion
that is calculated with EIS. Therefore, the experiments were performed by immersing
a coated aluminium plate with an oxide layer on top in arsenite or arsenate solutions.
EIS data was taken over time, after which, the data was processed, fitted to an equiva-
lent circuit and the diffusion coefficient was calculated by using a Warburg impedance
element. Unfortunately, it was not possible to measure the diffusion in the glue and
oil since these two coatings detached from the aluminium substrate immediately after
immersion.

6.5.1 Arsenitesin dammar

The diffusion of arsenites in dammar was analysed by EIS. The thickness of the coating
was 18 um and the electrolyte used was a 0.01M sodium (meta)arsenite NaAsO, solu-
tion. The resulting Nyquist and Bode plots at 2, 4, 6,12 and 24 hours are presented in Fig.
6.32.
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Fig. 6.32: EIS plots of dammar at 2, 4, 6,12 and 24 h in a NaAsO; solution.

In the Nyquist plot (Fig. 6.32a) two semi-circles are observed at high frequencies, which
belong to two time constants. The first one is observed between 10° and 10* Hz and the
second one between 10 and 100 Hz. At low frequencies, below 1Hz, there is a straight
line that later bends towards the real axis at even lower frequencies. This low frequency
featureis characteristic of mass diffusion in a finite layer. The straight line has a slope of
approximately -1, which is distinctive of a Warburg element as disused in Section 4.2.3.
The semi-circle like shape at lower frequencies is typical of a finite length diffusionin a
transmissive boundary, i.e. a short circuit Warburg.

Inthis case, in the Bode plot (Fig. 6.32b) showing theimpedance magnitude, itis difficult
to visualize and separate individual contributions. However, three resistances may be
slightly differentiated by looking at the change in the slope of the curve. There is one
located at a frequency of approximately 10* Hz, with an impedance magnitude of 10* Q,
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the second one between 100 and 10 Hz with an impedance magnitude of 10° Q and the
third one between 1 x 10~" and 107 Hz.

On the other hand in the phase angle plot, there are two high angle frequencies that
correspond to the two semi-circles observed in the Nyquist plot and an increase in the
angle at frequencies below 10" Hz that confirms the presence of the Warburg element.

The total impedance of the system, seen in the Bode plot, decreases with time from
approximately 4 x 10° to 1 x 10° Q. This may be linked to the water uptake or to the
degradation of the coating. However, as seen in the previous section, dammar proved
to be stable maintaining its barrier properties in the presence of water, thus it is probable
that the change in impedance is due to the water uptake. Nevertheless, in this experi-
ment, the substrate is slightly changed since it has an oxide layer and the electrolyte is
different, which could produce a different response of the coating.

The resistance that appears in the Bode plot at a frequency of approximately 10* Hz
decreases with time. In the Nyquist plot this behaviour is confirmed in the decrease
of the diameter of the first semi-circle, which is associated with this resistance. This
reduction makes the semi-circle at 24 hours more easily observable. The behaviour of
the second resistance (at approximately 10° Hz) with time is not clearly seen in neither
plots.

In order to have quantitative information of the time constants observed in the spectra,
and to be able to calculate the diffusion coefficient of the arsenite species in dammar,
the data was fitted to an equivalent circuit. First, circuit C (Fig. 6.33a), which contains
two time constants and a Warburg element, was used to fit the data as this elements
were observed in the plots. A schematic representation of the circuit is presented in Fig.
6.33b. In this model, R, represents the resistance of the solution, R, is the resistance
of the coating and C'PE, is the capacitance of the coating treated as a constant phase
element to take into account heterogeneities of the coating. The second time constant
is associated to the interface between the metal and the coating, where an oxide layer
and the double layer are present. Itis difficult to distinguish between the signals of these
two layers since they are both very thin and their limit is not well defined. Therefore,
the resistance and capacitance were named R;,; and C'PFE;,; to account for the two
phenomenons taking place at the interface.

As explained in Section 3.3.1, there is a strong affinity of the arsenite species to the alu-
minium oxide. In order for the species to reach the oxide layer, they must diffuse through
the coating. Such diffusion coefficient is represented in the equivalent circuit by the
Warburg impedance Zw.
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Fig. 6.33: Equivalent circuit C proposed to fit the EIS data of dammar in
NaAsO,.

The EIS data at all times was fitted to model C. An example of the fitting is presented in
Fig. 6.35, where the data taken at 4 hours was fitted with this circuit. Even though the
x?2 value is low (around 0.0007 for all data), the errors associated with the individual
parameters is high, around 30%. For this reason, an equivalent circuit with an extra
time constant was used. This circuit is shown in Fig. 6.34. In this model, apart from the
resistance of the solution (Rg), the coating resistance and capacitance (R. and CPE,)
and the Warburgimpedance (Z,,), the resistance of the oxide R, and the charge transfer
resistance R, are included as separate parameters as well as the capacitance of the
oxide CPE, and the double layer capacitance C PEy. The separation of these two time
constants allows a better fitting of the data at all times, as shown in Fig. 6.35. The 2
of this model (approximately 0.0002), although not significantly, is lower than the one
obtained from fitting model C. Furthermore, model D produces lower individual errors
and thus, was used to calculate the parameters at all times. The values obtained from
the fitting are presented in Table 6./.

Electrolyte Coating O><|de Metal

Solvated
@  cation

j/\/_ CPE, %
()

a) Model D (b) Schematic representation

Fig. 6.34: Equivalent circuit D proposed to fit the EIS data of dammar in
NaA502.
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Fig. 6.35: EIS data of dammarin NaAsO; taken at 4 hours and fitted curve
with models C and D.

Table 6.7: Fitted parameters of the EIS data of dammar in NaAsO, taken
at 5.5 hours calculated with Model D.

Element Units  Value Error (%)
X2 0.00027

R, Q) 4 35.01
R, (Q)  4.09%x10°  6.53
CPE, (F) 1.36x1077  10.76
Qe 0.92 0.94
R, (Q)  232x10°>  18.86
CPE, (F) 4.20x1077  28.6
Qo 0.86 3.53
R (Q)  6.33x10° 556
CPEy (F) 6.10x10~7  9.05
Qg 0.37 8.85
W, (Q)  2.94x10° 813
W, (s) 17.63 6.71

The fitting of the parameters concerning the Warburg impedance is as follows. As men-
tioned in Chapter 5, the Warburg impedance that represents a finite length diffusion
with a transmissive boundary is described by equation 6.11:

o jw
Z, = —==tanh [/ =l 6.1

At low frequencies, this equation takes the form of equation 6.12. In this case, three
fitting parameters are needed: the Warburg resistance W,., the Warburg time constant
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W, and the parameter P. W,. and W, and are defined by equations 6.13 and 6.14, respec-
tively. The parameter P is a coefficient that goes from O to 1and in the case of a finite
length diffusion Wp=0.5 and thus, it is fixed to 0.5 when fitting the data.

1

Z: = W, - ———tanh[(j P 6.12
w (jWWt)P an [(]wwt) ] ( )

\/ﬁale
where W, = 6.13
VD (6.13)

12

and W, = ;E (6.14)

Therefore, there are two parameters from the Warburg impedance that are fitted to the
data: W, and W;. These parameters are connected to the diffusion coefficient in the
following way.

The Warburg impedance that results from changing the parameter P to 0.5 is:

7z = L (e (6.15)

Comparing with equation 6.11,

o = (6.16)

The parameter o is the Warburg coefficient, which is also inversely proportional to the
diffusion coefficient. Thus, the diffusion coefficient is obtained by calculating o from the
fitting parameters W, and W; and including it in the equation
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where D is the diffusion coefficient of the diffusing specie (m? s™'), Ris the gas constant

(8.314) K= "mol™"), T"is the absolute temperature (298 K), A is the area of the electrode
surface (2.48 x 10~*m?), F'is the Faraday constant (96 500 C mol™"), ¢ is the Warburg
coefficient (Qs~"/%), and C'is the concentration of the diffusing specie (10 mol m~3).

The Warburg impedance parameters must be calculated from the spectra that shows a
pure Warburg. During the first hours of the experiment, water is diffusing through the
coating and thus, the system is constantly changing. The diffusion of the species must
be calculated once an equilibrium is established and the response at low frequencies is
only given by mass diffusion. Therefore, the Warburg parameters must be calculated
from the spectra where the slope of the Nyquist plot is closer to -1. In this case, it was
the one taken at 5.5 hours (Fig. 6.36a), with a slope of -0.92 with a R? of 0.99702.

The Warburg parameter ¢ was calculated with equation 6.16 by using the parame-
ters W; and W, estimated with the fitting (Table 6.7). The obtained value of o is
7.00 x 10° Qs~/2. The diffusion coefficient was calculated with equation 6.17 giving a
value of 1.7 x 107" cm? s,

Additionally, the Warburg coefficient was calculated by a graphic method. In this pro-
cedure, the real and imaginary components of the Warburg impedance are plotted as
a function of w™ 2. The result of this plot is two perpendicular lines, as shown in Fig.
6.36b. Also in this case, the fitting must be done to the spectra that shows a pure War-
burg behaviour, which in this case is the data taken at 5.5 hours. The lower frequency re-
gions of both curves, which resemble a semi-infinite diffusion, are fitted to a line whose
slope is equal to the Warburg coefficient o. Theoretically, the slope of the two curves
should be the same. However, experimentally there are associated errors and deviations
of the data that lead to dispersion in the calculated slopes. Therefore, two Warburg co-
efficients were calculated: one for the real component and one for the imaginary one.

The slope of the line of the real component (0,¢q) is 3.60 x 10° Qs~"/? with a R? of
0.99578; and of the imaginary part (o;,,) is 3.32 x 10° Qs~/? with a R? of 0.99930. The
diffusion coefficients calculated with these two Warburg coefficients with equation 6.1/
are Dyesl = 4.44 x 107°cm?s™" and Dy, = 5.22 x 107°cm?s™'. A summary of this re-
sults is presented in Table 6.8.
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Fig. 6.36: Nyquist and Bode plot of dammar in NaAsO; at 5.5 hours.

As seen in Table 6.8, there is variation between the diffusion coefficient values calcu-
lated by the different methods. However they are similar to each other and lie within
the range 1 x 107 and 5.3 x 107" cm?s~'. The R? of the line fitting is good, higher
than 0.99 and the associated error to the Warburg parameters is low: 2.72% for W, and
6.62% for W,. Therefore, the calculation of the diffusion coefficient by fitting the data
to an equivalent circuit and by the graphic method proved to give similar results. As for
the magnitude of the diffusion coefficient, it is several orders of magnitude lower than
the diffusion coefficient of water in the same coating (0.323 x 10=7 cm? s~ calculated
previously with EIS). This indicates that the arsenite ions are not diffusing at the same
pace as the water. There is a delay effect on the transport of arsenites caused by the
coating due to the larger size of the molecule compared to water and the interaction it
may have with the coating.

Table 6.8: Calculated Warburg coefficients and diffusion coefficients of
arsenites in dammar.

Method o R? D pg3+
(Qs~V/2) (cm?s™)
Fitting 7.00x10° - 1.17x1077

Slope Z' 3.60x10° 0.99758 4.44x107'®
Slope 7" 3.32x10°  0.99930 5.22x107"®

6.5.2 Arsenates in dammar

In the same manner, the diffusion of arsenates through dammar was studied. The thick-
ness of the dammar coating was 30 um and the electrolyte, a 0.0TM sodium arsenate
Na,HAsO4-H,O solution. Theresults at 2,4, 6,12 and 24 hours are presented in Fig. 6.3/.
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Fig. 6.37: EIS plots of dammar at 2, 4, 6,12 and 24 h in a NayHAsO4 solu-
tion.

In the Nyquist plot, a semi-circle above 100 Hz is observed; and at low frequencies, the
characteristic line with a slope of -1 of the Warburg element. Contrary to the arsenite
solution, in this sample the line does not bend toward the real axis. It continues as a
straight line, which is distinctive of a diffusion in a semi-infinite layer (Section 4.2.3).
This implies that the diffusion of arsenates may be taking place in a region so small that
the thickness of the coatingis regarded as infinite. This may be produced by two aspects.
The first one is that the thickness of the coating may be much larger than the diffusion
layer. In fact, the coating in this experiment is thicker than in the arsenite diffusion one,
which could explain such difference. The other possible explanation is that the arsenate
species diffuse much slower than the arsenite species, creating a smaller diffusion layer.
Certainly acombination of the two explanations is another possibility: a slower diffusion
in a thicker layer.

In the Bode plot, a plateau associated with a resistance is observed at frequency values
of approximately 10° Hz. At lower frequencies, below 10" Hz, the phase angle approxi-
mates 45°, which is a characteristic of the Warburg impedance.

The EIS data was fitted with the equivalent circuit presented in Fig. 6.33 (Model C) as
it was observed that this model described the data better than a circuit containing only
one time constant. This circuit consists of the resistance of the solution Ry, the coating
resistance R, and capacitance C'PE,, the charge transfer resistance R, the double layer
capacitance C'PE, and a semi-infinite Warburg element Z,, that in the case of semi-
infinite diffusion, is modelled as a CPE with a fixed « coefficient of 0.5, named CPE,,.

The data taken at 7 hours is presented in Fig. 6.38 as an example to show the fitting
curve obtained with model C and the values are presented in Table 6.9. The x?is low, in
the order of 10~ for all times, which indicates that the model is a good description of
the data. The errors associated with the parameters are not ideal but still acceptable,
reaching no more than 11%.
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Fig. 6.38: EIS data of dammar in NayHAsO4 taken at 7 hours and fitted
curve with model C.

Table 6.9: Fitted parameters of the EIS data of dammar in NayHAsO4
taken at 7 hours calculated with Model C.

Element Units  Value Error (%)
X2 0.00044

R, Q) 23 10.75

R, (Q)  3.86x10° 9711
CPE, (F) 1.89x1077  1.80

Qe 0.91 0.18

Rt (Q)  3.34x107  10.07
CPEy (F) 7.00x1077  9.93

Qg 0.62 414

CPE, (F) 2.07x1078  4.05

The CPE that is used to fit the Warburg impedance is defined by:

CPE, = (6.18)

SE

From equation 6.16, it is clear that

1
= CPE,

(6.19)

Therefore, the Warburg coefficient o was calculated from the fitting parameter CPE,,
in order to calculate the diffusion coefficient. The data taken at 7 hours is the one
that shows a pure Warburg impedance characterised by the slope of -1in the Nyquist
plot and therefore was used in such calculation. The fitted line is shown in Fig. 6.39a.
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The slope of this curve is -1.01 with a R? of 0.99912. The CPE calculated from the fit-
ting is 2.07 x 1078 F and the ¢ calculated with equation 6.19 is 0 =4.83 x 10" Qs /2.
The diffusion coefficient was then calculated with equation 6.1/ giving a result of
2.46 x 1079 cm?s™.

Furthermore, the Warburg coefficient was calculated by two different graphic methods.
The first one is a method that applies to the semi-infinite diffusion and was discussed in
Section 4.2.3. It consists in taking the intercept with the real axis of the fitted line z and
calculating o with the following equation:

R.,— R, —2]°
S el 6.20
4 [ 20, } (6.20)

The second one is as discussed in the previous section when calculating the diffusion
of arsenites: the slope of the lines in a Z' and Z" vs w"/? is equal to o. The Nyquist plot
showing the intercept and the plot of Z' and Z” vs w"? are presented in Fig. 6.39a and
Fig. 6.39b, respectively.
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Fig. 6.39: Nyqguist and Bode plot of dammar in NayHAsO4 at 7 hours.

The results of the calculation of o by the two graphic methods is presented in Table 6.10.
The diffusion coefficient was calculated for each o with equation 6.1/ and are included
in the table along with the o and D calculated by fitting the equivalent circuit.
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Table 6.10: Calculated Warburg coefficients and diffusion coefficients of
arsenates in dammar.

Method o R? D g5+
(Qs~172) (cm?s™)
Fitting 4.83%x107 2.46x10~%0

Intercept  3.99x107 0.99912  3.61x10~%
Slope Z' 2.95x107  0.99909 6.61x107%°
Slope 2" 2.95x107  0.99753 6.61x10=%

As seen in the table above, the diffusion coefficient calculated by the several methods
is similar. Moreover, in the graphic method, where o was calculated as the slope of the
real and imaginary components of the impedance, the values are exactly the same. It
is once more concluded that the determination of the diffusion coefficient by the three
different methods gives similar results, which was also seen for the arsenites in dammar
in the previous section.

The magnitude of the diffusion coefficient of arsenates in dammar is much lower than
that of arsenites (which was calculated in the previous section obtaining a result in the
order of 107 cm? s™'). This is also seen in the difference between the Nyquist and Bode
plots of the two cases. In the arsenite diffusion experiment, a finite-length diffusion
with a transmissive boundary was observed, while with arsenates, the plots showed a
semi-infinite diffusion. In the later case, the species diffuse in such a slow time that
the coating looks like an infinite layer and thus, a semi-infinite Warburg appears. In
conclusion, the diffusion coefficient of arsenites in dammar was found to be 4 orders of
magnitude higher than that of arsenates. This similar behaviour occurs in the diffusion
coefficients of this species in water (Section 3.3.2). Even though the coefficients have
the same order of magnitude between each other, the one of arsenites is higher than
that of arsenates.

6.5.3 Arsenites in mastic

Similarly, the experiment was performed for mastic. EIS measurements performed to
an aluminium plate with an oxide layer on top coated with mastic. The thickness of the
coating was 40 um and the electrolyte, a 0.01M solution of NaAsO;.

The Nyquist and Bode plots for selected measurements are presented in Fig. 6.40. In
the Nyquist plot three semi-circles are observed at all times. The first semi-circle of the
Nyquist plot (from left to right in the 7' axis) is not easily visible in the figure due to the
scale of the plot. However, its intercept with the real axis (the resistance) decreases with
time within the range of 10 and 10° Q. The second semi-circle is more clearly appreci-
ated and it is evident that its diameter decreases with time from 2 x 10° to 1 x 10° Q.
The third semi-circle is incomplete and therefore, a fitting will show the behaviour in a
clearer manner.
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In the Bode plot, two plateaus, that are indicative of resistances, are visible. The first
oneisat10%Hz and has a | Z| of approximately 10° Q. And the second one is observed at
1Hz. The total impedance, shown in the Bode plot at a frequency of 1072 Hz decreases
with time and is between 1 x 10° and 1 x 107 Q).

The spectra thus consists of three time constants, corresponding to the three semi-
circles of the Nyquist plot, each of them having the three resistances observed in the
Bode plots.

The difference between this sample and those obtained for the arsenite and arsenate
diffusion in dammar is the absence of the Warburg impedance. This indicates that the
diffusion of arsenites in mastic in this sample cannot not be seen in the EIS data. To
obtain more quantitative information, the EIS data was fitted to an equivalent circuit.
The model used was a simplified version of Model D (Fig. 6.34), modified only by taking
out the Warburg impedance.
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Fig. 6.40: EIS plots of mastic at 2, 4, 6,12 and 24 h in a NaAsO, solution.

The simplified Model D equivalent circuit is therefore composed by the resistance of the
solution Ry, the resistance and capacitance of the coating R. and CPE,, the double
layer capacitance C'P Ey, the charge transfer resistance R and the resistance and ca-
pacitance of the oxide R, and CPE,

The fitting was performed to all the data. An example showing the measurement at 4
hours is presented in Fig. 6.41. The x? value is in the order of 1073 of all the date, which
indicates that the simplified version of model D produces a good fit. The value of the
parameters at 4 hours is presented in Table 6.11.
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Fig. 6.41: EIS data of mastic in NaAsO, taken at 4 h and fitted curve with
model D simplified.

Table 6.11: Fitted parameters of the EIS data of mastic in NaAsO, taken
at 4 hours calculated with Model D.

Element Units  Value Error (%)
x> 0.0013

R, Q) 168 33.08
R, (Q)  8.81x10*  3.35
CPE, (F) 3.98x1077 8.24
Qe - 0.86 0.82
R, (Q)  1.46x10®  0.91
CPE, (F) 1.53x1078 474
a, - 0.85 0.84
Rt (Q)  5.67x10°  6.97
CPEy (F) 2.87x107°% 341
Qg - 0.87 2.00

A plot of the resistance and capacitance of the coating is presented in Fig. 6.42. Con-
cerning the capacitance of the coating, first thereis an increase in the capacitance which
is linked to the water uptake, and at later hours there is a decrease, suggesting that the
coating may be loosing its barrier properties. More interestingly, the magnitude of the
resistance of the coating lies between 1.5 x 10° and 2 x 10* Q? cm~". This values are
considerably lower than those previously found for mastic in the water uptake mea-
surements (10¢ Q2 cm™") and for those measured in the arsenates diffusion experiment
also in mastic (107 Q?cm™'), which are presented in the next section. A possible expla-
nation of the low resistance and the lack of a Warburg element in the spectra is that
the coating may have had a defect. Although not seen when the sample was mounted,
the fact that the value of the resistance of the coating is low since the first measure-
ment may be the consequence of an already formed defect that allows the penetration
of electrolyte since the beginning. As a result, the diffusion of arsenite species towards



6.5. Arsenic diffusion studied by EIS 105

the aluminium is not hindered and thus, a Warburg element is not seen in the spectra.
Therefore, the diffusion coefficient of arsenites in mastic cannot be calculated in this
case. It isimportant to note that this is only a hypothesis and that the presence of a de-
fect in this sample cannot be proved. However, it is true that this varnish is quite brittle
and during the assembly of the EIS cell, there is an O-ring that delimits the exposed area
of the sample to the electrolyte that puts pressure on the coating and could lead to the
formation of cracks.

Fig. 6.42: Calculated CPE. and R, of mastic in NaAsO,.

6.5.4 Arsenates in mastic

The Nyquist and Bode plots of the EIS experiment results of masticin a Na,HAsO, solu-
tionare presentedin Fig. 6.40. The thickness of the mastic coating was 30 um. The plots
are similar to those obtained for the dammar in the arsenates solution in the sense that
a semi-infinite Warburg impedance is observed at low frequencies (below 5 x 1072 Hz),
characterized by the straight line with a slope close to -1in the Nyquist plot. At higher
frequencies, a semi-circle, whose diameter decreases over time, is seen.

In the Bode plot, it is observed that the total impedance of the system decreases with
time from approximately 1 x 107 to 3 x 108 Q. This decrease may be linked either to the
water uptake of the coating, to the lost in barrier properties of the coating or more likely,
to both, as seen in the water uptake experiment.
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Fig. 6.43: EIS plots of masticat 2,4, 6,12 and 24 h in a Na,HAsO, solution.

The data at all times was fitted with model C (Fig.

data taken at 4 hours are presented in Table 6.12.

6.33) obtaining a fit with a low
x?2, below 2.5 x 1073 for all the spectra. As in the diffusion of arsenates experiment in
dammar, the Warburg impedance was modelled as a CPE with a coefficient of 0.5. An
example of how the model fits the data is shown in Fig. 6.44 and the values for the fitted
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Fig. 6.44: EISdata of masticin NayHAsO4 taken at 4 hours and fitted curve

with model C.
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Table 6.12: Fitted parameters of the EIS data of masticin NayHAsO4 taken
at 4 hours calculated with Model C.

Element Units  Value Error (%)
X2 0.0014

R, Q) 307 8.06

R, (Q)  4.06x107 847
CPE, (F) 1311077 1.22

Qe 0.96 0.13

R (Q)  3.98x10® 617
CPEy (F) 1711077 416

ag 0.72 315

Zw (F) 8.12x1077 246

To calculate the diffusion coefficient, the spectra where the low frequency values show
a pure controlled mass diffusion process must be used, which are seen in the Nyquist
plot as a line with a slope of -1. In this case, the spectra taken at 4 hours had the slope
with a value closest to 1Tand thus, was used to calculate the diffusion coefficient. Fig.
6.45a shows the fitted line. The slopeis -0.82 and the k% of 0.88518. Thisis not a perfect
fit as seen in the R? value, which may be caused by the interference of other processes
taking place in the system. Nevertheless, the diffusion coefficient was estimated from
this spectra. The Warburg coefficient o was calculated from the fitted parameters of
the data taken at 4 hours by using equation 6.19 and are shown in Table 6.12. This yields
a value of 0= 1.23 x 102 Qs~/2. The diffusion coefficient was calculated with equation
6.17 obtaining a value 0f 3.79 x 107" cm? s,

The diffusion coefficient was additionally calculated by the graphic method explained in
Section 6.5.1. Briefly, the Warburg coefficient is equal to the slope of the linesin a Z and
7" vs w™? plot, as shown in Fig. 6.45b. The results are presented in Table 6.13.
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Fig. 6.45: EIS plots of mastic at 4 hours in a NayHAsO4 solution.
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Table 6.13: Calculated Warburg coefficients and diffusion coefficients of
arsenates in dammar.

Method o R? D 5+
(Qs=172) (cm?s™)
Fitting 1.23%x108 - 3.79%10~7

Slope 7' 8.89x107 0.89797 7.28x10~7
Slope 2" 8.13x107  0.83801 8.70x10~7

Unfortunately, the values of the diffusion coefficient of arsenites and arsenates in mastic
cannot be compared. However, the diffusion of arsenates in mastic can be compared to
the diffusion in dammar. The values found for the diffusion coefficient of arsenates in
dammar are between 2.46 x 1072 and 6.61 x 1070 cm?s~". As seen in Table 6.13, the
diffusion coefficients in mastic are in the order of 107?' cm? s~!, which means that the
diffusion of arsenates in mastic is slower than in dammar.
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6.6 Discussion

Water diffusion

A comparison between the water diffusion coefficients in the three coatings obtained
by ATR-FTIR spectroscopy and EIS is presented in Table 6.14. Two values calculated with
ATR-FTIR spectroscopy, that corresponds to the calculation made from the two water
peaks (1200 and 2500 cm™'), are shown. The letters (SC) are indicative that a swelling
coefficient was used in the calculation. While it was possible to calculate the diffusion
coefficient of water in dammar and oil by the two above mentioned techniques, the dif-
fusion coefficient in mastic could only be calculated with ATR-FTIR spectroscopy and
only from the peak located at 2500 cm™' since other peaks of the coating were overlap-
ping the 1200 cm~" peak.

Table 6.14: Calculated water diffusion coefficients for dammar, mastic

and oil.
Method D107 cm?s™)
Dammar Mastic Oil
ATR-FTIR (2500 cm ™) 0.1 0.23(SC) 2.72(SC)
ATR-FTIR (1200 cm™) 0.15 - 213 (SC)
EIS 0.32 - 112

The diffusion coefficient values of dammar and mastic are comparable. The molecules
that constitute these two varnishes are similar and therefore, it is not surprising that the
diffusion coefficients are not too far apart. However, there are important differences in
the behaviour of these materials. In the ATR-FTIR experiments, a two-step diffusion
profile was observed in mastic and three possible explanations were given: swelling of
the coating, detachment from the ATR-crystal or a heterogeneous water uptake. How-
ever with this technique it is not possible to distinguish the real cause of this phenom-
ena. Nevertheless, it was observed that the introduction of a swelling coefficient (SC)
to the fitting equation produced a better fit for the mastic and oil coatings, which sug-
gests that one of the before mentioned phenomenons, or the combination of them, are
taking place.

The EIS experiments showed an abnormal behaviour in the capacitance of mastic over
time. The expected behaviour, which was seen in dammar, is an increase of the capac-
itance due to the penetration of water. The capacitance of the coating depends on the
permittivity of the medium. Since the permittivity of water is higher than that of the
dried coating, there is an increase in the capacitance as water diffuses through. How-
ever in mastic, thereis an increase of the capacitance of mastic caused by an initial water
uptake, followed by a decrease in the capacitance, which was attributed to a decrease in
the barrier properties of the coating; in other words, the polymer was loosing the abil-
ity to restrict the passage of water. This may be produced by a rearrangement in the
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coating molecules as water diffuses through, creating paths for an easier diffusion of
subsequent water molecules.

Genty-Vincent et al studied the blanching of paint and varnishes in easel paintings.
Blanching is a term that refers to a change in the appearance of paints and varnishes in
which they turn white and opaque. They analysed the blanching phenomena by immers-
ing mock-up samples of mastic and dammar in water. They found that the blanching of
mastic was more visible than that of dammar and that it was produced by the scatter-
ing of light inside the pores. They observed that the size of the pores in mastic increased
with time up to a point that the interconnection of the pores was produced. This made
the percentage of solid matter too low to ensure the cohesion of the material. In this
thesis, the observed decrease in capacitance and resistance of mastic might be caused
by the same principle studied by Genty-Vincent et al. Upon immersion, the porosity of
mastic increases facilitating the penetration of water, or as called previously, decreas-
ing its barrier properties. Moreover, their observations coincide with those found in this
thesis in the sense that mastic showed more blanching than dammar; and in this thesis,
a decrease in the barrier properties was only found in the case of mastic.

Therefore, it is concluded that dammar is a more stable varnish than mastic. The su-
perior properties of dammar are also seen in the works of art. Mastic was a varnished
used since antiquity until dammar was introduced, which substituted mastic due to its
higher quality [19].

It was observed that the diffusion coefficient of water in oil is one order of magnitude
higher than that of mastic and dammar. That means that the water diffusion in oil is
faster than in the varnishes. Additionally, the presence of a signal characteristic of car-
boxylic acids was found in the oil's ATR-FTIR spectra at long immersion times, which is
an indication of an oxidation reaction of the ester groups present in the oil molecules.
The oil also showed a two-step diffusion profile in the ATR-FTIR spectroscopy exper-
iments. The EIS data did not show any signs of swelling or heterogeneous diffusion.
Therefore, the most probable cause for the water intensity increase after saturation seen
in the ATR-FTIR spectroscopy experimentsis a (partial) detachment of the oil film, which
was observed after the experiment finished.

Arsenites and arsenates diffusion

The diffusion coefficients of arsenites and arsenates in dammar and mastic calculated
with EIS are presented in Table 6.15. First of all, the diffusion coefficients estimated from
the different methods are similar between each other, which indicates that no matter
what method is used, they yield similar values. It was not possible to compare the coeffi-
cients to other reported values since, to our knowledge, only the diffusion coefficients of
arsenites and arsenates in water, and not in other media, are reported. The same holds
for similar species, such as phosphates. Nevertheless, the magnitudes of the diffusion
coefficients in water are not comparable since the diffusion through a solid material
is completely different. However, it is possible to compare the trends and the general
behaviour of the species.
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Table 6.15: Calculated arsenite and arsenate diffusion coefficients for
dammar and masticin cm?s—.

Method Dammar Mastic
Arsenite Arsenate Arsenate
Fitting 107107 2.46x1072° 3.70x10~7
Slope 7' 4.44x107"%  6.61x107°  7.28x10~
Slope 72" 5.22x107%  6.61x107%  8.70x10~

The diffusion coefficient of arsenites in dammar is higher than that of arsenates, which
is also the case for the diffusion of this species in water [28, 29]. This has to do with
the larger size of arsenates caused by a larger hydration layer. The diffusion of arsenates
in dammar is faster than in mastic, as suggested by the diffusion coefficients separated
by one order of magnitude. This difference may be caused by the different polarity and
structure of the two varnishes. While no literature was found about the differences
in arrangement of the dammar and mastic structures or their porosity, its composition
has been well studied. It has been found that mastic is slightly more polar than dammar
[19]. The polar groups inside the coatings have interactions with the diffusing molecules,
which reduce the diffusion rate. The more polar groups inside the coating, the more
interactions and thus, a slower diffusion. Since mastic is more polar than dammar, the
diffusion of arsenates in this varnish is expected to be slower (not taking into account
the effect of the porosity), just as is seen in the calculated diffusion coefficients.

Although the magnitude of the diffusion coefficients cannot be proved or compared to
a reference, the tendency in the diffusion coefficient values is in accordance with what
is known about both the properties of arsenites and arsenates and the properties of the
varnishes.

Methodology

EIS and ATR-FTIR spectroscopy proved to be two complementary techniques for this
research in the sense that not only they provide different types of information about a
system but also because they allow to calculate the same parameter by measuring dif-
ferent properties of the materials. For example, the diffusion coefficient. In one hand,
in ATR-FTIR spectroscopy the vibration between the atoms of water molecules are de-
tected once they have crossed the entire thickness of the coating. The change in con-
centrationin the crystal-coating interface is estimated and thus, a diffusion coefficientis
calculated. On the other hand, the calculation in EIS is based in how the capacitance of
the coating as a whole changes as water enters the coating. The change in capacitance
is linked to the water uptake of the coating and therefore, the diffusion coefficient is cal-
culated. The possibility to calculate the coefficient by two different techniques based on
different principles, makes the result more reliable.

However, itis not always the case that a technique can provide results for all types of sys-
tems since they come with experimental limitations. For example, the water diffusion
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coefficient of mastic could not be measured with EIS due to the decrease in its capac-
itance but it was possible to study it with ATR-FTIR spectroscopy since the measured
response of this technique is different. On the other hand, the diffusion of arsenite and
arsenate could be studied with EIS since this technique allows to distinguish between
the different processes and study them separately, while the interference of the signals
in the ATR-FTIR spectra made it impossible. Therefore, the proposed methodology al-
lows the analysis of this type of systems. Sometimes one technigue is more suitable to
study one system than the other. But undoubtedly, a combination of both techniques
allows to have a more complete picture of the system and thus, a better understanding.

ATR-FTIR spectroscopy

Naturally, each of the techniques has inherent limitations and complications. As ob-
served in the ATR-FTIR spectroscopy experiments, the baseline of the spectra is highly
sensitive to a number of factors such as the environmental temperature, the detector's
temperature and the alignment of the sample inside the cell.

Since the temperature of the lab is not controlled and the period of the experiments
was 40 hours, there were changes in the temperature of the environment that affected
the measurements. The volumes used in the cell of the ATR-FTIR spectrometer are ap-
proximately 3 ml, which during experiments in hot days, completely evaporated. The
temperature of the detector is another important factor. It is manually filled with lig-
uid nitrogen to keep the temperature low during the measurements. During these long
experiments it is necessary to refill the chamber a couple of times. It was observed that
the measurements done before and after refilling the chamber, vary significantly, as can
be seen in the water diffusion in mastic experiment. The alignment of the cell is another
factor to take care of. The sample must be disassembled after taking the background to
coat the ATR-crystal and reassembled to take the measurements. If the alignment of
the crystalin the cell is different than that when the background spectra was taken, the
baseline of the new measured spectra will be different. In the case of the oil, the change
was such that a new background of the already coated sample had to be taken to per-
form the measurements, which is not ideal since the oil peaks cannot be normalized
against the original peaks.

Moreover, the baseline must be corrected in order to have a common baseline for all
the spectra and be able to integrate the peaks to create a concentration profile. The
software used to control the spectrometer has an option to automatically correct the
baseline. However, it does so differently for every spectra. Therefore, it was decided to
preform a correction with Matlab to all of the spectra in the same manner. This way,
a more accurate quantification of the integrated intensities is done and the different
spectra is comparable to each other.

In the arsenic diffusion experiments, the arsenates peak is located in a region of low
wavenumbers, which is affected since it is close to the detection limit of the instrument.
Also, the interpretation of the spectra becomes complicated when simultaneous pro-
cesses are taking place at the interface of the crystal and the signals of all the processes
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change with time and overlap. In this case, the processes taking place were the pene-
tration of water to the coating, the reaction of the water with the aluminium layer, the
diffusion of arsenates through the coating and the coating being detected as a negative
intensity against the background. Hence, the diffusion of arsenic species through the
coating was not possible.

EIS

EISis atechnique that allows to study simultaneous processes at different depths of the
sample from the electrolyte to the metal, involving the coating, double layer, oxide layer
or any other intermediate layers. Each of the processes are modelled as an electrical
element connected together to form an equivalent circuit. Asa consequence, care must
be taken when choosing the equivalent circuit that describes the data. A circuit can be
built with any number of electrical elements. The more electrical elements, the better
the fit of the experimental data; but this does not mean that the equivalent circuit is
describing the physical system. Each of the elements must be linked to a process taking
place in the sample, which are not always clear and easily identifiable but must always
be correctly described by the electrical elements in the circuit. Furthermore, in the ZView
software the EIS data is fitted to a chosen equivalent circuit. The initial values given to
the fitting parameters (which are the electrical elements) must be carefully chosen to
produce a good fit. Sometimes it is recommendable to perform a simulation with the
initial values and change those that deviate from the data to be able to produce a fit.

The diffusion of ions, from an experimental point of view, is a complicated and not com-
monly studied subject. Hence, the literature is scarce, specially the one concerning the
Warburg impedance. Also, the fitting of the Warburg impedance is poorly described in
the software documentation. The fitting of the Warburg must be chosen according to
one of the three Warburg impedance cases: semi-infinite diffusion, finite-length diffu-
sion in a transmissive boundary or finite-length diffusion in a conductive boundary; as
the diffusion coefficient calculation highly depends on which case is selected. The se-
lection is made according to the shape of the low frequency region of the EIS data and
to the expected behaviour based on previous knowledge.
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Chapter 7

Conclusions and recommendations

7.1 Conclusions

In this thesis, the migration of the degradation products of the pigments orpiment and
realgar was studied. The thesis comprised two parts with different approaches. First,
ex-situ measurements were done in a painting reconstruction trying to imitate the real
conditions of a painting. The analysis was performed with imaging techniques and the
materials used were the intact pigment and different grounds applied to a canvas. The
second approach was based on in-situ measurements to try to understand the migration
of already degraded pigments through painting materials. The possibility to study the
diffusion of water, arsenites and arsenates in varnishes and oil with EIS and ATR-FTIR
spectroscopy was explored.

The cross-sections of painting reconstructions that consist of different grounds (chalk,
earth pigment and lead white) and a layer of orpiment on top were analysed by SEM
and FTIR microscopy. It was observed that thinner samples contained oxidation prod-
ucts dispersed throughout the orpiment layer, whereas thicker samples presented an
oxidation front in the upper part of the sample. This is caused because the inner part
of the sample in a thick layer has less access to light, water and oxygen than the upper
part and as a consequence, the oxidation process is limited.

By the two imaging methods, it was found that arsenic is confined to the orpiment layer
in all the samples. A small amount of arsenic was found in the ground close to the in-
terface between the orpiment and ground. However, it is not a large enough quantity to
conclude that migration of arsenic from the orpiment layer into the ground took place.
It is therefore recommended to prolong the light ageing process to try to accelerate the
migration of arsenic, since within this time it was not observed.

In the in-situ experiments, the diffusion coefficient of water in dammar, mastic and oil
was determined by ATR-FTIR spectroscopy. The diffusion coefficients of dammar and
oil were confirmed by EIS. The water diffusion in the varnishes proved to be faster than
in the oil. Furthermore, the water in mastic and oil showed a non-Fickian diffusion,



116 Chapter 7. Conclusions and recommendations

which consistin a two-step profile, where first thereis a fast increase in the water uptake
followed by a slower diffusion. In mastic, this is believed to be caused by a decrease in
the barrier properties, which allows more water to penetrate. In oil, it was associated to
the (partial) detachment of the film from the crystal, which was confirmed with visual
examination.

The diffusion of arsenates and arsenites in dammar, as well as the arsenates in mas-
tic, was quantified with EIS. The values calculated should be regarded as a first estima-
tion of the diffusion coefficients since no reported values were found in the literature.
Nonetheless, the relation between the diffusion coefficients of arsenites and arsenates
in dammar is the same as the diffusion of this ions in water. The calculated diffusion
coefficient of arsenites in dammar is higher than that of arsenates, which indicates a
higher mobility of arsenites in the varnish. This is partly caused by the lower size of the
hydration layer of arsenites compared to arsenates.

In conclusion, a first approach to the diffusion of arsenic in painting systems was made.
The two techniques proved to provide valuable information and complemented each
other for a better understanding of the system. As seen in this thesis, the main research
question is far more complicated that originally thought and would therefore require
further research to be answered. In the next section, recommendations for future work
are presented.

7.2 Recommendations

« Since no migration was observed in the painting reconstruction cross sections, itis
advised to artificially age the samples further. In some of the cross-sections that
had a thick orpiment layer, most of the oxidation products were found in the up-
per part of the sample, away from the ground. By increasing the time of artificial
ageing, the oxidation of the orpiment is ensured in all the layer so the migration
of arsenite or arsenate will be enhanced. Moreover, it is recommended to pro-
duce layers with the same thickness for all the samples to be able to compare the
migration times and the effect of the grounds in the diffusion.

« The analysis of the cross-sections with a technique with a higher resolution, such
as synchrotron based technigues like XANES, could more accurately identify the
smallamounts of arsenic that might have migrated into the layer and differentiate
the oxidation states of the compounds. This will allow a better understanding of
the oxidation and migration mechanism in the painting reconstructions.

« Due to time constraints, the reproducibility of the experiments was not tested.
Therefore, it is recommended to repeat the water diffusion and arsenic diffusion
experiments by the two techniques.

« A method to calculate the diffusion coefficient of arsenites and arsenates with
the Warburg element was proposed. As already mentioned, the values should be
regarded as a first approach since there are no values reported in the literature to



/2. Recommendations n7/

compare with. However, it resulted to be a promising method since it is in accor-
dance with the observed trends of arsenite and arsenate diffusion in water. For
its application to other systems, the method should be verified. This may be done
by determining the diffusion coefficients calculated with the Warburg element by
other techniques such as Raman spectroscopy and compare them.

« One parameter that influences the diffusion of both water and arsenic species is
the state of the coating. In this thesis, the varnishes an oil used were fresh. How-
ever, this materials also degrade with time. They undergo a process called auto-
oxidation in which they react with oxygen from the environment to produce free
radicals. These free radicals can react with each other to form smaller molecules,
or can react with other triterpenoid molecules (in the varnishes) or other fatty
acids (in oil) to form cross-links. Besides changing the structure of the varnish, the
number of molecules with oxygen containing functional groups increases, which
may lead to a higher water uptake [20, 17].

« A recommendation of future work is to study the effect that adding pigments to
the oil has on the arsenic species diffusion. Asreported in the painting case studies
presented in the introduction, arsenic was found forming compounds with lead
particles from the lead white paint layer [1, 2]. Therefore, the transport of arsenic
may be influenced by the presence of this particles. The first step would be to
study how the diffusion of water changes when adding pigments to the oil and
afterwards, analyse the diffusion of arsenite and arsenate through this layer. As
seen in this thesis, the diffusion of water may be studied with ATR-FTIR spec-
troscopy and EIS while the diffusion of arsenic with EIS.
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ATR-FTIR spectroscopy D,O diffusion.
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EIS water diffusion
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Table B.1: EIS data of water diffusion in Dammar.

Time x Rs Rserror Rc Reerror  Re Reeerror  CPEgq CPEg error  agq ag error  CPEcerror  ac Q. error

(h) Q) (%) (10°Q) (%) (10°Q) (%) (nF) (%) (%) (nF) (%) (%)

0.0 0.0042 1949 42 16.00 31.99 39.30 1410 4.29 16.71 0.84 8.86 11.00 3.00 091 0.38
0.5 0.0023 1976 35 3.93 21.59 29.30 5.28 20.60 476 0.62 464 14.30 3.23 090 0.40
1.0 0.0021 1926 33 244 38.89 32.30 4.23 1890 436 0.56 3.60 14.40 422 090 0.50
15 0.0019 1909 33 247 4214 38.60 3.94 1690 3.89 056 337 14.20 423 090 0.49
2.0 0.0022 1917 34 2.70 40.45 41.60 393 15.80 3.90 0.58 345 13.90 426 0.90 0.50
2.5 0.0018 1924 31 3.00 29.50 38.80 3.40 1590 3.52 0.60 3.06 13.90 3.50 090 0.42
3.0 0.0020 1953 32 2.81 30.07 35.80 3.37 1520  3.63 0.61 3.04 14.00 3.69 090 0.44
35 0.0021 1968 34 2.59 30.62 3110 3.47 14.80 393 0.62 3.0 14.30 394 090 0.47
4.0 0.0023 1980 35 246 22.60 24.90 3.05 15.10 416 0.67 289 14.80 3.78 0.89 0.46
45 0.0022 1981 34 2.37 18.25 20.70 2.81 15.80 419 0.70 2.7 15.40 351  0.89 043
5.0 0.0024 1992 35 2.28 17.32 17.90 2.91 1640 452 072 282 15.90 3.61  0.89 0.45
6.0 0.0027 1992 38 1.83 17.51 14.00 3.00 18.60  4.88 072 291 16.70 405 0.88 0.50
7.0 0.0025 1986 37 1.63 16.28 11.80 2.90 19.60 4.89 0.72 280 17.20 401  0.88 0.49
8.0 0.0030 1990 41 1.56 18.41 1.20 3.32 19.60 559 072 3.6 17.30 452 0.88 0.55
9.0 0.0025 1988 38 1.24 15.41 11.60 2.27 19.80 497 073 237 16.70 437 0.88 0.53
10.0 0.0030 1980 42 112 17.22 11.70 2.32 19.60 5.68 074 247 1710 498 0.88 0.60
1.0 0.0024 1964 38 113 15.83 12.70 2.07 20.00 4.99 073 2.2 17.20 452 0.88 0.54
12.0 0.0023 1933 38 0.98 20.71 13.70 214 19.10 5.66 070 222 18.60 513 0.87 0.61
13.0 0.0021 1906 38 1.07 24.69 14.80 244 18.70 5.7 0.68 239 19.80 518  0.86 0.62
14.0 0.0021 1898 37 1.09 23.64 15.30 2.35 18.80 5.53 0.68 233 19.60 504 0.87 0.60
15.0  0.0022 1910 37 1.21 18.53 15.50 217 2020 476 070  2.25 18.30 453 0.87 0.55
16.0 0.0021 1886 36 110 19.68 15.70 2.07 1940 503 070 214 18.60 469 0.87 0.56
17.0 0.0019 1845 35 1.25 21.79 15.60 2.39 1840 516 0.69 236 19.90 451  0.86 0.54
18.0 0.0018 1814 33 1.25 19.01 15.60 213 17.60 5.38 071 220 20.40 423 0.86 0.51
19.0 0.0021 1832 35 m 16.98 15.50 1.89 1950 5.03 072 204 19.00 442 087 0.53
20.0  0.0019 1810 35 0.90 19.09 15.20 176 18.30 595 072 192 19.70 490 0.87 0.58
21.0 0.0018 1792 34 0.88 18.66 14.80 1.70 17.50 6.29 073 188 20.20 483 0.86 0.58
220 0.0020 1789 35 0.86 19.30 14.70 1.76 18.20 6.23 072 192 19.90 504 0.87 0.60
23.0 0.0020 1774 35 0.83 18.63 14.40 1.7 1890 6.1/ 0.72 189 20.40 503 0.86 0.60
240 0.0018 1774 33 0.91 15.14 14.60 1.57 1990 5.20 0.73 175 20.00 437 087 0.53
40.0 0.0016 1601 3N 0.53 19.39 32.50 1.28 19.70  6.55 071 117 2140 563 0.87 0.65




123

Appendix B. EIS water diffusion

910 (60 (8l gl 080 [/¥0 6cl  Olce e or6c 198 190 [CE  19C 0000 e
910 /60 R 8L €80 S¥O0 L 06l 8le 08¢ PLULL 790 80t ¢9C 6l0000 44
o (60 (5¢C 081l (60 EF0 Le'l olce 19°¢ 08°0¢ ¢ 0C 6%°0 ov'e v/c €C0000 Ll
o [6'0  SS¢C L[] 60  ¥¥0 el 06'le v6'¢e 0L'lE 708l 0s0 9t & 9¢0000 0¢
SLO (60 V91 8l €60 9%0 80l 0Cse 99y 0g9L €98 €L0 00t 69C 6l0000 6l
eLo (60 L 08l 690 9¥0 Al 08'le e 0S'.¢ L9 €L0 S9°¢ ¢/C 910000 8l
0C0 (60 ¢ 9L oL s¥0 08l 0/le ¥6'S oC'ly Ll /90 L't €8¢ €£0000 [l
600 (60 (60 egl 650 /¥O0 ¥6'0  0¢0¢ ¥6'C 0g'/E lSv 760 €0'¢ <¢/c 0loo00 ol
600 (60 660 581 99°0 0 00l 06'le Sl 09'6¢ or'v 90l yl'¢ /[ C1000°0 Sl
eLo (60 L 8l 6’0 1S0 991 0&'¢e [43% 00'8¢ 13474 (0L Sy'e  /[9C 6¢0000 7l
600 960 (60 L6l ¥9'0 6+ 0 Ol 0/se 9SY 0/°9¢ 8¢ 9¢’L 9v'¢ ¢/C 910000 el
oLro 960 SO1 88l v/'0  6¥0 SI'L 0Cse 0SY 08¢ (5'¢ o'l ¥9'C¢ 9/¢ 8lO0O0O0 4
oLro 960 001 6l 00 6¥0 601 OFSse L6y 098¢ SLE 9L ¥/'C  99C 8L0OOO0 Ll
800 960 680 68'L Y90 6% 0 Ol 0Ov'Se [6'E 08L& 8¢ &} 0g¢ 9/¢ $lOOO0O oL
00 960 €/0 L6l 990 8¥0 580 0/L6¢ Le'e orve 444 ha 00¢ SS9 0lo000 6
Lo 960 ol'L 6l 60 0S0 oyl 009¢ AR 0g'ec 5t 8yl e 69C 9¢0000 8

oLro 960 860 S6°L 0 (50 gL'l 00L& 81 0cec (5¢ sl L6’ S9C 10000 VA
600 960 560 6] €0 €50 (4  VTVAS e Ol'le Se'¢ Sl €8¢ 89C 0C0000 9
€Lo 960 0¢l 96'L el ¢S50 8.1 09S¢ vC'S 08¢l e 5L S/€ §9C SE000°0 S

l'o 960 el 0'¢ el'l SS90 06l  089¢ /8'S 0EvL 16C 81 LO¥ 19C 10000 14

yANG) 960 v/l 66'1 91 ¢50 SC¢  06/¢ 6 OlelL 0c's 9l 8C's 85S¢ 0L000°0 ¢

eLo 960  8E'l 86'L gyl 60 9cc 0SSty 88 0SSl 60t 69°L SC¢y ¢9C 80000 14

800 960 8/0 06'l oL Ss¥0 Y5l 0C0S eCe olrel 99°¢ 591 0C'¢ 98¢ SLOOOO L
(%) (%) (4u) (%) (%) (Qu) (%) (O50L) (%) (Os0L) (%) () (Y)

1019 °0 0 Jodis’3¢D  Jodls Po Po  Jole P34 P3dD  Joue Py Py Jols Y ¥ Jols %Y Y mx Wl |

DIISEIA Ul UOISNYIP J31eM JO 1P |3 i7°g 2]qe]



Appendix B. EIS water diffusion

124

Table B.3: EIS data of water diffusion in Oil.

Time Chi-Sgqr Rs(+) Rs(Error%) Rc Rc(Error%) CPEc-T(+) CPEc-T(Error%) alpha alphaerror
(h) ohm (%) 10 6ohm (%) nanofarad (%) (%)
0.0 0.0024 496 5.26 3.90 0.61 1.85 1.37 095 015
0.9 0.0014 450 457 4.05 0.48 1.9 1.07 0.94 0.12
1.7 0.0015 440 4.80 4.31 0.50 192 1.08 0.94 0.12
2.6 0.0015 427 4.99 438 0.51 1.94 1.08 094 012
34 0.0017 417 5.4 435 0.54 1.96 115 0.94 0.13
4 0.0013 401 5.03 4.63 0.49 2.00 1.01 0.94 0.1
4.7 0.0012 394 4.84 4.69 0.46 2.02 0.95 0.94 0.1
54 0.0012 389 5.04 4.63 0.47 2.02 0.98 0.94 0.1
6.1 0.0011 387 477 4.64 044 2.02 0.93 094 010
6.8 0.0010 381 4.72 4.66 043 2.04 0.90 094 010
74 0.0012 373 510 4.67 0.46 2.07 0.95 094 0T
8.1 0.0013 374 5.49 4.65 0.49 2.07 1.02 0.94 0.1
8.8 0.0014 367 5.81 4.62 0.51 2.09 1.06 0.93 0.12
94 0.0014 370 5.67 4.59 0.50 2.08 1.05 0.93 0.12
107 0.0013 364 5.69 4.58 0.50 210 1.03 093 012
10.8  0.0016 362 6.22 4.53 0.54 20 112 093 013
1.5 0.0014 364 5.80 4.50 0.50 210 1.05 093 012
12.2 0.0013 368 5.47 4.48 0.48 2.08 1.01 0.93 0.1
13.1 0.0014 362 5.90 4.45 0.51 211 1.07 0.93 0.12
140 0.0013 360 5.59 4.39 048 212 1.0 093 0T
149 0.0014 355 5.99 4.37 0.50 213 1.06 093 012
15.7 0.0013 355 5.84 431 0.49 214 1.04 0.93 012
16.7 0.0013 354 5.80 4.29 0.49 214 1.03 0.93 0.12
17.5 0.0013 351 5.92 4.20 0.49 214 1.05 0.93 0.12
183  0.0012 352 557 410 046 2713 1.00 093 0T
197 0.0015 347 6.34 3.98 0.51 214 112 093 013
19.9 0.0013 349 5.80 3.93 0.47 213 1.04 093 012
207 0.0014 348 6.05 3.86 0.49 213 1.08 0.93 0.12
214 0.0014 342 6.13 3.78 0.49 215 1.08 0.93 0.12
22.0 0.0012 340 5.65 3.72 0.44 215 1.00 0.93 0.1
226 00013 34 6.02 3.64 047 215 1.07 093 012
231 0.0012 332 5.95 3.62 0.46 217 1.03 093 01
236 0.0013 338 5.88 3.58 0.46 215 1.04 093 012
241 0.0012 334 5.80 3.56 0.45 216 1.01 0.93 0.1
24.7 0.0012 332 5.85 3.52 045 216 1.02 0.93 0.1
252 0.0011 333 5.67 3.51 043 216 0.99 093 0T
257 0.0012 332 5.90 3.47 045 217 1.03 093 01
911 0.0015 278 773 245 0.48 2.38 1.22 0.92 0.13
91.6 0.0015 267 8.00 242 0.47 2.38 1.21 0.92 0.13
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